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Editorial on the Research Topic 
Non-BF slag-based green cementitious materials

This special issue draws attention to “Non-BF slag Based Green Cementitious Materials”, focusing on the research progress and achievements of non-BF slag-based green cementitious materials. Metallurgical slag is a kind of by-product of the metal smelting process. For many years, a huge amount of slag was deposited in waste dumps or stockpiles due to the increasing scale of metal production, which causes a series of social, environmental, and economic problems. The sustainable utilisation of waste slag has become one of the major challenges in the field of civil and environmental engineering. The use of slag in cement production as an alternative cementitious material to form new green construction materials is a critical aspect to consume this huge amount of metallurgical solid waste. So far, blast-furnace slag (BF slag) has already been widely used in cement production, however, a large amount of non-BF slag (ferrous and non-ferrous) materials are still under-utilised. At present, a lot of research has been carried out to investigate the use of non-BF slags in cement production. However, only a few examples of industrial applications have been reported. Various Research Topics are available to address this issue related to the role of non-BF slag-based green cementitious materials, including: hydration and microstructure formation of green cementitious materials; assessment of mechanical properties of green cementitious materials; methods to improve the activity of non-BF slag based green cementitious materials; results from laboratory experiments and/or large-scale projects; short and long-term performance of novel cementitious materials; case studies of green cementitious materials for mine filling.
In the present issue of Frontiers in Materials, a total of 29 manuscripts were received and 19 of them were accepted. The editors would thank all the experts and scholars for submitting excellent papers to this special issue, and the reviewers for providing many constructive comments for the special issue.
The first paper by Dong et al. provides a case study of green cementitious materials for mine filling, they studied the application of using mixed gangue composed of equal-quality washed gangue and crushed gangue is proposed as a raw material for solid filling, and experimental work was carried out to compare and analyze the compression characteristics of solid filling. The findings show the degree of relative compaction of mixed gangue is 1.226, which is significantly lower than that of washed gangue, which is 1.33. The deformation modulus of mixed gangue is 23–135 MPa, which is better than that of washed gangue (26–100 MPa), indicating that the compressive resistance of mixed gangue is significantly improved. And the case study in the Tangkou mine also suggests that mixed gangue greatly promotes the consumption of wasted gangue and can effectively control the surface deformation. In the paper by Deng et al. the case study was done for the filling treatment of surface subsidence resulting from underground mining in a high-altitude mine.
For the use of green cementitious materials in mine filling, Huan et al. studied the pore structure characteristics and their effect on the mechanical performance of cemented paste backfill in his paper, Wang et al. studied the effect of the alkalized rice straw content on strength properties and microstructure of cemented tailings backfill. Gan et al. did a study on the mechanical properties and hydration mechanism of tailings backfill made by green cementitious materials. The paper by Hou et al. illustrates the mechanical characteristics and stress evolution of cemented paste backfill A experimental investigation on the strength and failure characteristics of cemented paste backfill was done by Zhang and Li. Zhu et al. studied the durability of concrete with coal gasification slag and coal gangue powder. Feng et al. predicted the strength of coal-based solid waste filler based on the BP neural network. In the paper done by Hao et al. mechanical modification of nanomaterials on fully saturated concrete in groundwater reservoir under long-term water immersion was studied. Basic properties of fly ash/slag -concrete slurry waste geopolymer activated by sodium carbonate and different silicon sources was also done by Cao et al.
In the paper by Wu et al., the effect of iron tailings and slag powders on the workability and mechanical properties of concrete were studied. It demonstrates that the proper addition of iron tailing powder is beneficial to the working performance of concrete and can effectively reduce the time-loss of concrete fluidity. When the content of iron tailings powder in the composite admixture is 50%, the 1080d long age strength of C30 and C50 concrete can reach 50.3 and 80.7 MPa. Based on the 28d compressive strength, the relative strength-age prediction model of iron tailings powder concrete was established. The calculation and experimental results show that the model can accurately predict the compressive strength of micro-powder concrete of iron tailings at long age, and the error rate is less than 1%. The results lay a theoretical foundation for the utilization of iron tailings in concrete.
In the paper by Liu et al., the effects of the silicate modulus of water glass on the hydration and mechanical properties of alkali-activated blast furnace ferronickel slag were studied. In the paper by Niu et al., the synergistic excitation mechanism of CaO-SiO2-Al2O3-SO3 quaternary active cementitious system CaO-SiO2-Al2O3-SO3 was provided. Wu et al. also presented the improvement of calcium aluminate cement containing blast furnace slag at 50 and 315°C. In the paper by Fu and Cheng, the effect of Cr6+ on the properties of alkali-activated slag cement, the effect of aluminum incorporation on the reaction process, and reaction products of hydrated magnesium silicate was done by Jia et al. The occurrence state of carbon and electrolyte in anode carbon residue from electrolytic aluminum was studied in the paper by Mao and Zhang.
In the paper by Li et al., they explored an innovative approach for rapid repair mortar preparation using solid waste-based calcium sulfoaluminate cement. The test results showed that the 2-h compressive and flexural strength and 1-day bonding strength of the prepared rapid repair mortar were 32.5, 9.2, and 2.01 MPa, respectively, indicating the excellent early-age mechanical performance of the high-performance rapid repair mortar. In addition, the 28-days compressive and flexural strengths of the rapid repair mortar reached 71.8 and 17.7 MPa. And a life cycle assessment and economic analysis indicated that this approach achieved environmental-friendly utilization of industrial solid wastes and cost-effective and energy-saving natures.
Overall, we hope the contribution of this collection builds up the understanding and interest of all researchers and practitioners who are focused on the recent developments and advancements in studying green cementitious materials based on solid wastes. It is hoped that the results of this issue can provide a reference for future research on non-BF slag-based green cementitious materials, and contribute to promoting the development of green cementitious materials.
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The coal mining technology of fully mechanized solid filling is an efficient and green mining method that integrates “sediment reduction” and “emission reduction.” However, the discharge of wasted gangue and surface subsidence are controlled by the amount of wasted gangue used in filling mining and the compaction rate of gangue filled into a goaf, respectively. To increase the consumption of wasted gangue and reduce surface subsidence, mixed gangue composed of equal-quality washed gangue and crushed gangue is proposed as a raw material for solid filling on the basis of gradation theory. Next, a screening experiment was performed to analyze the grain gradation of different specimens, and a compression experiment was executed to compare and analyze the compression characteristics. The results show that the nonuniformity coefficient of mixed gangue is 55.2 and the curvature coefficient is 1.53, which significantly improve the grain gradation of washed gangue. The degree of relative compaction of mixed gangue is 1.226, which is significantly lower than that of washed gangue, which is 1.33. The deformation modulus of mixed gangue is 23–135 MPa, which is better than that of washed gangue (26–100 MPa), indicating that the compressive resistance of mixed gangue is significantly improved. The case study of the Tangkou mine suggests that mixed gangue greatly promotes the consumption of wasted gangue and can effectively control the surface deformation.
Keywords: solid filling mining, grain gradation, compression characteristic, deformation modulus, surface deformation, equivalent mining height
HIGHLIGHT:

• Mixed waste gangue is used as a filling material for solid backfilling mining.
• The gradation combination of filling gangue was significantly improved.
• More wasted gangue was consumed, and the compressive strength of the filling body was enhanced.
• The compression of the filling body was reduced, and the surface settlement was controlled.
INTRODUCTION
Filling mining is a type of ecological protection mining technology that has been developed in recent years. The usage of this technology can process coal gangue and fly ash, two solid forms of waste from coal mines, and solid waste around cities while replacing coal resources under buildings (structures) such as villages, railways (roads) and overlying aquifers, and on floor pressurized water (referred to as “three under one on”). This is a type of scientific coal mining technology that is in line with the ecological mine development model of “lucid waters and lush mountains are invaluable assets,” advocated by President Xi Jinping, with great promotion and application prospects (Hu and Guo, 2018; Qian et al., 2018; Wang et al., 2018; Dong et al., 2019; Ma et al., 2019; Wang et al., 2020a; Dong et al., 2020; Liu et al., 2020; Ju et al., 2021). To date, three kinds of filling mining technology approaches have been developed in China: solid filling technology (Miao et al., 2010), paste filling technology (Zhou et al., 2010; Sun et al., 2018; Wu et al., 2020a), and high-water filling technology (Feng et al., 2010; Chang et al., 2018). Solid filling technology mainly includes fully mechanized solid filling technology, dumping gangue and filling technology, pneumatic filling technology, and the technology of coal gangue separation in underground coal flow and gangue powder pumping on-site. Due to the relatively mature filling system and equipment (the gangue feeding system, the storage system, and four-column and six-column filling support with a tamping mechanism) and the mining–filling process (single and double interlaced, and coal mining tamping), fully mechanized solid filling technology has become the main development direction of filling mining technology (Hu, 2012; Zhang et al., 2020; Zhang et al., 2019a; Guo et al., 2019). In the implementation of fully mechanized solid filling technology, the control effect of overlying strata and surface subsidence is determined by the final compaction rate of gangue in a goaf, which is equivalent to that of mining in thin coal seams. Therefore, relevant scholars have proposed the concept of “equivalent mining thickness” for surface subsidence control of fully mechanized solid filling technology (Zhang et al., 2011; Huang et al., 2012; Guo et al., 2014; Meng et al., 2020a). In summary, the study of how to reduce the final compaction ratio of gangue filled into goafs has become the key to popularizing applications and effectively predicting the control effect of surface subsidence.
At present, various scholars have performed preliminary experimental studies on compaction and deformation of gangue. Zhang Jixiong conducted compaction deformation tests on loose gangue and obtained the relationship among deformation, hulking coefficient, and compactness of the filling body and strain, as well as the characteristics related to the compaction time in the process of compaction (Miao and Zhang, 2007; Zhang, 2008). Through gangue compaction tests, Ma et al. (2003) summarized the trends of the change in the axial strain, transverse strain, Poisson’s ratio, and elastic modulus of loose gangue in the process of compaction, and analyzed the deformation mechanism of gangue during this process. Xu et al. (2011) adopted an MTS815.02 electrohydraulic servo rock mechanics test system and a self-designed compaction device to analyze the deformation characteristics of gangue–fly ash as a filling material in the compaction process. Hu Bingnan et al. adopted a large container, large particle size, and large load and simulated coal mass to perform 23 simulated gangue compression experiments, obtained the rule that the compression ratio is proportional to the particle size and inversely proportional to the lateral pressure, and analyzed the relationship among the compression ratio, lateral pressure and coal mass strength, particle size, and gangue gradation (Hu and Guo, 2009). Several scholars have studied the compaction characteristics of gangue with different gradations. Zhang Jinhong et al. conducted compression tests on gangue with seven groups of gradation schemes, showing that the content of gangue was maintained with a particle size range of 40–70 mm, and an increased content of gangue with a small particle size can minimize the compression amount of gangue filling materials (Zhang et al., 2012). As the main source of gangue in most domestic coal mines is washed gangue (maximum particle size ≤50 mm), while driving gangue (maximum particle size ≥100 mm) accounts for less gangue, the general treatment method of coal mines is to raise the driving gangue with the raw coal sulfur flow to the surface coal washery and then dispose it off separately (Li and Guo, 2018). The Zhuanlongwan coal mine was taken as an example, where the volume of gangue produced in 2019 was 2.266 million tons, of which the gangue produced by the coal washery accounted for 90% and the gangue produced by driving accounted for 10%. Driving gangue is usually not treated underground but mixed into raw coal sulfur and raised to the surface coal washery. The particle size of the washed gangue processed by the coal washery is basically the same, and the particle size is large. As the pores between the particles cannot be filled completely by the small particles, the bearing effect is limited to a certain extent (Meng et al., 2020b).
Therefore, in order to compare and analyze the grain gradation and compression characteristics of different gangue fillings, this study carried out screening experiment and compression experiment body based on the continuous gradation theory. The grain gradation curve shows that mixed gangue composed of washed gangue, and crushed gangue with equal quality has a certain gap with the theoretical optimal grain gradation, but considering the convenience of on-site construction, mixed gangue with equal quality is the optimal filling material. Simultaneously, the compression test indicates that the compressive properties of gangue with equal mixing mass are significantly increased. Adoption of mixed gangue with equal quality as filling material can effectively reduce the “equivalent mining height,” decrease the surface discharge of gangue, and provide theoretical and reference significance to improve the on-site filling rate of gangue materials.
THEORY OF THE CONTINUOUS GRADATION OF A PARTICLE DISTRIBUTION
The gradation of solid particles refers to a continuous gradation that is made up of solid particles with various particle sizes. This represents the quantity of the particle size in the bulk materials composed of different granularities, which is usually expressed as a percentage of the total amount (Fang et al., 2019). The cumulative curve of the particle size distribution obtained from the results of the particle size distribution can clearly reveal the thickness of solid materials, and the uniformity and continuity of the particle size distribution, thus allowing the quality of the material gradation to be determined (Chen et al., 2016; Wang et al., 2020b). The material uniformity or gradation can be analyzed based on the slope of the cumulative curve of the particle diameter. A steeper curve indicates that the sizes of the particles are almost the same, the particles are more uniform, and the gradation is poor, whereas a flat curve indicates that the size of particles is very different, the particles are uneven, and the grading is good (Cai et al., 2020; Wang et al., 2020c; Yao et al., 2020). According to the cumulative curve of the particle size, two quantitative indexes of the particle size distribution, [image: image] (nonuniformity coefficient) and [image: image] (curvature coefficient), can be determined as follows (Li et al., 2014):
[image: image]
[image: image]
In the equation, [image: image], [image: image], and [image: image] are equivalent to the particle size corresponding to the cumulative weight percentage of the material that is less than a particle size of 60, 30, and 10%, respectively, known as the limited particle size, the median particle size, and the effective particle size.
For a solid material, the following relationship is observed: [image: image]>[image: image]>[image: image]. The nonuniformity coefficient [image: image] reflects the distribution of different fractions, that is, the size or the degree of uniformity of granularity. Generally, the larger [image: image] is, the larger the distribution range of granularity, the more uneven the particles, and the better the gradation (Yang et al., 2019). The curvature coefficient [image: image] describes the overall shape of the cumulative curve distribution and reflects the distribution of the fraction contents between the constrained particle size [image: image] and effective particle size [image: image]. In engineering practice, materials with [image: image] are generally regarded as homogeneous materials with poor gradation, and those with [image: image] exhibit good gradation. Generally, for materials with continuous gradation, a satisfactory result can be achieved by using a single index [image: image]. At this point, it is difficult to effectively judge the gradation of materials using only a single index [image: image]. It is more reasonable to judge the gradation of solid materials by using the curvature coefficient [image: image] as the second index together with [image: image] (Zhu et al., 2015; Zhu et al., 2018).
For rockfills with a high volume of rock, the specification (DL/T, 2007; DL/T, 2011) only requires that the particle content less than 5 mm shall not exceed 30%, and the fine particle content (less than 0.075 mm) shall not exceed 5%, without clear requirements on the overall composition of gradation; there is also no gradation requirement for transition material and cushion material. For gradation evaluation, currently, only gradation indicators exist, which apply to the largest diameter within 60 mm gradation index of coarse-grained soil; that is, when the nonuniformity coefficient [image: image] is less than 5, the gradation is poor; if it is greater than 5, it is good. However, if [image: image] is too large, it may lack intermediate particle size and belongs to discontinuous gradation. When the specified curvature coefficient [image: image] is increased between 1 and 3, the gradation is good (GB/T, 2007). If not, the soil is determined to be poorly graded. Obviously, for soil samples with the same [image: image], if [image: image] is too large or too small, it indicates that there is a lack of intermediate fraction in the soil, the chain filling effect of pores between each fraction decreases, and the gradation worsens (Zhu et al., 2017). The particle size of washed gangue and crushed gangue in coal mines is similar to that of gravel soil, so the evaluation standard of gravel soil is adopted as that of a reasonable gradation of fully mechanized solid filling gangue in this study. Currently, the most commonly used continuous gradation theory is the theory of the maximum density curve. The maximum density curve is an ideal curve based on experiments. It is assumed that the density of loose particles is the highest when particles are composed according to the maximum density curve (Chu et al., 2020; Zuo et al., 2015). The calculation method of continuous gradation was proposed by the American scholar, Fuller, in the early 20th century on the basis of the theory of maximum density, which demonstrated that when the gradation curve was a parabola, as given by eq. 3, the loose deposit could reach the maximum density state (FULLER and THOMPSON, 1907).
[image: image]
In the equation for Pd, d is the pore diameter passing through the sieve and D is the maximum particle size.
Fuller’s curve became the theoretical basis for the composition forms of various gradation curves, such as the n-method improved by Talbol. Talbol demonstrated that Fuller’s equation was an ideal gradation curve; in reality, there was a certain range of fluctuation required to achieve the maximum density, so Fuller’s equation was modified into the following expression:
[image: image]
When n = 0.3–0.7, there is good compactness; when n = 0.5, the maximum density curve is a parabola (Huang et al., 2019a; Wu et al., 2020b).
TESTS ON GANGUE SCREENING
The main source of filling gangue was washed gangue (dmax ≤ 50 mm), which was used to fill gangue directly, and crushed gangue (dmax ≤ 16 mm) was used as auxiliary filling gangue. The experimental materials are sampled on site, washed gangue is directly obtained by the coal washery, the maximum diameter of washed gangue is 50 mm, and crushed gangue whose maximum diameter is less than 16 mm is obtained after the secondary crushing of washed gangue. The gradation parameters of washed gangue and crushed gangue were obtained by using a new standard stone screen, as shown in Table 1 and Table 2, respectively.
TABLE 1 | Gradation parameters of washed gangue.
[image: Table 1]TABLE 2 | Gradation parameters of crushed gangue.
[image: Table 2]In light of Talbol’s method related to n, n is taken as 0.3, 0.5, and 0.7; the maximum particle size is 50 mm; and the corresponding continuous gradation curve diagram and screening gradation curve diagram are drawn in semilogarithmic coordinates, as shown in Figure 1. In the semilogarithmic curve diagram, the abscissa is expressed as the logarithm of the particle size ([image: image]), and the ordinate is expressed as the cumulative pass rate, pi (%).
[image: Figure 1]FIGURE 1 | Fuller curve and grading curve of the gangue specimen.
According to Tables 1 and 2, p10 of washed gangue is only 1.51%, and the gradation curve of crushed gangue is above the continuous curve; that is, its fine content is far higher than that of the continuous gradation, and p10 is as high as 98.71%. Therefore, crushed gangue of equivalent mass can be mixed into washed gangue to compensate for the serious gradation defect of p10. Simultaneously, the content of coarse material larger than 28 mm for washed gangue is adjusted indirectly under the condition that the whole quality of loose gangue is not changed. Table 3 gives the gradation parameter table of filling gangue after equal-quality mixing, and its gradation curve is plotted in Figure 1. In the gradation curve of mixed gangue, the particle curve of Pd≤ 20 mm is between the curve of n = 0.3 and n = 0.5, and only the particle content of Pd≥ 20 mm is more than that of the continuous gradation curve, indicating that the gradation combination of mixed gangue is significantly better than that of washed gangue and crushed gangue.
TABLE 3 | Gradation parameters for mixed-filling gangue.
[image: Table 3]The gradation of washed gangue, crushed gangue, and mixed gangue was evaluated by using the evaluation standard for a solid particle gradation. According to the data in Figure 1 and Tables 1–3 obtained by interpolation, the nonuniformity coefficient of washed gangue is 1.74, the curvature coefficient is 1.09, the nonuniformity coefficient of crushed gangue is 10.08, the curvature coefficient is 1.59, the nonuniformity coefficient of mixed gangue is 55.2, and the curvature coefficient is 1.53, as shown in Table 4. Obviously, the nonuniformity coefficient of washed gangue is small, and it is a poorly graded solid. The nonuniformity coefficients of gangue after crushing and in mixed gangue are large, but the nonuniformity coefficient of gangue after mixing is an excellent graded solid with the largest nonuniformity coefficient.
TABLE 4 | Variabe index of gangue gradation.
[image: Table 4]Because of the complexity of underground work, filling material processing, and the necessity of filling cost control, it is not possible to implement underground large-scale gradation restructuring to obtain a better filling effect. Thus, this study proposes a way to adjust the gradation of gangue filling bodies by mixing equal qualities of washed gangue and crushed waste.
TESTS ON THE COMPACTNESS OF GANGUE
Experimental Equipment and Scheme
As shown in Figure 2, a WAW-600B microcomputer was used as the compacting and loading equipment to control the electrohydraulic servo universal testing machine. Hydraulic power servo control technology, electrohydraulic servo control technology, computer data acquisition and processing, high-precision material testing equipment with closed-loop control, and automatic detection utilized in this testing equipment can realize the closed-loop control of constant-rate loading, constant-rate deformation, constant-rate displacement, and constant-rate strain to verify the performance of materials (Li et al., 2019).
[image: Figure 2]FIGURE 2 | WAW-600B electronic universal testing machine.
As the physical drawing of the design shows in Figure 3, all the instruments are made of 45# steel with a yield strength of no less than 355 MPa. The filling gangue apparatus is designed as a steel cylinder with an inner diameter of 125 mm, wall thickness of 10 mm, outer diameter of 145 mm, and height of 300 mm. The experimental charging height is 250 mm, the charging volume is 3.06 × 10–3 m3, and the weight is approximately 4.3 kg. The auxiliary force transmission instrument is a steel cylinder with a diameter of 100 mm, height of 150 mm, and weight of approximately 9.3 kg.
[image: Figure 3]FIGURE 3 | Compaction apparatus.
The compaction experiment of filling coal gangue was performed with the above experimental device, according to the method of compaction testing of solid backfilling materials (Nb/T, 2014). In light of the conditions of the apparatuses and equipment, the maximum permissible particle size of the gangue sample was 25 mm, and the sample was prepared by a similar method of gradation. Before the experiment, the mass of each fraction of particle size was measured on the basis of the experimental design scheme and then evenly mixed and loaded into the compacted steel cylinder. The steel cylinder was used to impose the load on the gangue specimen, and experimental data such as the load and compression displacement of gangue were recorded during the loading process. The laboratory gradation tables for washed gangue and gangue with the continuous gradation of Taltol’s n-method (n is 0.3, 0.5, and 0.7) are shown in Tables 5 and 6, respectively, and the laboratory gradation tables of mixed gangue are shown in Tables 7 and 8, respectively.
TABLE 5 | Laboratory gradation table of washed gangue.
[image: Table 5]TABLE 6 | Laboratory gradation table of continuous graded filling gangue.
[image: Table 6]TABLE 7 | Mixed gangue gradation table.
[image: Table 7]TABLE 8 | Laboratory gradation table of mixed-filling gangue.
[image: Table 8]To reduce the friction between gangue and the steel cylinder wall during the process of compression, a layer of grease was smeared on the inner wall of the steel cylinder before each test, and then the screened gangue was uniformly mixed and filled according to the corresponding gradation table. The charge of each test was controlled at 4,300 g, the initial filling height h0 was measured, and the initial bulk density γ0 was calculated. Force control was adopted in the compaction experiment, the maximum axial compressive stress was set at 185 kN, the loading speed was 1 kN/s, and the preloading speed was 1 mm/min. After loading, the load was automatically unloaded. After the end of the experiment, the height h1 of the compacted specimen was measured, and the final compacted bulk density γ1 was calculated.
Analysis of Compactness
Relationship Between the Compactness and Bulk Density of Gangue
The results of the final compression test on gangue specimens are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Compaction effect of the specimen.
The experimental data were sorted, and the initial bulk density and compacted bulk density of gangue specimens in each group were obtained, as shown in Table 9. According to changes in the bulk density of coal gangue specimens, it is evident that the initial bulk density of washed gangue is the smallest, close to 14 kN/m3, indicating that the initial bulk volume of washed gangue is the largest and the intergranular void of gangue is the largest. In Taltol’s n-method, when n = 0.7, the bulk density of gangue reaches a maximum of 15.78 kN/m3; that is, the volume of the gangue filling body is the smallest and the intergranular void of gangue is small, and the initial bulk density of mixed gangue is close to the bulk density of the gradation group when n = 0.3. In the final compaction volume of the sample, when n = 0.5, the compaction density is the largest, and the relative compaction is also the largest in the continuous gradation. The compaction volume changes greatly, and the filling effect is poor. The compacted bulk density is basically 19.5 kN/m3, and the relative compaction is the smallest, that is, its volume compression is the smallest. The compaction effect of gangue is greatly improved after mixing.
TABLE 9 | Variation table of the bulk density.
[image: Table 9]Stress–Strain Curve
To further understand the stress–strain properties of coal gangue, the numerical analysis software Origin is used to express the curve in the form of a mathematical model, as shown in Figures 5–9.
[image: Figure 5]FIGURE 5 | Measured and fitted stress–strain curves (washed gangue).
[image: Figure 6]FIGURE 6 | Measured and fitted stress–strain curves (n = 0.3).
[image: Figure 7]FIGURE 7 | Measured and fitted stress–strain curves (n = 0.5).
[image: Figure 8]FIGURE 8 | Measured and fitted stress–strain curves (n = 0.7).
[image: Figure 9]FIGURE 9 | Measured and fitted stress–strain curves (mixed-filling gangue).
Next, the fitting equation of the stress–strain is established, and the fitting degree of the curve is analyzed. According to the observed curve, Eq. 5 is used to fit the stress–strain relationship. The stress–strain relationship of gangue specimens with different particle sizes is shown in Table 10.
[image: image]
TABLE 10 | Stress–strain curve table.
[image: Table 10]In the above equation, a, b and c are constants.
Table 10 shows that the form of this function can effectively express the stress–strain relationship of gangue, and the correlation coefficient (R-squared) is very close to 1, indicating that the data have a high correlation degree and a small degree of dispersion, and the fitting result is reliable. To compare and analyze the compression performance of gangue at all levels of the above gradation groups under different axial compact loads, fitting equation curves of gangue at all levels are drawn, as shown in Figure 10. To analyze and compare the compression performance of the gangue filling body under the conditions of all levels, the curve of the stress–strain relationship of the gangue filling body is used to obtain the stress under different axial compressive stresses, as shown in Table 11.
[image: Figure 10]FIGURE 10 | Fitted stress–strain curves.
TABLE 11 | Stress–strain table.
[image: Table 11]When the axial compressive stress reaches 25 MPa (the mining depth is 1,000 m), the strain is regarded as the maximum compression strain. Before the compressive stress reaches 2 MPa, the deformation rate of compression is relatively fast. At this point, the maximum amount of compression of gangue at all levels reaches 26, 47, 44, 37, and 42%. Compared with washed gangue, the final compression deformation of gangue in the continuous gradation groups decreases by 22.15–27.08%, and the compression amount of mixed gangue decreases by 24.25%. Thus, it is evident that the initial compaction ratio and the final compaction ratio are improved to a great extent, and the initial compression rate and the final compaction rate of mixed gangue are also effectively controlled under the condition of continuous gradation. When the axial compressive stress reaches 12.5 MPa (the mining depth is 500 m), the strain is regarded as the maximum compression strain. Before the compressive stress reaches 2 MPa, the compression of gangue at all levels reaches the maximum compression sets of 35, 55, 53, 46, and 51%. At this point, the maximum amount of compression of gangue at all levels reaches 26, 47, 44, 37, and 42%; namely, with the decrease in mining depth, the initial compaction rate of washed gangue decreases, while the initial compaction rate of mixed gangue and the initial compaction rate of gangue in the continuous grading group are improved. Compared with washed gangue, the final compression deformation of gangue in the continuous gradation group is reduced by 13.32–21.51%, and the compression amount of mixed gangue is reduced by 16.60%. After gradation optimization, the compression performance of gangue filling material is significantly improved. Mixed gangue is not the optimal gradation group, but it can prevent large-scale screening and restructuring of particle groups to optimize the gradation of gangue. Compared with washed gangue, mixed gangue still has great advantages in controlling the movement and deformation of overlying strata.
Deformation Modulus of Gangue
According to the data acquisition results from the experimental machine and the calculation method of the deformation modulus of the loose material, the E–σ curve of the graded specimens in the process of compaction was calculated and drawn by the numerical calculation analysis software Origin, as shown in Figure 11.
[image: Figure 11]FIGURE 11 | Modulus–stress curve.
According to the E–σ curve, when the axial stress reaches 2 MPa in the lateral constrained compression experiment, the deformation modulus E of coal gangue exhibits a basic linear relationship with the axial compressive stress σ. To describe the relationship between the two, the compressive stress of 2 MPa is regarded as the initial compaction stress. Before the compressive strength reaches 2 MPa, the deformation modulus increases exponentially, and the growth rate of the deformation modulus decreases gradually. After that, the deformation modulus increases linearly, and the anti-compression properties increase gently. Linear fitting was adopted for the data after 2 MPa to obtain the fitting equation of E–σ for the gangue sample group, as shown in Table 12.
TABLE 12 | Modulus–stress curve table.
[image: Table 12]In light of the fitting equation, the deformation modulus E increases with increasing compressive stress σ, and the variation range of E is 21–140 MPa in the compressive stress range of 2–30 MPa. The correlation coefficient (R-squared) of the fitting equation is very close to 1, which indicates that the data correlation is high, the degree of dispersion is not large, and the fitting result is reliable.
CASE
Most of the ground surface within the 930 mining area of the Tangkou Coal Mine is made up of buildings (structures) of Li temple and Fengtai village. There are Phoenix palace ruins (the third batch of key cultural relic protection units in Shandong Province) and six seven-story residential buildings in the village, as shown in Figure 12. Mining will have an impact on surface buildings (structures). To ensure the normal life of villagers, control surface deformation, and reduce the impact of surface buildings (structures), solid filling mining technology is adopted.
[image: Figure 12]FIGURE 12 | Distribution of surface buildings.
The mining area is approximately 0.3–0.9 km long from north to south and 1.0–1.3 km wide from east to west. The mining area is approximately 0.85 km2. The basic reserves of the mining area are 3.602 million tons, and the recoverable reserves are 2.881 million tons. The western area of the mining area is adjacent to the 130 mining area. Four working faces such as 1,301, 1,302, 1,304, and 1,305 were stopped in the 130 mining area, and water was accumulated in the low-lying areas of the 130 goaf. The seeper area is far away from the mining area, which has no impact on the production of the mining area. In the north, the mining area is adjacent to the protective coal pillar of the industrial square and is 1700 m away from the northern 430 mining area. There are unmined coal areas in the east and south, as shown in Figure 13.
[image: Figure 13]FIGURE 13 | Distribution of the 930 mining area.
The main mining area is the third upper coal seam, located in the middle of the Shanxi unit, with a full thickness of 2.63–5.11 m. Most of the coal seams in the mining area have a large angle of inclination, generally 7–16°, and the coal seam depth is 1,082–1,222 m.
The filling mining scheme for gangue of the 9,302 working face was optimized, and the gradation of the filling material was improved. After washed gangue and crushed gangue were mixed with equal quality, filling and mining were performed. In actual production, washed gangue is first broken by a crusher and then obtained after scavenging and screening by a screener; crushed gangue is obtained from washed gangue after secondary breakage by a crusher again.
After improving the filling scheme, the solid filling effect of the 9,302 working face is shown in Figures 14, 15. The practical application proves once again that the amount of waste gangue filled in a unit working face is greatly improved by using mixed gangue, the porosity of the filling body is reduced, and the filling ratio of the filling body is improved. According to engineering experience, with the increase in the filling ratio and the roof-contacted filling rate, the mining process can not only consume more wasted gangue but also better control the ground settlement of the mining area.
[image: Figure 14]FIGURE 14 | Transportation of filling gangue.
[image: Figure 15]FIGURE 15 | Working face of filling gangue.
DISCUSSION
The stress–strain curves of gangue with different particle gradations all show nonlinear characteristics. The compression modulus increases as the compressive stress increases. With the continuation of the compression process, the rate of change in the compression modulus decreases and tends to stabilize (Zhang et al., 2019b). In the compression test, the specimen contains a large number of pores formed by internal particles. In the initial stage of the compression experiment, as the compressive stress increases, the restraining force of the specimen increases, and the stress concentration between the inner edges of the particles becomes more obvious. When the compressive stress increases to a certain extent, the large particles in the specimen are crushed, and the internal pores are gradually filled (Meng et al., 2019). It is generally believed that the particle diameter and bulk density after compaction tend to be the same after extreme stress compression in tests with different particle sizes (Huang et al., 2019b).
In the compression experiment, the compressed amount of washed gangue is the largest, that of mixed gangue is greatly reduced compared with that of washed gangue, and that of continuous graded gangue is the smallest. The reason is that the more prominent the edge of large particles is, the more prone it is to stress concentration, which leads to the fragmentation of large particles (Ali et al., 2018; Li et al., 2020a). In the washed gangue specimen, large particles are dominant, and small particles cannot completely fill the pores between the large particles, resulting in an obvious stress concentration between the large particles and maximum compression (Zhang et al., 2012). In the specimen of continuously graded gangue, the small particles basically filled the pores between the large particles and weakened the stress concentration between the large particles, and the specimen compression was the smallest. The particle gradation of mixed gangue is slightly worse than that of continuous graded gangue and is much better than that of washed gangue. The optimization degree of the internal structure of the specimen is also somewhat lower than that of continuous graded gangue and much higher than that of washed gangue, so the specimen compression is in the same way: the compression of washed gangue is the largest, that of continuous gradated gangue is the smallest, and that of mixed gangue is slightly less than that of continuous gradated gangue (Zhang et al., 2018).
Solid filling technology is an economical and effective surface subsidence control technology to solve the problem of “three under” coal holding down. The probability integral model of “equivalent mining height theory” can be used to calculate the surface subsidence of solid filling mining (Li et al., 2020b). The determination of “equivalent mining height” is mainly affected by three aspects: the subsidence of the immediate roof of the working face after mining and before gangue filling, the filling rate of the filling body in the filling process, and the compression of the filling body after filling (Wang et al., 2019).
In solid filling mining, on the premise of ensuring the roof-contacted filling rate, the surface subsidence is mainly affected by the filling rate of the filling body and the compression of the filling body under the compressive stress of the overlying rock after filling (Li et al., 2020c). The optimization of the particle size gradation of the filling body can greatly improve the filling rate of the filling body and enhance the compressive strength of the filling body to reduce its amount of compression. Using gangue with optimized particle size gradation for filling can further curtail the “equivalent mining height” to achieve better control of surface deformation and settlement. The filling body of mixed gangue with equal mass proposed in this study has good grain gradation, a high roof bonding rate, and a small compaction rate, which can effectively reduce the “equivalent mining height” and better reduce the surface deformation. In practical application, filling body of mixed gangue with equal quality has simple flow and convenient construction, which has played a guiding role in the promotion and use of gangue filling mining.
CONCLUSION
Through the screening experiment of gangue filling materials, the gradation characteristics of washed gangue are optimized to obtain gradation groups of gangue conforming to engineering applications. Laboratory specimens of washed gangue, continuous gradation gangue, and mixed gangue were prepared by a similar gradation method; their compression performance was measured; and the following conclusions were drawn:
1) The screening experiment shows that compared with the ideal gradation, the content of large particle size of washed gangue is too much and the content of small particle size is too little, while the small particle size of crushed gangue is dominant, but the large particle size content is too little. Combined with the continuous gradation curve and the gradation of crushed gangue, it is concluded that the gradation defects of filling gangue can be promoted by mixing two types of gangue with equal quality.
2) The list bulk density of gangue varies in the range of 14–20 kN/m3, and the degrees of relative compaction of washed gangue, continuous graded gangue, and mixed gangue are 1.33, 1.24–1.27, and 1.226, respectively. The degree of relative compaction of the gangue filling body decreases significantly after optimizing gangue gradation.
3) The stress–strain curve of gangue is nonlinear and can be described by a three-factor logarithmic function model. With the change in stress, the final compression rate of continuously graded gangue is 70–80% and that of mixed gangue is 75–85%. After optimizing gangue gradation, the compression of the gangue filling body is significantly reduced.
4) According to the experimental results, when the compressive stress reaches 2 MPa, the constitutive model of the filling body is expressed by a nonlinear elastic model, and the relationship between the deformation modulus and compressive stress is described by linear fitting. With the change in compressive stress, the deformation modulus of washed gangue is 26–100 MPa, the final deformation modulus of continuous graded gangue is 21–140 MPa, and the deformation modulus of mixed gangue is 23–135 MPa. The anti-compression properties of the gangue filling body are significantly improved after optimizing the gradation of gangue.
5) The filling body of mixed gangue composed of washed gangue and crushed gangue with equal quality significantly improves its compressive strength and reduces its compression amount. Although it is not the optimal grain gradation, it is considered that mixed gangue is the optimal gangue filling material considering the convenience of on-site construction.
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With the increasing number of hydraulic structures in service, many scholars have investigated the performance of saturated concrete, however, there are few studies on the influences of different contents and types of nanomaterials on the performance of fully saturated concrete. In this paper, a series of experiments on concrete with different contents of nano SiO2, nano Al2O3 and nano TiO2 are performed, such as electron mirror scanning, uniaxial compression, acoustic emission, etc., and the microstructure, mechanical properties of samples are compared and analyzed. The results show that: 1) By the addition of various kinds of nanomaterials to saturated concrete, the microstructure of saturated concrete is significantly improved, and the compactness and integrity of the slurry are improved 2) The mechanical properties of saturated concrete are significantly improved by the addition of 3 wt% nanomaterials. And the compressive strength of the saturated concrete sample containing 3 wt% nano-Al2O3 is the largest and the deformation modulus of the saturated concrete sample containing 6 wt% nano-Al2O3 is the largest. 3) Compared with dry concrete, when the concrete is saturated, the modifying effect of nanomaterials on the mechanical properties of concrete is weakened. The results of this study have important guiding significance for the study of the nano-modification and the safe operation of hydraulic structures.
Keywords: saturated concrete, nanomaterials, microstructure, mechanical properties, modification
INTRODUCTION
Concrete is widely used in various construction projects because of its low cost and abundance of constituent materials (Zuo et al., 2018; Lu et al., 2019). It is most commonly used in building structures, therefore, the safety of concrete structures is very important. The mechanical properties of concrete are the foundation for ensuring the safety and stability of concrete structures.
Due to the presence of many pores and other defects in concrete, it is easily damaged: to improve the mechanical properties of concrete materials, admixtures are often used (Cao et al., 2020; Cao et al., 2021). Nanomaterials have a small particle size and high (and stable) specific surface energy. Therefore, nanomaterials are often used as admixtures to improve the mechanical properties of concrete. Much work so far has focused on nano-SiO2, nano-Al2O3 and nano-TiO2 due to their dominate advantages in compressive strength, microstructure and price. Said et al. (Said et al., 2012) observed the significant improvement in concrete incorporating nano-silica in terms of reactivity, strength development, refinement of pore structure, and densification of the interfacial transition zone. Jalal et al. (Jalal et al., 2015) indicated the mechanical and transport properties improved in concrete containing nanomaterials especially when using a blend of silica nanoparticles and silica fume. Zhou et al. (Zhou et al., 2019) studied the hydration of Portland cement blended with 5% of nano-alumina, and identified a chemical effect of nano-alumina alongside the well-known filler effect, which is related to its solubility in pore fluids. Shaikh et al. (Shaikh et al., 2017) studied the effect of mixing methods of nano-silica on properties of recycled aggregate concrete. Du et al. (Du et al., 2015) investigated the influence of nano-silica on the mechanical and transport properties of lightweight concrete. Liu et al. (Liu et al., 2018) concluded that the effects of nano-SiO2 on promoting the hydration, refining the pore structure, narrowing the width of microcrack, and thus reducing the permeability of cement paste become much clearer as the W/C ratio decreases. Yang et al. (Yang et al., 2019) indicated that nano-Al2O3 can be used for improving the chloride binding capacity of cement. Li et al. (Li et al., 2006a) showed that the addition of nano-Al2O3 to concrete increases the compactness of the interfacial transition zone, decreases the porosity of the cement, and increases the elastic modulus and compressive strength of the concrete. Deng et al. (Deng, 2012) demonstrated that nano-TiO2, as a partial substitute for cement, can improve the compressive performance of concrete to some extent. Zhang et al. (Zhang et al., 2015) showed that nano-TiO2 increases the compressive strength of cement mortar through its acceleration of cement hydration and the pore-refining effect. Hong et al. (Hong et al., 2020) proved that nano-clay could promote the hydration process of cement grouting material, and thus it weakens the chloride ion erosion due to the porosity reduction effect. It can be seen from the literature that nanomaterials can not only fill the pores in concrete, but also participate in and promote the hydration reaction of concrete materials. Adding nanomaterials to the concrete can improve the microstructure of the concrete and can increase its compressive strength and elastic modulus.
Some concrete structures must survive in water for a long time (e.g., dams and artificial dams in groundwater reservoirs). The mechanical properties of the concrete will be affected by water. Due to the surrounding water pressure and initial defects such as internal pores and cracks, the internal pores and cracks of concrete structures are filled with water, saturating the concrete. Many scholars have studied the differences in mechanical performance between saturated and dry concrete. Research shows that the strength of saturated concrete is lower than that of dry concrete, while the static and dynamic modulus is higher (Rossi et al., 1992; Ross et al., 1996; Yaman et al., 2002a; Yaman et al., 2002b; Wang and Li, 2007). Zheng et al. (Zheng and Li, 2010) proposed a method of predicting the elastic modulus of dry and saturated concrete based on the micromechanics of composite materials. Jin et al. (Jin et al., 2012) studied the effect of pore-water on the mechanical properties of saturated concrete and established relationships between the water content and the elastic parameters of saturated concrete. Kaji et al. (Kaji and Fujiyama, 2014) found that the compressive strength of saturated concrete increases with the strain rate. Wang et al. (Wang et al., 2016) investigated the effect of saturation on the behavior of concrete under biaxial compression: the results indicated that the static compressive strength of saturated concrete is lower than that of dry concrete, but the dynamic strength of saturated concrete is higher than that of dry concrete. Siddiqui et al. (Siddiqui et al., 2016) developed an approximate analytical model for the axial strain and internal water pressure development in a saturated concrete cylinder. Bian et al. (Bian et al., 2017) proposed a coupled elastoplastic damage model to describe the mechanical behavior of saturated and dry concrete over a wide range of confining pressures. It can be seen from the published literature that the mechanical properties of concrete are significantly affected by saturation. The static strength of saturated concrete is reduced compared with dry concrete, but the dynamic strength and modulus are increased compared with dry concrete.
Due to the low static strength of saturated concrete, it is unsatisfactory in some engineering applications. For example, artificial dams of groundwater reservoir will always be subject to seepage in service, and the artificial dam often requires rebuilding.
The mechanical properties of saturated concrete may be improved by addition of nanomaterials. Adding nanomaterials may be a better measure for saturated concrete. Although many scholars have done a lot of research on saturated concrete, especially the difference between saturated concrete and dry concrete, few have studied the modifying effect of nanomaterials on saturated concrete, especially the difference in the effect of different nanomaterials. With the increasing number of construction projects in water, to ensure the safety stability and service life of these hydraulic structures, it is becoming more important to study the modifying effect of nanomaterials on the mechanical properties of saturated concrete.
The research object of this paper is fully saturated concrete, the purpose is to study the influence of different types and contents of nanomaterials on the mechanical properties of saturated concrete, and to compare the modifying effects of different types and contents of nanomaterials in this paper. A series of experiments on saturated concrete specimens with different types and contents of nanomaterials are conducted. In Sample Preparation, three nanomaterials (nano-SiO2, nano-Al2O3, and nano-TiO2) are selected as admixtures to prepare different types of nano-saturated concrete samples. In Composition and Microstructure, the composition and microstructure of the nano-saturated concrete samples are tested by XRF and SEM. In Results and Analysis, wave velocity tests and uniaxial compression tests are performed on saturated concrete samples, and the test results presented therein. In Discussion, the mechanical parameters such as strength, modulus of different nano-saturated concrete samples are compared. In Conclusion, the saturated concrete containing nanomaterials is compared with dry concrete containing the same nanomaterials (data sourced from the literature), and the different modifying effects of nanomaterials on the mechanical properties of saturated concrete and dry concrete are analyzed. The results of this study have important guiding significance for the study of the nano-modification of saturated concrete mechanical properties and the safe operation of construction engineering work in water.
SAMPLE PREPARATION
Materials
The materials used in this study included cement, river sand, stones, nano-SiO2, nano-Al2O3, nano-TiO2, and a water-reducing agent. Portland cement (PO42.5) was used in this experiment, and it was the main cementitious material used for making concrete materials, and its chemical composition table is shown in Table 1. The river sand was taken from the river channels around the city, with yellow color and low mud content. The particle size of the stone was between 5 and 10 mm, with cyan color, high calcium content, and good workability. The particle size of the three nanomaterials is all 30 nm. The purity of the three nanomaterials was 99%. The water-reducing agent uses polycarboxylic acid high-performance water-reducing agent, which can improve the fluidity and strength of concrete.
TABLE 1 | Chemical composition of Portland cement (PO42.5).
[image: Table 1]Mixing Method
Two types of samples were prepared: ordinary saturated concrete samples without nanomaterials for reference and comparison. In subsequent research, this type of sample was called an ordinary saturated concrete sample, the other was the nano-saturated concrete samples, which were used to study the modifying effects of different types and contents of nanomaterials on the mechanical properties and microstructure of saturated concrete. The ordinary saturated concrete samples were mixes of cement, river sand, and stones in the ratio of 1: 2: 2, with a water-cement ratio of 0.6 and a water-reducing agent content of 0.2% of the cement mass, made without addition of nanomaterials. For nano-saturated concrete materials, two control parameters for the content and type of nanomaterials were designed. The contents of nanomaterials included 3 wt% and 6 wt%. The added nanomaterials replaced the corresponding quantity of cement. There were three types of nanomaterials used here: nano-SiO2, nano-Al2O3, and nano-TiO2. Through the changes of these two control parameters, there were six different types of nano-saturated concrete samples. In summary, a total of seven types of concrete were prepared in the present research (four samples of each type, and a total of 28 samples were prepared). The mass ratio of raw materials of each type of concrete samples is summarized in Table 2.
TABLE 2 | Concrete mixes.
[image: Table 2]For nano-concrete materials, a series of steps were needed to prevent the agglomeration of the added nanomaterials. Firstly, nanomaterials of the required quality were put into water and dispersed using an ultrasonic cleaning machine for 15 min to ensure their even dispersal in the water. Then, the cement, stones, and river sand of the quality described in Table 2 were put into a bucket and mixed for 1 min. Finally, the dispersed liquid with its nanomaterials was poured into the bucket and stirred using a mixer for 10 min. The mixed slurry was poured into a mold, and after waiting for 24 h the mold was removed, as shown in Figure 1. The standard cylindrical samples of Φ50 × 100 mm were drilled from the condensed paste after demolding. A total of 28 samples were then drilled: to ensure that the concrete samples reached a state of fully saturation, after drilling they were soaked in sodium hydroxide solution with a pH of 8 for water saturation treatment. After 12 days, the samples were removed for subsequent testing. In this paper, the water retention process of concrete lasts for 12 days, so it is considered that the concrete samples have reached a fully saturated state.
[image: Figure 1]FIGURE 1 | Sample preparation process.
Experimental Equipment
X-Ray Fluorescence (XRF)
The debris produced during sample processing was ground into 200-mesh powder using an agate mortar. Then, the element and oxide content were tested by X-ray fluorescence spectrometer (Arl Perform’X).
Scanning Electron Microscopy
The debris produced during sample processing was made into a sample of 1 cm2 cross-sectional area. To observe the microstructure and pore state of different types of saturated concrete samples, the Quanta 200 F field emission environment scanning electron microscope produced by FEI was used.
Uniaxial Compression Testing
The uniaxial compression testing of saturated concrete samples was performed using an RTR-1000 triaxial rock mechanics test system (GCTS Co., United States).
COMPOSITION AND MICROSTRUCTURE
X-Ray Fluorescence (XRF)
The XRF results show that: the amount of CaO in concrete is the highest, indicating that it is the main oxide present in such concrete samples. Therefore, the CaO content and the content of various kinds of nanomaterials (SiO2, Al2O3, and TiO2) in various types of concrete samples are plotted to compare the oxide content in different saturated concrete samples (Figure 2).
[image: Figure 2]FIGURE 2 | Main oxide contents in different saturated concrete samples.
It can be seen from Figure 2 that the amount of CaO in each sample is around 26%, and there is no obvious difference between them. As one of the main components of concrete materials, SiO2 accounts for a relatively large proportion of the concrete. Due to the amount of added nano-SiO2 being relatively small, for samples containing nano-SiO2, the content of SiO2 shows no significant change compared with other samples; however, the Al2O3 and TiO2 contents of samples containing nano-Al2O3 or nano-TiO2 increase significantly. The average content of Al2O3 in the samples without nano-Al2O3 is 3.67%. The average content of Al2O3 in the samples mixed with 3 wt% nano-Al2O3 is 3.67%. The average content of Al2O3 in the samples mixed with 6 wt% nano-Al2O3 is 4.07%. The average content of TiO2 in the samples without nano-TiO2 is 0.29%. The average content of TiO2 in the samples mixed with 3 wt% nano-TiO2 is 1.1%. These results indicate that the nanomaterial has been successfully mixed with concrete through the mixing method outlined in Mixing Method.
Scanning Electron Microscopy
The SEM scanning results of ordinary saturated concrete samples are shown in Figure 3: particulate hydration products in ordinary saturated concrete samples vary in size and there are many micro-pores therein. There is also a significant amount of loose un-hydrated products seen in the pores and the pores are areas of accumulation of Ca(OH)2 generated during hydration of the cement. All these combine to make the pores become areas of weakness in saturated concrete.
[image: Figure 3]FIGURE 3 | SEM results: ordinary saturated concrete samples.
The microstructure of the three types of saturated concrete samples containing different nanomaterials differs: as shown in Figure 4A, many acicular crystals are randomly distributed within samples containing nano-SiO2, which fill the pores and increase the compactness of the material. In the sample containing nano-Al2O3, as shown in Figure 4B, the internal hydration products are bulk crystalline in form. The internal hydration products are closely connected with the un-hydrated products, and the large cracks in the concrete are filled with these crystals before becoming relatively small cracks. The hydration product of the sample containing nano-TiO2 (Figure 4C) is like that of the sample containing nano-Al2O3, and they are both bulk crystals, but the internal structure of the sample containing nano-TiO2 is looser than the sample containing nano-Al2O3. There are still large pores inside the sample containing nano-TiO2 and the degree of hydration is lower than that of the sample containing nano-Al2O3, and some un-hydrated products remain within.
[image: Figure 4]FIGURE 4 | SEM results: saturated concrete containing nanomaterials, (A) sample containing nano-SiO2; (B) sample containing nano-Al2O3; (C) sample containing nano-TiO2.
In summary, compared with the saturated samples without nanomaterials, nanomaterials can improve the microstructure of saturated concrete materials. For the saturated sample containing nanomaterials, on the one hand, the internal hydration product particles have a smaller diameter and the internal structure is more uniform and compact: such as for ordinary saturated concrete, the internal particle diameter is mostly between 3 and 5 μm, and for saturated concrete containing with nanomaterials, although there are a few crystals with a particle diameter of 3 μm, the internal crystal diameter is mostly around 1 μm; on the other hand, the internal pores are much fewer in number, and the pores are filled with hydration products. This is because nanomaterials exhibit high pozzolanic activity that can promote the hydration reaction of cement, and the secondary hydration reaction with Ca(OH)2 can produce more C-S-H gel. The secondary hydration products are filled in the pores: this can increase the content of C-S-H gel in the weak area of the interface and improve the compactness of the slurry and reform the microstructure. Among all saturated concrete samples, the saturated concrete samples containing nano-Al2O3 show the best microstructure in that the internal structure is more uniform and compact, and its integrity is optimal.
RESULTS AND ANALYSIS
Wave Velocity Test
Before the saturated concrete samples were subjected to uniaxial compression, the different types of saturated concrete samples were numbered. The ordinary saturated concrete samples were labeled C (a total of four samples). The saturated concrete samples containing nano-SiO2 were labeled S (a total of eight samples). The saturated concrete samples containing nano-Al2O3 were labeled A (a total of eight samples). The saturated concrete samples containing nano-TiO2 were labeled T (a total of eight samples). The wave velocity of each sample was tested with a multi-frequency acoustic wave measurement system. The numbers of each sample and the results of the wave velocities are shown in Table 3.
TABLE 3 | Wave velocities.
[image: Table 3]Experimental Results: Uniaxial Compression
The axial, lateral, and volumetric stress-strain curves of the samples are shown in Figure 5. Through uniaxial compression experiments, the compressive strength of each sample can be obtained. The elastic modulus, deformation modulus, and Poisson’s ratio of these samples can be calculated according to the stress-strain curves.
[image: Figure 5]FIGURE 5 | Stress-strain curves of the samples.
The damage strength is the starting point for unstable crack growth. The damage strength indicates that many cracks are interconnected. It is well known that crack propagation often leads to the failure of concrete (Hao et al., 2016; Gong et al., 2019; Pan et al., 2019; Hao et al., 2020). Therefore, it is necessary to study the damage strength of concrete. The most commonly used method to determine the damage strength is the crack volume strain calculation method (Martin and Chandler, 1994; Cai et al., 2004). In the present work, the damage strength of the saturated concrete samples is determined according to the crack volume strain calculation method (Eq. 1):
[image: image]
where: ε1 is the axial strain of the saturated concrete sample, ε2 is the circumferential strain, and εv is the volumetric strain.
Sample S-1 is taken as an example to illustrate the characteristics of the stress-strain curve and the method of determination of the damage strength of saturated concrete. The axial stress-strain curve and volumetric strain curve of sample S-1 under uniaxial compression are shown in Figure 6. It can be seen that the axial stress-strain curve and volumetric strain curve of saturated concrete are divided into five stages: crack closure (Stage I), elastic behavior (Stage II), stable crack growth (Stage III), unstable crack growth (Stage IV), and failure (Stage V). In Stage I, the crack volumetric strain is positive, and the slope of the curve is positive, which indicates the initial cracks, pores, etc. inside the sample are closed under axial stress, resulting in reduction in the volume of the crack and the sample. In the elastic stage (Stage II), the axial stress-strain curve is quasi-linear, and the slope of the curve remains practically unchanged. At this stage, the volume strain of the sample is mainly elastic volume strain, there is almost no crack initiation inside the sample, and the crack volume strain has no obvious change. During stable crack growth (Stage III), the slope of the stress-strain curve begins to decrease. At this stage, cracks begin to occur inside the sample and begin to gradually expand; because the volumetric strain increases upon crack opening, the slope of the volume strain curve in this stage gradually decreases, that is, the rate of change of sample volume decreases. During unstable crack growth (Stage IV), the stress-strain graph becomes non-linear and a peak appears therein. The slope of the stress-strain curve decreases with increasing load, and the rate of change of strain also increases. Many cracks penetrate through the sample, and the volume of the sample begins to increase. Due thereto, the slope of the volumetric strain curve becomes negative. After the stress reaches its peak value, the sample begins to fail (Stage V): the sample volume increases rapidly, and the volumetric strain continuously decreases. Therefore, the demarcation point between the elastic stage and the stable crack growth stage, that is, the stress value corresponding to the inflection point of the crack volume strain slope from positive to negative is the crack initiation strength of the S-1. the demarcation point between the stable crack growth and the unstable crack growth stage, that is, the stress value corresponding to the inflection point of the volume strain slope from positive to negative is the damage strength of S-1, and the damage strength of sample S1 can be determined to be 29.653 MPa.
[image: Figure 6]FIGURE 6 | Axial stress-strain curve and volumetric strain curve of sample S-1 under uniaxial compression.
Using the same method, the damage strength of all samples can be determined. The compressive strength, damage strength, elastic modulus, deformation modulus, and Poisson’s ratio of each sample are listed in Table 4.
TABLE 4 | Experimental results: uniaxial compression.
[image: Table 4]Analysis
According to the measured compressive strength and wave velocity of ordinary saturated concrete samples, the compressive strength of ordinary saturated concrete samples corresponding to arbitrary wave speeds can be calculated by Eq. 2. Comparing the compressive strength of the nano-saturated concrete sample with the compressive strength at the same wave velocity of the ordinary saturated concrete sample, the effect of nanomaterial addition on the compressive strength of saturated concrete can be obtained. The effect of nanomaterials on the deformation modulus, elastic modulus, and damage strength can also be compared by the aforementioned methods, so will not be repeated later.
[image: image]
where: vn is the wave velocity. σn is the compressive strength at the corresponding wave velocity; σmin and σmax are the minimum and maximum compressive strength of ordinary saturated concrete samples, respectively; vmin and vmax are the minimum and maximum wave velocity of ordinary saturated concrete samples, respectively.
Compressive Strength
The compressive strength of various types of saturated concrete samples is shown in Figure 7. It can be seen that the compressive strength of saturated concrete is affected by the addition of nanomaterials, and the modifying effects of different contents and types of nanomaterials on the compressive strength of concrete also vary.
[image: Figure 7]FIGURE 7 | Compressive strength of various types of saturated concrete samples.
For the saturated concrete samples containing nano-SiO2, the compressive strength of saturated concrete samples containing 3 wt% nano-SiO2 is significantly increased compared with that of ordinary saturated concrete samples, with an average increase of 8.56%; however, when the added amount of nano-SiO2 is increased to 6 wt%, the compressive strength of nano-saturated concrete sample is decreased relative to that of ordinary saturated concrete samples, indicating that the content of 6 wt% nano-SiO2 has exceeded its optimum level. The above results indicate that the compressive strength of saturated concrete samples does not always increase with the increase of the nano-SiO2 content. When the content of nano-SiO2 exceeds a certain value, the addition of nanomaterials not only fails to increase the strength of saturated concrete but decreases it.
For the saturated concrete samples containing nano-Al2O3, the compressive strength of saturated concrete samples containing 3 wt% nano-Al2O3 is also increased compared with ordinary saturated concrete samples, with an average increase of 20.27%. The modifying effect is better than that in samples containing the same amount of nano-SiO2. The compressive strength of the samples containing 6 wt% nano-Al2O3 shows two different outcomes compared with that of ordinary saturated concrete samples: some are greater than that of ordinary saturated concrete samples, such as A-6 and A-8, with an average increase of 14.69%. The increase is lower than that found with 3 wt% nano-Al2O3 while the strength of the remaining samples (A-5 and A-7) is lower than that of ordinary saturated concrete samples, with an average decrease of 9.19%, indicating that the content of nano-Al2O3 has exceeded its optimum content at 6 wt%.
The results of the saturated concrete samples containing nano-TiO2 are different from the results of nano-SiO2 and nano-Al2O3. As can be seen from Figure 7, the compressive strength of samples containing 3 wt% nano-TiO2 and 6 wt% nano-TiO2 is both decreased relative to that of ordinary saturated concrete samples. The reason may be that the nano-TiO2 has exceeded its optimal content at 3 wt%, which leads to the decrease in compressive strength of saturated concrete samples.
In summary, the compressive strength of saturated concrete can be increased by the addition of nanomaterials, but the compressive strength does not always increase with the increased dosage of nanomaterials. When the amount of added nanomaterial exceeds a certain value, the compressive strength of saturated concrete materials is decreased instead. The optimal content of different types of nanomaterials in concrete samples is also different: when the content of nanomaterials is 3 wt%, the modifying effect of nano-Al2O3 on the compressive strength of saturated concrete is the best, followed by that of nano-SiO2, whereas with nano-TiO2 the compressive strength is decreased. At a nanomaterial content of 6 wt%, all nanomaterials have exceeded their optimum content.
In addition, for saturated concrete samples containing nano-SiO2 and nano-Al2O3, the modifying effect on the compressive strength when the content of nanomaterials is 3 wt% is better than that at 6 wt%, however, the modifying effect of nano-Al2O3 on the compressive strength of saturated concrete is better than that of nano-SiO2, which is consistent with the modifying effect of nanomaterials on the microstructure seen under the SEM.
Deformation Modulus
The deformation modulus of various types of saturated concrete samples is shown in Figure 8: the deformation modulus of saturated concrete samples containing nanomaterials is generally larger than that of ordinary saturated concrete, but the modifying effect of different nanomaterials is different.
[image: Figure 8]FIGURE 8 | Comparison of deformation modulus of various types of samples.
For saturated concrete samples containing nano-SiO2, the deformation modulus of saturated concrete samples containing 3 wt% nano-SiO2 is increased compared with ordinary saturated concrete samples, with an average increase of 29.77%. The deformation modulus of saturated concrete samples containing 6 wt% nano-SiO2 is also increased compared with ordinary saturated concrete samples, with an average increase of 13.39%. This shows that the modifying effect on the deformation modulus of saturated concrete when the content of nano-SiO2 is 3 wt% is better than that at 6 wt%.
For saturated concrete samples containing nano-Al2O3, the deformation modulus of saturated concrete samples containing 3 wt% nano-Al2O3 is increased compared with that of ordinary saturated concrete samples, with an average increase of 17.57%. The deformation modulus of saturated concrete samples containing 6 wt% nano-Al2O3 is also increased compared with that of ordinary saturated concrete samples, with an average increase of 50.56%. This shows that the modifying effect on the deformation modulus of saturated concrete when the nano-Al2O3 content is 6 wt% is better than that at 3 wt%.
For the saturated concrete samples containing nano-TiO2, the deformation modulus of saturated concrete samples containing 3 wt% nano-TiO2 is increased compared with that of ordinary saturated concrete samples, with an average increase of 4.08%. The deformation modulus of saturated concrete samples containing 6 wt% nano-TiO2 is also increased compared with that of ordinary saturated concrete samples, with an average increase of 31.11%. This shows that the modifying effect on the deformation modulus of saturated concrete when the nano-TiO2 content is 6 wt% is better than that at 3 wt%.
These results can be explained by the fact that the addition of nanomaterials to the saturated concrete material can increase the deformation modulus, that is, the stiffness of the saturated concrete is increased. The optimal amount of different nanomaterials in saturated concrete also varies: the modifying effect of 3 wt% nano-SiO2 on the deformation modulus of saturated concrete is better than that at 6 wt% nano-SiO2. For nano-Al2O3 and nano-TiO2, the modifying effect of 6 wt% nanomaterials on the deformation modulus of saturated concrete is better than that at 3 wt%. Among all the samples tested here, the modifying effect of 6 wt% nano-Al2O3 on the deformation modulus of saturated concrete is the best.
It can also be seen from the figure that, although the deformation modulus of most saturated concrete samples containing nanomaterials is greater than that of ordinary saturated concrete samples, there are a few exceptions: for example, the deformation modulus of S-6 and T-2 is lower than that of ordinary saturated concrete samples. The results in Discussion section show that the compressive strength of these two samples is also far lower than that of ordinary saturated concrete.
Elastic Modulus
The elastic modulus of various types of saturated concrete is shown in Figure 9. The comparison of elastic modulus between the nano-saturated concrete and ordinary saturated concrete is similar to that undertaken for deformation modulus (except for those samples containing 6 wt% nano-SiO2, with little significant difference from that of ordinary saturated concrete).
[image: Figure 9]FIGURE 9 | Comparison of elastic modulus of various types of samples.
Damage Strength
The damage strength of various types of saturated concrete is shown in Figure 10: for the saturated concrete sample containing nano-SiO2, when the content of nano-SiO2 is 3 wt% (S-1, S-2, S-3, and S-4), the damage strength of S-1 and S-2 is larger than that of ordinary saturated concrete, the damage strength of S-3 and S-4 is less than that of ordinary saturated concrete, but the average damage strength of nano-saturated concrete is larger than that of ordinary saturated concrete. When the content of nano-SiO2 is 6 wt% (S-5, S-6, S-7, and S-8), the damage strength of S-7 and S-8 is larger than that of ordinary saturated concrete samples, the damage strength of S-6 is less than that of ordinary saturated concrete samples, and the damage strength of S-5 is similar to that of ordinary saturated concrete samples.
[image: Figure 10]FIGURE 10 | Comparison of damage strength of various types of saturated concrete samples.
For the saturated concrete sample containing nano-Al2O3, when the nano-Al2O3 content is 3 wt% (A-1, A-2, and A-3), the damage strength of nano-saturated concrete samples is larger than that of ordinary saturated concrete samples, and the modifying effect of 3 wt% nano-Al2O3 on the damage strength of saturated concrete is significantly better than that of the relative content of nano-SiO2. When the nano-Al2O3 content is 6 wt% (A-5, A-6, A-7, and A-8), the damage strength of some samples (A-6 and A-8) is larger than that of ordinary saturated concrete samples, and the damage strength of other samples (A-5 and A-7) is less than that of ordinary saturated concrete samples.
For the saturated concrete sample containing nano-TiO2, except for T-7, the damage strength of ordinary saturated concrete samples is larger than that of nano-saturated concrete samples.
In summary, for saturated concrete samples containing nano-SiO2 and those saturated concrete samples containing nano-Al2O3, the damage strength of the saturated concrete is increased by the addition of nanomaterials when the content thereof is 3 wt%, and the modifying effect of 3 wt% nano-Al2O3 on the damage strength of saturated concrete is significantly better than that of same relative amount of nano-SiO2. When the content of nanomaterials is 6 wt%, the addition thereof has a little effect on the damage strength. For the saturated concrete sample containing nano-TiO2, when the content of nano-TiO2 is 3 wt%, the content may have exceeded its optimal level in saturated concrete, therefore, the addition of nano-TiO2 reduces the damage strength of saturated concrete.
Through the above analysis, it can be seen that adding nanomaterials to saturated concrete can optimize its microstructure and improve its strength, modulus and other mechanical properties. The main reasons are the following two aspects: on the one hand, nanomaterials have a small particle size and can fill the internal pores of concrete. On the other hand, nanomaterials have higher specific surface energy, which can promote and participate in the hydration reaction of cement, reacting off excess Ca(OH)2 (harmful to mechanical properties), and generate more C-S-H gels and other materials, which can improve mechanical properties, as shown in Eqs. 3, 4, 5.
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It can also be seen from the formula that both nano SiO2 and nano Al2O3 can participate in the hydration reaction of cement, while nano TiO2 only can promote the hydration reaction of cement, which leads to the poor mechanical properties of saturated concrete samples containing nano TiO2 compared with the other two nanomaterials. And the nano-SiO2 and nano-Al2O3 participate in the cement hydration reaction to produce different products, resulting in different microstructures of the two samples. The difference in the microstructure also determines the difference in mechanical properties.
DISCUSSION
The compressive strength of concrete is affected by the amount of nanomaterial added to the concrete, and the extent of this influence may be affected by the properties of the concrete. The saturation of the concrete may also be one of the influencing factors, however, no research has been done on the different effects of nanomaterial contents on the compressive strength of saturated concrete and dry concrete (Rossi et al., 1992; Ross et al., 1996; Yaman et al., 2002a; Yaman et al., 2002b; Wang and Li, 2007; Zheng and Li, 2010; Jin et al., 2012).
To compare the different effects of nanomaterial contents on the compressive strength of saturated concrete and dry concrete, the compressive strength of saturated concrete (in this paper) and dry concrete (Li et al., 2006b; Zhang and Li, 2006; Nazari and Riahi, 2011; Said et al., 2012; Mohseni et al., 2015; Rong et al., 2015; Su et al., 2017; Niewiadomski et al., 2018; Ren et al., 2018; Du, 2019) when the nanomaterial content was 3 wt% and the nanomaterial content exceeded 3 wt% was analyzed.
The changes in compressive strength of nano-saturated concrete and nano-dry concrete compared to ordinary concrete are shown in Figure 11 (at a nanomaterial content of 3 wt%). For the concrete samples containing nano-SiO2 and nano-Al2O3, when the nanomaterial content is 3 wt%, although the increase in compressive strength of nano-saturated concrete and nano-dry concrete compared to ordinary concrete is different, the compressive strength of nano-saturated concrete and nano-dry concrete is increased compared to that of ordinary concrete.
[image: Figure 11]FIGURE 11 | The change in compressive strength of nano-concrete (at a nanomaterial content of 3 wt%) compared to ordinary concrete.
For concrete sample containing nano-TiO2, when the nano-TiO2 content is 3 wt%, the compressive strength of nano-saturated concrete is lower than that of ordinary concrete, but the compressive strength of nano-dry concrete varies compared to ordinary concrete; the compressive strength of most nano-dry concrete samples is higher than that of ordinary concrete. It is reported elsewhere (Siddiqui et al., 2016) that the compressive strength of nano-dry concrete containing 3 wt% nano-TiO2 is lower than that of ordinary concrete, but the reduction is smaller than that for nano-saturated concrete. This suggests that, when the content of nano-TiO2 is 3 wt%, the increase in compressive strength of saturated concrete compared to ordinary concrete is lower than that for dry concrete.
The increase in compressive strength of nano-concrete containing more than 3 wt% nanomaterials compared to nano-concrete containing 3 wt% nanomaterials is shown in Figure 12: for saturated concrete samples containing nano-SiO2, when the nano-SiO2 content exceeds 3 wt%, the compressive strength of the nano-saturated concrete sample decreases compared to that at 3 wt%. For dry concrete samples containing nano-SiO2, when the nano-SiO2 content exceeds 3 wt%, the compressive strength of a few samples increases compared to that when the nano-SiO2 content is 3 wt%, and the compressive strength of most samples decreases, but the decrease in the dry concrete is less than that in the saturated concrete.
[image: Figure 12]FIGURE 12 | The increase in compressive strength of nano-concrete containing more than 3 wt% nanomaterials compared to nano-concrete containing 3 wt% nanomaterials.
For concrete samples containing nano-Al2O3, when the nano-Al2O3 content exceeds 3 wt%, the compressive strength of each concrete sample decreases compared to that at 3 wt%, but the decrease in the saturated concrete is greatest.
For concrete samples containing nano-TiO2, when the nano-TiO2 content exceeds 3 wt%, the compressive strength of the nano-saturated concrete samples increases compared with that at 3 wt%. The compressive strength of most nano-dry concrete samples decreases compared with that at 3 wt%.
These results suggest that the compressive strength of both saturated concrete and dry concrete does not always increase with increasing nanomaterial content. When the content of nanomaterials exceeds its optimal level, the increase in compressive strength of the concrete is reduced: for saturated concrete samples containing more than 3 wt% nano-SiO2 and saturated concrete samples containing more than 3 wt% nano-Al2O3, the compressive strength decreases more compared to nano-concrete samples containing 3 wt% nanomaterials for dry concrete samples. This shows that, when the nano-concrete is saturated, the modifying effect of nanomaterials on the mechanical properties of concrete is diminished.
CONCLUSION
The mechanical properties of saturated concrete are of importance when ensuring the long-term safe and stable operation of hydraulic structures. In this research, scanning electron microscopy, wave velocity, and uniaxial compression were conducted to assess the influence of different nanomaterials added in different amounts on saturated concrete. The conclusions are as follows:
• By the addition of various kinds of nanomaterials to saturated concrete, the microstructure of saturated concrete can be significantly improved, the internal particles are refined, the porosity is reduced, and the compactness and integrity of the slurry are improved. For three different types of nano-saturated concrete samples, the microstructure of samples containing nano-Al2O3 is more uniform and compact, and its integrity is optimal.
• Compared with ordinary saturated concrete, the mechanical properties of saturated concrete such as strength, deformation modulus, and elastic modulus are significantly improved by the addition of 3 wt% nanomaterials: however, the mechanical properties of saturated concrete do not always increase with the increase of the nanomaterial content. When the nanomaterial content is 6 wt%, the compressive strength of the three types of nano-saturated concrete sample decreases compared with that of ordinary saturated concrete samples. Among all saturated concrete samples tested here, the compressive strength of the saturated concrete sample containing 3 wt% nano-Al2O3 is the largest, the deformation modulus of the saturated concrete sample containing 6 wt% nano-Al2O3 is the largest.
• For concrete samples containing 3 wt% nano-SiO2 and those containing 3 wt% nano-Al2O3, the compressive strength of nano-dry concrete sample and nano-saturated concrete sample is larger than that of the ordinary concrete sample, and the increase in compressive strength is similar, but when the nano-SiO2 and nano-Al2O3 contents are 6 wt%, the increase in compressive strength compared to ordinary concrete is decreased, and the weakening effect on the compressive strength of saturated concrete is more obvious. For the sample containing 3 wt% nano-TiO2, the compressive strength of most of the nano-dry concrete samples is increased compared with that of ordinary concrete but the compressive strength of the nano-saturated concrete sample is decreased compared with that of ordinary concrete. Compared with dry concrete, when the concrete is saturated, the modifying effect of nanomaterials on the mechanical properties of concrete is diminished.
The artificial dam body of coal mine underground reservoir is complicated in force. In addition to compressive stress, it will also be affected by static forces such as tensile stress and shear stress, as well as dynamic forces such as mining and earthquakes. The mechanical behavior of nanomodified concrete under different stress states will be studied later.
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The development of cemented paste backfilling (CPB) technology has made an important contribution to the mining economy. As a kind of porous material, the pore structure characteristic of cemented paste backfill (CPB) is strongly correlated to its mechanical properties. In this study, CPB specimens were prepared with tailings/cement ratios (T/C ratio) of 4, 6, 10 and curing durations of 3, 7, 14, and 28 days, respectively. Pore structures characteristics of CPB specimens were investigated using nuclear magnetic resonance (NMR) and scanning electronic microscopy (SEM). The uniaxial compressive strength (UCS) was adopted to illustrate the mechanical property of CPB specimens. The coupling effects of T/C ratio and curing time on the pore characteristics of CPB as well as the effect of pore size on the UCS were analyzed. The results indicated that: 1) the microstructural integrity of CPB was highly related to the development status of the pore structure, which can be represented by micro-parameters like porosity, average pore area, etc. 2) a similar normal distribution curve was observed from the four kinds of pore structure in CPB. As the curing time increased, the peak of the pore size curve shifted left, and the peak value decreased, which means that the pore size in CPB decreased and became much concentrated; 3) the extension of the most probable pore size led to the cross-connection of pores and resulted in the fracture of CPB, which was shown as a crack on the main section.
Keywords: cemented paste backfill, pore structure characteristics, mechanical properties, integrity, damage process
INTRODUCTION
The cemented paste backfill (CPB) technology has been widely used in recent years due to technical, economical, and environmental benefits (Yilmaz et al., 2011a; Lu et al., 2018; Qi et al., 2018a; Liu et al., 2020). In the deep mining, CPB could control the ground pressure to protect mine workers from roof subsidence. Diverting tailing into underground stopes could reduce surface tailing disposal and environmental hazards as well as cut the costs of tailings management (Hu et al., 2004; Yilmaz et al., 2011b; Qi et al., 2018b; Qi et al., 2018c; Cao et al., 2019). Generally, CPB is a kind of three-phase cementitious composite material, that includes solid particles (tailings, cement, etc.), water and pores, produced with three ingredients, i.e., tailings, cement, and mixing water (Benzaazoua et al., 2002; Yilmaz et al., 2010; Li et al., 2016). During the consolidation process of CPB, large numbers of pores with different size would form around the hydration products, which has an important influence on the mechanical properties (Huang et al., 2021) and flow characteristics (Jiang et al., 2020) of CPB.
At present, scanning electron microscope (SEM) and nuclear magnetic resonance (NMR) are widely used in microstructure analysis of various materials. Due to its good results, high efficiency, and low consumption. SEM has been successfully applied to study the microstructure of concrete, rock, and soil. Complex micro-pore structure characteristics of backfill can be observed through SEM (Xu et al., 2015; Li et al., 2016; Liu et al., 2021). Meanwhile, SEM images can be used to analyze the pore structure, hydration process and hydration products of cementing backfill (Cihangir et al., 2012; Wu et al., 2015; Chen et al., 2017; Koohestani and Belem, 2017; Liu et al., 2017; Chen et al., 2018; Zhou et al., 2014). In order to obtain the quantitative description of SEM images, Liu et al. (2011) developed Particles (Pores) and Cracks Analysis System (PCAS) software, in which the image recognition technology was employed to conduct quantitative analysis on soil microstructure. However, SEM can only analyze the local microstructure of the filling body due to the restriction of the sampling area. NMR technology can make up for the inadequacy of SEM in overall pore structure analysis and has been widely adopted in rock micro-pore structure investigation because of its advantages of no destruction and rapid detection. For example, based on NMR technology, Zhou et al. (2012) and Wang et al. (2017) studied the pore characteristics of rocks and the pore structure of cement asphalt mortar, respectively; Ji et al. (2017) examined the fractal features of pore structure in fresh cement slurry.
On the other hand, many efforts have been made to investigate the pore structure of backfill to get better unconfined compressive strength (UCS), recently. Xing et al. studied the effect of fineness of tailings on the pore structure of cementing backfill (Li et al., 2016). Liu et al. studied the effect of cement particle shapes on the capillary structure of hardened cement slurry through numerical simulations (Liu C et al., 2018). Ma et al. analysed the effects of adding superabsorbent polymer (SAP) on the performance of cement-based material and its pore structure (Ma et al., 2017). Those studies are valuable in engineering from the perspective of understanding the effects of material granularity and additives on pore structure. However, there still exists three problems that need to be further explored with respect to the microstructure of CPB: 1) how to determine the relationship between the microstructure and mechanical properties quantitatively; 2) the coupling effects of tailings cement ratio (T/C ratio) and curing time on the development process of pore structure; and 3) the relationship between the failure mechanism and the pore structure in CPB.
The objective of this paper was to assess the coupling effect of tailings cement ratio and curing time on microstructural parameters (such as average pore area, T2 spectrum area etc.) and UCS of CPB specimens, which were prepared with different tailings cement ratios. Therefore, a series of tests including SEM test, NMR test, and UCS test have been performed, then the relationship between the pore structure parameters of CPB and the UCS was investigated. Finally, the effects of different pore sizes on the failure process in CPB was discussed. The results of this study could provide a reference for the pore characteristics investigation of CPB and accelerate the application of CPB in the future.
MATERIALS AND METHODOLOGY
Materials Used
The tailings utilized in this study were obtained from Xianglushan tungstic mine, located in Jiangxi Province of China. The particle size distribution (PSD) of tailings is shown in Figure 1, and the related physical characteristics of tailings are summarized in Table 1. Figure 1 indicates that the d10, d50, d60 were 11.8, 105, and 134.1 μm, respectively, while the non-uniformity coefficient (d60/d10) was 11.36. The main chemical compositions of tailings are presented in Table 2. The binder used was P.O 32.5 Portland cement based on Chinaʼs Common Portland Cement Standard (No. GB175-2007), and its main chemical compositions are summarized in Table 3. The water used for CPB preparation was tap water (Liu L et al., 2018).
[image: Figure 1]FIGURE 1 | The particle size distribution of tailings.
TABLE 1 | Physical characteristics of tailings.
[image: Table 1]TABLE 2 | Chemical composition of tailings used (units of wt%).
[image: Table 2]TABLE 3 | Chemical composition of Portland cement used (units of wt%).
[image: Table 3]Preparation of CPB Specimens
Because the solid concentration of 72 wt% can ensure the liquidity requirement during CPB transportation, three kinds of CPB specimens with the solid concentration of 72 wt%, and T/C ratios of 4, 6, and 10 were prepared, respectively, (Koohestani and Belem, 2017; Qi et al., 2018a). The mine tailings, cement, and tap water were mixed with a mortar mixer. The CPB slurry was stirred evenly in cylindrical bottom-drained column moulds (∅50 mm × 100 mm). After a rest period, CPB specimens were placed into a curing box at a temperature of 20 ± 1°C and a relative humidity of 95 ± 1% (Yin et al., 2018). Then the specimens, cured for 3, 7, 14, and 28 days, were evaluated by SEM test, NMR test, and UCS test, respectively. In this paper, all experiments were performed at room temperature in accordance with the related test manuals and literatures, specific methods are descripted as follows.
Experimental Implementation
NMR Test
The MacroMR12-150I test system (Suzhou Niumag Analytical Instrument) was performed for NMR test, as shown in Figure 2. The prepared CPB specimens were covered with a layer of Polytetrafluoroethylene (PTFE) to avoid moisture loss before the NMR test. The NMR tests involve two sequential steps, i.e., excitation status and reception status. Excitation status is used to excite the signals of CPB specimens, while reception status is to convert analog signals to digital signals. According to the operational procedures, each CPB specimen (ф 50 mm × 100 mm) was tested three times, the specific test method can be found in a previous study (Liu C et al., 2018). Finally the distributions of pores size in CPB could be examined through the T2 spectra analysis.
[image: Figure 2]FIGURE 2 | NMR test system (Liu L et al., 2018).
UCS Test
After the NMR test, CPB specimens were covered with a layer of Polytetrafluoroethylene (PTFE) again and sent to the UCS laboratory immediately. The UCS measurements were performed on CPB specimens (50 mm × 100 mm) using an electrohydraulic servo universal testing machine (MTS C43.504, MTS Systems Corporation, United States) to investigate the relationship between the UCS and pore size in CPB specimens. The UCS tests were conducted with a constant displacement-speed of 1 mm/min. For each experimental scenario, three identical specimens were tested and their average UCS values were recorded for further analysis.
SEM Test
After the aforementioned UCS test, the samples of SEM test were obtained from the central part of each CPB specimen. The specimens were coated with a layer of metal conductive film in a vacuum coating machine, and then were scanned with a JSM-6460LV scanning electron microscope produced by Nippon Electronics Company (JEOL). To avoid the human error, we conducted three times on each specimen. After that, the SEM images were quantitatively analyzed using the software of Particles (Pores) and Cracks Analysis System (PCAS) to evaluate the micro-parameters such as apparent porosity ratio, average pore area etc. For the former, it is a ratio of the pore area to the total specimen area in SEM test. And it is a two-dimensional parameter, which could indirectly indicate the pore variation trend in CPB (Koohestani and Belem, 2017). For the latter, it is a parameter which depends on the average pore length and average pore width. It could indicate the average size of pores and reflect the pore size variation in CPB specimens (Koohestani and Belem, 2017).
RESULTS AND DISCUSSION
Pore Characteristic Parameter Analysis
SEM Analysis
(1) Qualitative Analysis on CPB Specimens
The variation tendency of the pore structure in CPB during its curing period can be observed directly by SEM image, as shown in Figure 3. At the same curing time, the pore structure in CPB gradually became worse with the increased tailing/cement ratio (T/C ratio), due to more and more generated pores (especially macro-pores) and ettringite (AFt). Because hydration productions at an early curing time (such as 3 days) were less and could not fully fill the pore structure (Chen et al., 2021). Therefore, we can clearly see that there were a large amount of needle-like ettringites and pores with different sizes. When the curing period was 14 days, on the one hand, more and more C-S-H and needle-like ettringites were produced by cement hydration. On the other hand, macro-pores were unceasingly filled by those stuffs and subsequently became the pores with smaller size. Therefore, internal microstructure integrity of CPB specimens gradually became higher than before.
[image: Figure 3]FIGURE 3 | CPB microstructures obtained by SEM test.
However, the hydration process in CPB specimens gradually slows down as curing time increased. such as with a curing time of 28 days. In this case, the larger pore cannot be further filled by hydration productions, therefore the change of pore structure in CPB gradually became stabilized, finally formed the unique pore characteristics of CPB. Under this circumstance, the coupling effect of curing time and T/C ratio seems to be negligible. Meanwhile, it manifested that the UCS decreased with the increase of T/C ratio due to less hydration products.
(2)Quantitative Analysis on CPB Specimens
Figure 4 shows the relationships among apparent porosity ratio and average pore area of CPB and curing time. As shown in Figure 4, as curing time increased, the apparent porosity ratio of CPB with T/C ratios of 4, 6 and 10, decreased from 4.04 (3 days) to 2.03 (28 days), from 4.87 (3 days) to 2.18 (28 days), from 6.6 (3 days) to 3.4 (28 days), respectively. The micro-structural integrity in CPB approximately increased by 51.86%, due to the pore structure in CPB improved by curing time, although the initial T/C ratio is different. Meanwhile, the average pore area had a nearly inverse proportional relation to the curing time. As curing time increased, the average pore area decreased from 342.26 (3 days), 424.79 (3 days), and 549.33 (3 days) to 195.63 (28 days), 266.12 (28 days), and 299.38 (28 days), respectively. The micro-structural integrity in CPB increased by about 41.43%. The results indicated that the apparent porosity ratio is highly correlated with the average pore area, both of them could illustrate the development of pore structure characteristics in CPB.
[image: Figure 4]FIGURE 4 | Relationships among apparent porosity ratio, average pore area, and curing time.
NMR Analysis
Due to the defects of SEM sampling, in this section we used T2 spectrum area, porosity (NMR) as parameters to quantitatively investigate the pore structure characteristics in CPB. Generally, the NMR relaxation time and T2 spectrum area were proportional to the liquid content of the rock (Zhang and Xiao., 2006). To be specific, a shorter relaxation time (T2) indicates a smaller pore size. Thus the area of zone enclosed by the T2 spectrum amplitude and x-axis indicates the porosity (NMR) of CPB. Furthermore, the pore size distribution in CPB could be obtained by the conversion of T2 spectrum distribution as well.
Table 4 shows the results of T2 spectrum of CPB. If the T/C ratio was set to be a certain value (4, 6, and 10), as the curing time increased, the spectrum area decreased. The same goes for the porosity (NMR). To be specific, the porosity (NMR) of CPB with T/C ratios of 4, 6, and 10 decreased from 11.75 (3 days), 18.65 (3 days), and 12.94 (3 days) to 2.45 (28 days), 3.57 (28 days), and 4.46 (28 days), respectively. The micro-structural integrity in CPB approximately increased by 80.86%. There seems to be a negative correlation between the integrity in CPB and the parameters, such as T2 spectrum area, and porosity (NMR). It is also negatively correlated with UCS. Although the integrity values obtained by different analysis methods were obviously different, both SEM and NMR analyses demonstrated that the internal pore structure of CPB became much better as the curing time increased.
TABLE 4 | The NMR spectrum area.
[image: Table 4]Pore Size Analysis
Classification of Pore Size
As aforementioned, pore structure characteristics in CPB have a close relationship with the hydration process. However, the pore structure in CPB would become stabilized to form its own unique pore characteristics as the curing period increased. The reason is that the cement hydration process gradually slows down, and even stops. Therefore, in this section, the pore size in CPB was divided into four types according to the related literature (Yang et al., 2010), including gel pores (pore size <10 nm), transition pores (pore size = 10–100 nm), capillary pores (pore size = 100–1,000 nm), and macro-pores (pore size > 1,000 nm), as shown in Table 5.
TABLE 5 | Pores size partition in CPB (Yang et al., 2010).
[image: Table 5]Pores Size Characteristics Analysis
(1) Effect of Curing Time on Pore Size
In this section, CPB specimens with a T/C ratio of 4 were taken as an example to study the effect of curing time on the development of pore size in CPB. Figure 5 shows the proportion of different pore sizes in CPB during the curing period. As shown in Figure 5, as the curing time increased, the gel pore (<10 nm) increased, while the transition pores (10–100 nm) decreased. To be specific, the volume percentage of gel pores gradually increased from 2.65% (3 days) and 4.75% (7 days) to 46.37% (14 days) and 48.96% (28 days), while the transition pores decreased from 89.73% (3 days) and 92.16% (7 days) to 44.75% (14 days) and 43.14% (28 days), respectively. It is interesting that these two kinds of pores seem to maintain a dynamic balance. However, the volume percentage of capillary pores (100–1,000 nm) keeps a stable level (about 9.46%) while the macro-pores are negligible (about 0.05%) during the whole curing period. This means that the hydration products continuously increase with the curing time, but it just has a significant influence on the pore size of 10–100 nm. The effect of the hydration products has little impact on the pore sizes above 1,000 nm, which have a good agreement with the results of SEM analysis.
[image: Figure 5]FIGURE 5 | The percentage distribution of pores with different size in CPB.
As shown in Figure 5, when the curing time is 3 days, the percentage of different pores in CPB exhibits a similar normal distribution. To be more specific, the peak of the curve is the most probable pore size (10–100 nm), namely the pore size with the largest proportion in CPB, the pore size between 0 and 10 nm and that between 100 and 1,000 nm located on the two sides of the peak, respectively. As the curing time increased, these four kinds of pore sizes in CPB keep the similar normal distribution, the pore sizes below 10 nm and above 100 nm distributed at the two sides all the time, while the pore size within 10–100 nm always occupies the peak of the curve.As the curing time increased, the peak shifted left due to the pore size in CPB decreased, meanwhile the peak reduced because the percentage of different pores distributed more concentrated. Generally, the dominant pore size has an important influence on material characteristics (Yaohua et al., 2018), therefore the effect of the dominant pore size on the mechanical property of CPB will be discussed in The Effect of Pore Size on Failure Process of CPB.
(2) Effect of T/C Ratio on Pore Size
Figure 6A shows the NMR T2 spectrum of CPB specimens with different T/C ratios, the corresponding pore volume percentage in CPB is shown in Figure 6B, in which there were two distinct peaks on T2 spectrum when the curing time is 3 days or 7 days. Generally, the area of the first peak was about 76.105–99.701% of the total area of T2 spectrum, while the second peak was about 0.299–23.340% of the total area. However, we found a third peak and a fourth peak when the curing periods were 14 and 28 days, respectively. The third peak or the fourth peak areas are very small, accounted for only 0.1% of the total area. This means that local pore size in CPB increased unexpectedly due to the coupling influence of C/T ratio and curing time.
[image: Figure 6]FIGURE 6 | The pore size distribution of CPB specimens at different curing time; (A) NMR T2 spectrum of CPB specimens; (B) Pore volume percentage in CPB.
Figure 6B shows that when the curing time was 3 days, the volume percentage of pores between 10 and 100 nm decreased continuously with the increase of T/C ratio, while the pore size between 100 and 1,000 nm increased. The macro-pores (pore size >1,000 nm) were very few, but it exhibited an uptrend. When the curing time increase to 7, 14 or 28 days, the volume percentages of pore size between 10–100 nm and 100–1,000 nm increased continuously with the increased T/C ratio, while pore size (<10 nm) decreased gradually. This means that with the increase of T/C ratio, the cement content in CPB descended. As a result, the hydration products were too few to fully fill the pores with large size, which is in good agreement with the aforementioned analysis.
The Effect of Pore Size on Failure Process of CPB
In this section, CPB with a curing time of 28 days and a T/C ratio of 4 was taken as an example to evaluate the effect of pore size on the failure process of CPB. Meanwhile, because of the development characteristic of pore structure in CPB, the most probable pore size was used to study the effect of pore size on the failure process of CPB.
Figure 7 shows the failure mode of CPB after UCS test. As shown in Figure 7, the failure mechanism of CPB was mainly shear failure due to the main fracture through the shear slip surface. According to the mesomechanics theories and related literatures (Luo et al., 2000; Gregerová and Všianský, 2009), the failure essence of CPB is the results of micro-damage as well as the accumulation and development of micro-fracture. Generally, during the UCS test, pores with pore size within 10–100 nm (as the most probable pore size) were compacted to be micro-crack due to the gradual increase of the load. Then, the micro-fracture will not disappear but extend to form the main cracks together with the nearby micro-crack, when the higher load further added, finally resulted in the main failure surface throughout CPB. As for macro-pores, which accounted for only 0.05% of the total pores, just leaded to the partial peeling-off of CPB rather than the generation of the main crack section, as shown in Figure 7. Therefore, it is significantly important to make an investigation and control on the most probable pores size (the dominant pore sizes) for predicting the failure mechanism of CPB.
[image: Figure 7]FIGURE 7 | The failure mode of the CPB after UCS.
CONCLUSION
In this study, the development process of the pore structure in cemented paste backfill was systematically investigated using NMR test and SEM test. The coupling effect of curing time and T/C ratio on the pore size and failure mechanism of CPB was presented. The following conclusions could be drawn from the current study.
a. Pore structure in CPB could be represented by the average pore area, apparent porosity ratio, porosity (NMR), and T2 spectrum area, which are negatively correlated with UCS.
b. As the curing time increased, the amount of pores below 10 nm descended, while those between 10 and 100 nm increased. During the initial development stage of CPB pores (3 days or 7 days), almost 90% of the total pores were transition pores (10–100 nm). In the second development stage of CPB pores (14 days or 28 days), the dominant contents were gel pores (<10 nm) and transition pores (10–100 nm), occupying up to about 40% of the total pores, respectively.
c. A similar normal distribution was observed from the volume percentages of the four kinds of pore structure in CPB. As the curing time increased, the peak of pore size distribution curve shifted left, and the peak value decreased, which means that the pore size in CPB decreased and was distributed to be highly concentrated.
d. Pores larger than 1,000 nm have little effect on uniaxial compressive strength. The failure mode of CPB was mainly shear, which was significantly affected by pores between 10 and 100 nm. To be more specific, the extension of the most probable pore size led to the cross-connection of pores and resulted in the main failure surface in CPB.
e. Research and control of the most probable pore size is of great significance in predicting the macro-crack generation in CPB during the UCS test. Three-dimensional testing methods (like CT) in the future studies should be adopted to rebuild the complete pore structure in CPB, as well as to monitor the pore extension process in real time during the UCS test, which can significantly accelerate the application of CPB in the future.
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Tailings are one of the largest solid wastes in stock at present. In order to improve the comprehensive utilization rate of tailings, especially to solve the problems of fine-grained tailings treatment, the concrete composite admixture was prepared by using iron tailings powder and slag powder. In order to study the influence of iron tailings powder on the workability and long-term mechanical properties of concrete, C30 and C50 concrete with different iron tailings powder dosages were prepared, and the slump, expansion, flexural strength, splitting tensile strength, and compressive strength of concrete at different ages were tested. The results showed that the proper addition of iron tailing powder is beneficial to the working performance of concrete and can effectively reduce the time-loss of concrete fluidity. When the content of iron tailings powder in the composite admixture is 50%, the 1080d long age strength of C30 and C50 concrete can reach 50.3 and 80.7 MPa. Based on the 28d compressive strength, the relative strength-age prediction model of iron tailings powder concrete was established. The calculation and experimental results show that the model can accurately predict the compressive strength of micro-powder concrete of iron tailings at long age, and the error rate is less than 1%. The results lay a theoretical foundation for the utilization of iron tailings in concrete.
Keywords: iron tailings powder, slag, mechanical properties, workability, prediction model
INTRODUCTION
With the continuous development of mineral resources, a large number of tailings have been formed after mineral dressing, and tailings is one of the most abundant solid wastes. The accumulation of tailings in tailings ponds not only pollutes groundwater and the surrounding environment but also threatens the safety of surrounding people and buildings (Pedro et al., 2019; Liu et al., 2020). Limited by science and technology, the overall utilization rate of tailings is not high at present; nearly 78% of the tailings are piled on the surface, resulting in a considerable waste of resources. The main use of tailings is to prepare filling materials and building materials, especially coarse-grained iron tailings can be used as an aggregate to prepare filling materials and concrete, iron tailings can be used as a kind of machine-made aggregate, and the performance of filling materials and concrete is good (Lv et al., 2019; Qi and Fourie, 2019; Protasio et al., 2020; Karthikeyan et al., 2021; Leong, 2021). Some tailings are used to prepare the concrete of mine pillars; the concrete has good mechanical properties by means of fiber reinforcement (Cao et al., 2020; Cao et al., 2021a; Cao et al., 2021b). However, with the continuous development of mineral processing technology, tailings become finer and finer, and the fine-grained tailings below 75 μm can reach more than 80% (Wu et al., 2020). Fine-grade tailings will lead to the increase of cementitive substances in filling materials and cannot be used as a concrete fine aggregate, which greatly increases the difficulty of tailings utilization. The fine-grained tailings need to be classified, and a large number of fine-grained tailings cannot be used, which results in a considerable waste of resources, reduces the overall utilization rate of tailings, and increases the treatment cost. To solve the problem of fine tailings treatment is the bottleneck to improve the comprehensive utilization rate of tailings.
On the other hand, a huge amount of concrete is consumed in infrastructure construction. The production and preparation of concrete lead to the shortage of many resources, especially high-quality mineral admixtures. Mineral admixtures are essential raw materials for the modern green high-performance concrete. Under the background of low carbon and environmental protection, more and more admixtures will replace cement in concrete, which will help reduce carbon emissions and form an environment-friendly cementitious material system (Miller, 2018; Li et al., 2020a; Li et al., 2020b; Habert et al., 2020). In some areas, there is a scarcity of high-quality mineral admixtures, such as fly ash and slag powder (Granulated blast furnace slag, S95 and S105). Therefore, it is imperative to make a rational and efficient use of all kinds of resources, especially waste resources. In order to supplement the shortage of traditional admixture resources such as fly ash and slag and to make a wider use of industrial solid waste, reuse of iron tailings powder as a mineral admixture of concrete should be considered. The content of fine powder below 75 μm in iron tailings is increasing. Because the iron tailings powder is mainly composed of SiO2, Al2O3, and other chemical components, it can be used as a kind of concrete admixture. At present, the research of iron tailings powder as a mineral admixture in concrete is mainly focused on the influence of iron tailings powder on the strength of concrete, as well as the activation and hydration of iron tailings powder. Research shows that when iron tailings powder is mixed with slag powder, concrete has relatively good mechanical properties (Wu and Liu, 2018; Han et al., 2019), and its hydration rate is very slow, which can effectively reduce the hydration heat of cement concrete (Han et al., 2017). It is found that the fineness of iron tailings powder has an important impact on the performance of concrete. Some scholars believe that iron tailings powder can promote the performance of concrete through effective activation and further grinding (Hou et al., 2019; Liu et al., 2019; Yang and Mao, 2020). Through the study on the influence of iron tailings powder as a concrete admixture on mechanical properties and microstructure, iron tailings powder can be completely used as a mineral admixture to prepare concrete materials (Song and Liu, 2017; Song et al., 2019; Wu et al., 2019; Song and Chen, 2020).
However, as an inactive mineral admixture of concrete, iron tailings powder needs to be mixed with highly active slag powder to become a compound admixture. The influence law of iron tailings powder and slag powder on concrete strength, especially the development law of long age strength, is urgently needed to be explored. In this article, different proportions of iron tailings powder and slag powder composite admixtures are designed to prepare two common grades of concrete, C30 and C50. The compressive strength, flexural strength, and splitting tensile strength of concrete are tested, and the long-term strength prediction model is established and verified. This study can fill the research blank of iron tailings powder concrete long-term mechanical properties, which provides a theoretical basis for the application of fine-grained tailings.
RAW MATERIALS AND MIX PROPORTION
Raw Materials
Iron tailings powder comes from Fujian, China. Iron tailings are collected from mines and become iron tailings powder after drying, dehydration, and grinding. Its specific performance indexes are shown in Table 1.
TABLE 1 | Technical indexes of iron tailings powder and slag powder.
[image: Table 1]The main chemical composition of iron tailings powder is silica, which comprises metal elements such as iron, copper, and zinc, and the main chemical composition is shown in Table 2. Iron tailings are a kind of mineral rich in silica, so it can be used as a mineral admixture of concrete.
TABLE 2 | Main chemical components of iron tailings powder (%).
[image: Table 2]Figure 1 is the X-ray diffraction pattern of iron tailings powder, which is mainly composed of quartz, SiO2, and a small amount of calcite, mica, and other minerals.
[image: Figure 1]FIGURE 1 | X-ray diffraction pattern analysis of iron tailings powder.
In order to eliminate the influence of other mineral admixtures in cement, the standard cement produced by the China Building Materials Institute, namely, pure Portland cement P.I 42.5, is selected for the test, and its basic performance indexes are shown in Table 3.
TABLE 3 | Property indexes of reference cement.
[image: Table 3]Water quenched slag powder is an important mineral admixture for concrete. S95 slag powder produced by a factory in Hebei Province is adopted in the test. The basic performance indexes are shown in Table 1.
The coarse aggregate and fine aggregate used are in line with the national standard. In coarse aggregate, the particle size of large stone is 10–20 mm and that of small stone is 5–10 mm. The mass ratio of large stone and small stone is 8:2. The fine aggregate used in the test belongs to the medium sand of Ⅱ area. It meets the grade I aggregate requirements of JG/T568-2019 “High performance concrete aggregate”. See Table 4 for specific indicators.
TABLE 4 | Technical indexes of coarse and aggregate.
[image: Table 4]Ordinary tap water is used to meet the requirements of mixing water. Polycarboxylate superplasticizer is used as a superplasticizer, and the solid content is about 20%.
Mix Proportion
This article designs C30 and C50, two kinds of commonly used concrete. Due to environmental protection, concrete cementitious materials introduce solid waste, so the cement content should not be high. A low cement system is used in this experiment, and cement only accounts for 30 and 40% of the whole cementitious material system, respectively. After the preliminary test, the iron tailings powder belongs to an inactive admixture, so the water-binder is lower than that of concrete with common mineral admixtures. The water–binder ratio of C30 concrete is 0.40 and that of C50 concrete is 0.29. The composite admixture of iron tailings powder and slag powder is adopted, and the proportion of iron tailings powder in the composite admixture is 0, 30, 50, 70, and 100%, respectively. The influence of different proportion of iron tailings powder on the mechanical properties of concrete is studied. With the increase of iron tailings powder content, the water–binder ratio of concrete decreases to ensure that the strength can meet the requirements. Specific coordination is shown in Table 5.
TABLE 5 | Mix proportion of iron tailings powder concrete (kg·m−3).
[image: Table 5]In order to verify the relationship model between phase compressive strength and age of iron tailings micro-powder concrete, the verification group of concrete was prepared. The content of reference cement in C30 and C50 concrete accounted for 40 and 50% of the total cementing material, respectively, and the mixing ratio was shown in Table 6.
TABLE 6 | Mix proportion of verification concrete (kg·m−3).
[image: Table 6]RESULTS AND DISCUSSION
Influence of Iron Tailings Powder on Concrete Performance
C30 and C50 concrete with different iron tailings powder contents were prepared according to the mix ratio, and the slump and dilatancy of each group of concrete at the time of discharge and 1 h after discharge were tested, respectively. The specific data are shown in Table 7.
TABLE 7 | Slump and dispersion of concrete (mm).
[image: Table 7]The slump and expansion of C30 and C50 concrete mixed with iron tailings powder are greater than that of concrete mixed with slag powder alone. With the increase of iron tailings powder content, the slump and expansion of concrete first increase and then decrease. When iron tailings powder accounts for 70% of mineral admixtures (iron tailings powder and slag powder), the slump and expansion of concrete are the largest, with C30 concrete reaching 230 and 525 mm, and C50 concrete reaching 230 and 550 mm.
The slump and expansion of C30 and C50 concrete decreased in different degrees after 1 h out of the mixer. The slump and expansion of C50 concrete are higher than that of C30 concrete after 1 h. This is due to the low water–binder ratio and high viscosity of C50 concrete. With the passage of time, the concrete has a good water retention performance, while the water–binder ratio of C30 concrete is larger, and there is more free water in the concrete. The concrete will lose water with time, and even the phenomenon of mortar bone separation appears. Therefore, the working performance of C30 concrete is not as good as that of C50 concrete after 1 h. The slump loss rate and expansion loss rate of concrete with slag powder are the largest, and the loss rate of C30 concrete can reach 27.9 and 20.0%, respectively. The addition of iron tailing powder can effectively reduce the loss rate of slump and expansion of concrete after 1 h. When iron tailing powder accounts for 70% of mineral admixtures, the loss rate of slump and expansion is the lowest. Taking C30 as an example, it is 17.4 and 13.0%, respectively, which is 10.5 and 7.0% lower than that of concrete with slag powder alone.
In conclusion, the appropriate addition of iron tailings powder can effectively improve the particle size distribution of cement slag powder cementitious material system and make the particle distribution more uniform, thus increasing the workability of concrete. At the same time, it reduces the time loss of concrete slump and expansion, has good working performance, and ensures the smooth pumping and construction of concrete.
Flexural Strength and Splitting Tensile Strength of Concrete
The flexural strength and splitting tensile strength of concrete after standard curing for 28d were respectively tested, and the results are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Flexural strength and splitting tensile strength of concrete.
The results show that the flexural strength and splitting tensile strength of concrete decrease with the increase of iron tailings powder content. The flexural strength and splitting tensile strength of A0 and B0 concrete with slag powder are the largest, which are 3.80, 7.13, 2.88, and 3.39 MPa, respectively. The A100 and B100 concrete with iron tailings powder is not suitable for single mixing. The bending strength and splitting tensile strength of A100 and B100 concrete with iron tailings powder is low, which is only 58–76% of that of concrete with single slag powder. When the ratio of iron tailings powder and slag powder is not more than 5:5, the flexural strength and splitting tensile strength of concrete are similar to those of concrete with slag powder alone. For example, when the proportion of iron tailings powder in a mineral admixture is 30%, the splitting tensile strength of C30 and C50 concrete is only 0.69 and 6.7% lower than that of concrete with single slag powder. In low-strength concrete (C30), the effect of iron tailings powder on flexural strength is greater, and the splitting tensile strength is less. In high-strength concrete (C50), the adverse effect of iron tailings powder on flexural strength is less than that of low-strength concrete, and the adverse effect on splitting tensile strength is greater than that of low-strength concrete. On the whole, the effect of iron tailings powder on the flexural strength of concrete is much greater than that on the tensile strength of concrete.
Long-Term Compressive Strength Law of Concrete
In order to explore the influence law of iron tailings powder on the long-term compressive strength of concrete, the 3, 7, 28, 90, 180, 270, 360, 540, 720, and 1080d compressive strength of C30 and C50 concrete were tested, respectively. The development law of concrete strength with age is shown in Table 8.
TABLE 8 | Compressive strength of iron tailings powder concrete (MPa).
[image: Table 8]The results show that the strength of C30 and C50 concrete decreases with the increase of the iron tailings powder content. Iron tailings powder is a kind of non-active admixture, a very small amount of which can participate in the hydration reaction and produce less hydration products. Slag powder is a kind of mineral admixture with higher activity, which has a faster hydration reaction and can produce more hydration products, so it has higher strength. When the ratio of iron tailings powder to mineral admixtures (slag powder and iron tailings powder) is less than 50%, the compressive strength of concrete with different ages has little difference from that with single slag powder, The maximum reduction of compressive strength of C30 and C50 concrete at 28d was only 2.0 and 10.2% compared with that of the concrete with slag powder. When the proportion of iron tailings powder in a mineral admixture is more than 50%, the compressive strength of concrete at different ages decreases greatly compared with concrete mixed with slag powder alone. The maximum reduction ranges of 28d compressive strength are 19.4 and 33.8% compared with that of slag powder concrete. The content of iron tailing powder in concrete should not exceed 50% of the whole mineral admixture.
The influence of iron tailings powder on the strength of high-strength concrete (C50) is greater than that of low-strength concrete (C30). The reason is that high-strength concrete needs more cementitious materials, and the water–binder ratio is also relatively low. Although the addition of non-active admixtures can change the particle size distribution of cementitious materials to a certain extent, and the microaggregate effect can improve the performance of concrete, its effect is not as good as the hydration reaction of active admixtures. Therefore, the adverse effect of iron tailings powder on the strength of low-strength concrete is small, and the adverse effect of iron tailings powder on the strength of high-strength concrete is obvious. Therefore, in the design mix proportion of high-strength concrete, the amount of iron tailings powder should be reduced appropriately under the low clinker system. For example, when the proportion of iron tailings powder to a mineral admixture is 30%, the compressive strength of group B30 concrete is equivalent to that of group B0 concrete, even if at some age exceeds the strength of group B0. At the same time, the compressive strength of concrete can not only be based on the 28d compressive strength as the standard system in the case of introducing the non-active admixture iron tailings powder. The curing age should be extended so that the non-active admixture can give full play to its effect. For example, when the age reaches 90 days, the strength of concrete with iron tailings powder accounting for less than 50% of the mineral admixture is very close to that of concrete with slag powder alone; it is more suitable to evaluate the mechanical properties of concrete with inactive admixtures by the strength of longer age.
Relative Compressive Strength and the Age Prediction Model
The 28d strength of concrete in each group was taken as the reference value 1, and the strength of other ages was divided by the 28d compressive strength to calculate the relative compressive strength of concrete at different ages, as shown in Table 9.
TABLE 9 | Relative compressive strength of iron tailing powder concrete.
[image: Table 9]The addition of iron tailings powder is not conducive to the early strength of concrete, but the appropriate addition of iron tailings powder (30%) is conducive to the growth of long-term strength of concrete. From the point of view of long age, after 360 days, the strength development law of concrete with appropriate amount of iron tailings powder is similar to that of concrete with slag powder only. Taking 1080d strength as an example, the compressive strength of A50 group increased by 45% compared with 28d compressive strength.
In order to study the relationship between compressive strength and age, the development model of compressive strength and age was established, which can provide theoretical basis for the prediction of long-term compressive strength of iron tailings powder concrete. By using the software to fit the curve of compressive strength and age of C30 and C50 concrete with different iron tailings powder contents, it is found that the regularity of single compressive strength and age is not strong, but the better regularity is found by using the relative compressive strength and age fitting of each age to 28d strength. The fitting curve is shown in Figure 3.
[image: Figure 3]FIGURE 3 | The relative compressive strength and age fitting curve
In order to more accurately determine the relationship between reaction intensity and age, three parameter equation is chosen as the fitting formula, and the fitting reliability is high. The formula is as follows:
[image: image]
In the formula, the fitting parameters of different concrete groups are shown in Table 10.
TABLE 10 | Relative compressive strength and age fitting parameters.
[image: Table 10]It can be seen from Table 10 that the range of parameters A, B, and C in the model of relative compressive strength and age relationship of iron tailings powder concrete is relatively concentrated, and the fitting correlation coefficient is also very high, all above 0.930, with a strong correlation, indicating that the model selection is more appropriate. Parameter A is related to the content of iron tailings powder. Parameter A increases with the increase of iron tailings powder contents. The A value of C30 concrete is between 0.7 and 1.3. The A value of group A5 with iron tailings powder is smaller and the dispersion is larger than that of the other four groups. The A value of C50 concrete is relatively concentrated, ranging from 0.9 to 1.2. It shows that the influence factor (parameter a) of non-active admixtures on the strength of iron tailings under the condition of low water–binder ratio is much smaller than that under the condition of high water binder ratio. The range of B value and C value in the model is relatively concentrated, except for the points with large individual dispersion, B value ranges from 5.10 to 6.30, and C value ranges from 0.711 to 0.911.
To verify the correctness of the prediction model, 30% of the original C30 concrete cement is increased to 40%, the original C50 concrete 40% cement content is increased to 50%, and the concrete is prepared according to the mix proportion shown in Table 9. Based on the measured value of 28d compressive strength, the compressive strength of different age is calculated according to the model, and compared with the measured value of the same age. The results are shown in Table 11.
TABLE 11 | Model calculation value and the real value of concrete compressive strength (MPa).
[image: Table 11]In order to intuitively show the reliability of the relative compressive strength and age model, based on the experiment data of each age, the difference between the calculated value of the model and the real value is divided by the real value, and the error rate of strength predicted model is calculated, as shown in Table 12.
TABLE 12 | Error rate of model calculation value and experiment measured value (%).
[image: Table 12]It can be seen from the above table that the prediction error of the relative compressive strength and age prediction model for E0 and F0 groups with single slag powder is relatively large, which indicates that the prediction effect of the concrete without iron tailings powder is general. However, the model has a good prediction effect on the strength of concrete mixed with iron tailings, and the prediction error of different proportion of iron tailings is relatively small. When the age is over 90 days, the error between the predicted value and the measured value is very small, and the error rate is basically within 1%. It shows that the model can effectively predict the long-term service strength of concrete based on the 28 days compressive strength, and the model has a good prediction effect on the long-term service performance of concrete.
This study has found out the influence of iron tailings powder and slag powder on the workability and long-term mechanical properties of concrete. The appropriate proportion of tailings powder and slag powder can increase the workability of concrete and contribute to the long-term strength. In the future research, we should pay attention to the long-term hydration mechanism of iron tailings powder and explore the hydration process of composite admixtures.
CONCLUSION

1) Appropriate addition of iron tailings powder is beneficial to the working performance of concrete and can effectively reduce the time loss of concrete fluidity.
2) When the content of iron tailings powder in the compound admixture is 50% or less, the mechanical properties of concrete are equivalent to that of the single slag powder concrete. The long-term strength of 1080d in C30 and C50 concrete can reach 50.3 and 80.7 MPa.
3) Based on the 28d compressive strength, the relative strength and age prediction model of iron tailings powder concrete is established. The calculation and experimental results show that the model can accurately predict the long-term compressive strength, and the error rate is less than 1%.
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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.
Keywords: cemented ultra-fine tailings backfill, uniaxial compressive strength, regression equation, hydration mechanism, secondary hydration reaction
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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Anode carbon residue is produced in the production of electrolytic aluminum. Its properties need to be studied for secondary utilization. In this paper, mineralogy of anode carbon residue from an electrolytic aluminum plant in Guizhou was studied. The anode residue chemical composition, structure, mineral composition, occurrence state of main elements, etc, was investigated. The results show that: Anode carbon residue is mainly composed of 14 minerals such as cryolite, cryolithionite, elpasolite and graphite. Among them, the opaque minerals are mainly graphite and the transparent minerals are mainly cryolite. Carbon in the form of independent mineral occurrence in graphite; fluoride in the form of independent mineral occurrence in cryolite, cryolithionite, elpasolite and fluorite; aluminum in the form of independent mineral occurrence in cryolite, cryolithionite, elpasolite, aluminium oxide and magnesium aluminate; sodium in the form of independent mineral occurrence in cryolite, cryolithionite, elpasolite. The mineralogical characteristics and occurrence state of carbon and electrolyte were studied, which provided a basis for the separation and recovery of carbon and electrolyte in anode carbon residue.
Keywords: anode carbon residue, mineral composition, state of occurrence, graphite, cryolite
INTRODUCTION
Hall-Heroult electrolysis process is the most commonly used method for aluminum production (Grjotheim and Krohn, 2020). Anode carbon residue produced in the process of electrolytic aluminum is a kind of dangerous solid waste. For example, it contains fluorine ions, the direct storage and landfill treatment will have a serious impact on the environment (Lifeng et al., 2019). Carbon anode is one of the key components in the production of electrolytic aluminum. It is mainly composed of calcined petroleum coke, coal tar pitch and regenerated carbon materials (Bhattacharyay et al., 2017). In the process of electrolytic aluminum production, part of the carbon anode falls off and enters the electrolyte to form anode carbon residue, and the accumulation of carbon residue will affect the production of electrolytic aluminum (Jin-sheng and Qing-chun, 2017; Zhi-qian et al., 2019), and the generation of carbon residue is related to the quality of anode (Aryanpour et al., 2014; Chevarin et al., 2015). Because in the process of aluminum electrolysis, carbon anode participated in the electrolysis process and was consumed, the production of aluminum at the same time to consume a large amount of carbon, producing a large amounts of CO2 (Huang et al., 2018) are produced resulting in voltage increases (Haupin, 1971) and current efficiency losses (Einarsrud, 2010). The carbon anode needs to be replaced in time after being consumed, to ensure the normal operation of production (Chevarin et al., 2015; Allard et al., 2019; Guo et al., 2020; Hussein et al., 2020). The production of anode carbon residue can be reduced by improving the quality of raw materials and strengthening the management of electrolytic aluminum production process (Hai-fei et al., 2009; Qing et al., 2015). It has been found that the shape of anode is one of the factors affecting the formation of carbon slag (Min-zhang and Xian, 2012). The anode consumption can be reduced by optimizing the structure of anode carbon block height and top shape (Xugui, 2021). The anode performance can also be improved by increasing the density of carbon anode, reducing the resistivity, air permeability, and reducing the impurity elements in the anode carbon (Batista and da Silveira, 2008; Dan-qing, 2008; Azari et al., 2013; Azari et al., 2013; Khaji and Al Qassemi, 2016). Trace elements in anode will affect anode consumption and aluminum liquid quality (Jing et al., 2010; Jing-lu et al., 2015). At the same time, the carbon and electrolyte in the anode carbon residue can be separated and recovered, which can effectively utilize the solid waste resources (Xiangyang et al., 2016; Lifeng et al., 2019). In the study of alternative materials for carbon anode, some researchers use calcined anthracite to partially replace petroleum coke to produce carbon anode (Yao-jian et al., 2009), and some researchers use bio-asphalt instead of coal asphalt to prepare carbon anode (Hussein et al., 2020). The use of inert materials instead of carbon anodes will be a promising option for the future and has been extensively investigated (Xiao et al., 2014; Kubiňáková et al., 2018). In view of the current utilization of anode carbon residue, the recycling of anode carbon residue is one of the effective ways to solve the environmental problems caused by it. The separation and recovery of carbon and electrolyte and the quantification of the key mineralogical parameters in anode carbon residue are important means for the separation of useful components (Diógenes et al., 2021).
In this paper, Polarized light microscope and X—ray diffraction (XRD), Scanning Electron Microscope and Energy Dispersive Spectroscopy (SEM-EDS) Analysis and combined with mineral liberation analyser (MLA), and other methods for anode carbon residue was studied, find out the structure of the anode residue structure, element composition, mineral composition and embedded characteristics, find out the carbon phase, sodium, aluminum phase, fluorine equal characteristics of each phase found out C, F, Al, Na, K and other elements in the distribution law of various minerals and occurrence state, It provides a basis for the separation and recovery of useful components in anode carbon residue.
MATERIALS AND METHODS
Anode carbon residue is taken from Guizhou Hua Ren New Material Co., Ltd. The bulk anode carbon residue was selected and polished, and the structure of the anode carbon residue was analyzed by polarizing microscope (Axio Scope. A1, Zeiss, Germany), chemical multi-element analysis, X-ray diffraction analysis (Empyrean sharp shadow, Panalytical, Netherlands), MLA mineral dissociation analyzer (MLA650, FEI, American), scanning electron microscopy (Quanta600, FEI, American) and energy dispersive X-ray spectrometry (Apollo X type, EDAX, American) were used to analyze the element composition, mineral composition, embedded characteristics, symbiosis and element occurrence of anode carbon residue.
TEST RESULTS AND DISCUSSION
Structure of Anode Carbon Residue
The gross eye observation shows that the anode carbon residue is black, and the particle size less than 5 cm. In some anode carbon residue, dark mineral aggregates and light mineral aggregates are locally enriched, with multiple pores and porous structures. The structural diagram is shown in Figures 1A–D. Dark mineral aggregates and light mineral aggregates are alternately distributed, and the structural diagram is shown in Figures 1E, F.
[image: Figure 1]FIGURE 1 | Structure Diagram of Anode Carbon Residue. (A–D) Many pores, cryolite and graphite are locally enriched; (E,F) Multiple pores, alternating distribution of cryolite and graphite.
Polarizing microscope was used to analyze the anode carbon residue. The opaque minerals in the anode carbon residue were mainly graphite, which was flaky and fibrous, forming flaky and fibrous crystalloblastic structures. Transparent minerals are mainly cryolite, cryolithionite and elpasolite, which are microscopic granular, mud-microcrystalline, forming micro-granular metamorphosis structure and mud-microcrystalline structure. The metallic minerals are mainly pyrite, magnetite, polydymite and pentlandite, which are anisotropic granular and constitute anisotropic granular structure.
Flake and fibrous crystallizing structure: graphite in anode carbon residue has good crystallizing degree, showing flaky and fibrous shape; aggregates are twisted into lumps, camboidal polygonal and other amorphous particles, which are distributed in anode carbon residue, as shown in Figures 2A, B. Anisotropic granular structure: there are very few metallic minerals in the anode carbon residue, which are mainly pyrite, magnetite, polydymite and pentlandite. The anisotropic granular structure is formed, as shown in Figure 2C. Micro-granular crystalloblastic structure: the main transparent mineral cryolite in anode carbon residue is semi-idiomorphic and other-shaped granular with particle size <0.1 mm. The particles are closely inlaid to form a micro-granular crystalloblastic structure, as shown in Figure 2D. Mud-microcrystalline structure: part of cryolite in anode carbon residue has fine crystalline particle size, showing micrite size <0.004 mm, or micrite size between 0.004 and 0.03 mm, forming mud-microcrystalline structure, as shown in Figure 2E.
[image: Figure 2]FIGURE 2 | Structure Diagram of Anode Carbon residue. (A) Flake and fibrous graphite aggregates are lumpy in reflected plane polarized light. (B) Flake and fibrous graphite is lumpy in reflected plane polarized light. (C) Pyrite is anamorphic granular in reflected plane polarized light. (D) Cryolite is microscopic granular amorphous, grain boundaries are blurred, closely inlaid, graphite aggregates embedded in them, transmission of single polarized light. (E) cryolite is mud-microcrystalline, particle size <0.004 mm, or 0.004–0.03 mm, transmission of single polarized light.
Chemical Multielement Analysis of Anode Carbon Residue
Chemical Multielement Analysis
Chemical multi-element analysis was carried out on anode carbon residue, and the analysis results are shown in Table 1.
TABLE 1 | Chemical multi-element analysis results/%.
[image: Table 1]As can be seen from the analysis results in Table 1, the content of element F, Al, Na and K in anode carbon residue is 43.27%, 11.77%, 22.44% and 2.77%. The content of Ctotal was 14.16%. Other elements mainly include Ca, S, Fe, Mg and Ni. The loss on ignition is 16.53% at 700°C, 31.00% at 1,000°C, Corganic content is 12.28%, and a small amount of Si, etc.
Analysis of Mineral Composition of Anode Carbon Residue
X-Ray Diffraction Analysis
The anode carbon residue was analyzed by X- ray diffractometer. The X-ray diffraction analysis results are shown in Figure 3.
[image: Figure 3]FIGURE 3 | X-ray diffraction analysis results of anode carbon residue.
The results of X-ray diffraction show that the anode carbon residue is mainly composed of cryolite, cryolithionite, elpasolite, fluorite, graphite, aluminum oxide, magnesium aluminate and so on. Yang et al. (2021) analysis of anode carbon residue found similar composition.
Analysis of the Mineral Liberation Analyzer
Mineral particles in anode carbon residue were analyzed and counted by MLA, scanning electron microscope and X- ray energy spectrometer to determine their mineral composition. The general analysis diagram is shown in Figure 4, and the mineral composition and content results are shown in Table 2.
[image: Figure 4]FIGURE 4 | General diagram of MLA analysis of anode carbon redidue (partial area).
TABLE 2 | Mineral composition and content table/%.
[image: Table 2]X-ray diffraction analysis shows that there are three kinds of cryolite, cryolithionite and elpasolite in anode carbon residue. Because MLA has identification defects for light element lithium, and elpasolite is in fine grid shape and evenly distributed in cryolite and cryolithionite, which is beyond the lower limit of MLA identification, it is difficult to effectively distinguish them. So in MLA analysis, the cryolite, cryolithionite and elpasolite were classified as cryolite for analysis.
According to MLA analysis, combined with X-ray diffraction analysis, rock ore identification analysis and chemical multi-element analysis, the anode carbon residue is composed of 14 minerals, among which cryolite, cryolithionite, elpasolite and graphite are the most important minerals, accounting for about 93%, followed by aluminum oxide, magnesium aluminate and fluorite, accounting for about 6%.
There was only one independent mineral of carbon, graphite, with a content of 14.35%. The independent minerals of fluorine were cryolite, cryolithionite and elpasolite and fluorite, with contents of 60.25%, 10.10%, 8.41%, and 2.12%, respectively. The independent minerals of aluminum are cryolite, cryolithionite and elpasolite, aluminum oxide and magnesium aluminate, with contents of 60.25%, 10.10%, 8.41%, 1.49%, and 2.28%, respectively. The independent minerals of sodium are cryolite, cryolithionite and elpasolite. The independent mineral of potassium is only a kind of elpasolite.
Symbiotic Relationships of Major Minerals
When the grinding fineness of anode carbon residue is −0.075 mm accounting for 49.74%, MLA is used to analyze the anode carbon residue and make statistics on the symbiosis relationship between the main target minerals in anode carbon residue, cryolite, fluorite, aluminum oxide, graphite and other minerals. The analysis results are shown in Figure 5.
[image: Figure 5]FIGURE 5 | The symbiotic relationships of major minerals. (A) The symbiotic relationship between cryolite and other minerals. (B) Symbiotic relationship between fluorite and other minerals. (C) The symbiotic relationship between aluminum trioxide and other minerals. (D) The symbiotic relationship between graphite and other minerals.
The results of Figure 5 show that the symbiosis relationship of the main minerals in anode carbon residue is relatively simple. Among them, cryolite is mainly associated with graphite fluorite, and the proportion of their common surface area is 5.07% and 2.44%, respectively. The proportion of free surface area of cryolite was 92.08%. Fluorite is mainly associated with cryolite, graphite and aluminum oxide, and the proportions of their common surface area are 49.93%, 4.23% and 0.34%, respectively. The free surface area ratio of fluorite is 45.50%. Aluminum oxide is mainly associated with cryolite, graphite and fluorite, and the proportion of its common surface area is 5.19%, 3.70% and 0.23%, respectively. The free surface area ratio of aluminum oxide was 90.88%. Graphite is mainly associated with cryolite and aluminum oxide, with a total surface area ratio of 10.81% and 0.58%, respectively. The free surface area ratio of fluorite is 88.10%.
Characteristics of Disseminated Particle Size of Carbonaceous Minerals and Fluorine Minerals
Under the condition that the grinding fineness of anode carbon residue is −0.075 mm accounting for 49.74%, the particle size of anode carbon residue and the embedded size characteristic of the main target minerals cryolite, fluorite, aluminum oxide and graphite were analyzed and statistically by using MLA. The analysis results are shown in Supplementary Figure 1.
According to the analysis results in Supplementary Figure 1, under the current grinding fineness, the cumulative distribution rate of anode carbon residue with +150 μm size is 16.50%, the cumulative distribution rate of +75 μm size is 50.26%, the cumulative distribution rate of +38 μm size is 77.38%, and the cumulative distribution rate of +19 μm size is 92.17%.The cumulative distribution rates of cryolite +150, +75, +38 and +19 μm were 18.24%, 51.55%, 78.91% and 93.70%, respectively. The cumulative distribution rate of fluorite +19 μm was 17.10%, and the cumulative distribution rate of +9.6 μm was 48.97%.The cumulative distribution rates of graphite with 150 μm size were 5.59%, +75 μm size was 29.58%, +38 μm size was 55.02%, and +19 μm size was 75.54%.The cumulative distribution rates of aluminum oxide +75, +38 and +19 μm fractions were 31.30%, 65.53% and 86.92%, respectively.
Mineralogical Characteristics of Major Minerals
The mineralogical characteristics of the main minerals in anode carbon residue were analyzed by polarizing microscope, X-ray energy spectrometer, scanning electron microscope and MLA mineral dissociation analyzer.
Cryolite
The cryolite was analyzed by X-ray energy spectrometer and MLA mineral dispersal analyzer. The X-ray energy spectrum analysis spectrum of cryolite is shown in Supplementary Figure 2, and the scanning analysis of mineral surface is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Scanning view of cryolite surface.
As can be seen from Figure 6, fluoride, sodium, aluminum and calcium are uniformly distributed without obvious enrichment, while potassium is uniformly distributed, and some of them are grid-like enriched and uniformly distributed.
Polarizing microscope and scanning electron microscope were used to analyze the embedded characteristics of cryolite, as shown in Figure 7 and Figure 8.It is difficult to distinguish cryolite, cryolithionite and elpasolite, so they are classified as cryolite to describe the embedded characteristics under the microscope. Crystalline particle size of cryolite is relatively uniform, most of them are microcrystalline, and the crystal particle size is about 0.1 mm, and it is semi-idiomorphic and anisotomorphic granular. A few cryolite has fine crystal particle size, which is micrite or microcrystalline, and the crystal particle size is < 0.004 mm, or between 0.004 and 0.03 mm. The cryolite particles are closely inlaid, and the boundaries are blurred. The particles are filled with fine fluorite, and some of them are filled with micrite cryolite. The cryolite aggregates have many holes, flake and fibrous flake graphite aggregates are twisted into lumps, camboidal polygonal and other amorphous granules embedded in cryolite.
[image: Figure 7]FIGURE 7 | Polarization microscope photo of cryolite (transmitted single polarization). (A) Microgranular cryolite, closely inlaid with blurred boundaries and embedded with graphite aggregates. (B) The microgranular ice crystals are alternately distributed with micritic cryolite. (C) Graphite aggregates are distributed in cryolite. (D) The cryolite is in the form of mud-microcrystalline, and the graphite aggregates are in the form of intermittent strips, which are distributed in the cryolite. (E) microscopic granular cryolite is shaped granular, particles are closely inlaid, the boundaries are black and thick, and there are more cavities. (F) Microgranular cryolite is amorphous and alternately distributed with micritic cryolite.
[image: Figure 8]FIGURE 8 | Scanning electron microscope backscattered electron image of cryolite. (A) Fluorite filling between cryolite grains; (B) Fluorite filling between cryolite grains; (C) Fluorite filling between cryolite grains; (D) anisotropic granular cryolite particles encapsulate fine fluorite; (E) Fine-grained fluorite encapsulated in cryolite; (F) Fluorite filling between cryolite grains.
Graphite
Graphite was analyzed by X-ray energy spectrometer. The X-ray energy spectrum analysis of graphite is shown in Supplementary Figure 3. Graphite contained C 98.65% and S 1.35%.
The embedded characteristics of graphite were analyzed by polarizing microscope and scanning electron microscope, as shown in Figure 9 and Figure 10. Graphite crystallization degree is higher, the grain size is larger, flake, fibrous flake, aggregate distortion is lumpy, camboidal polygonal, sharp edges and angles, bundles and other shaped granular. Graphite aggregates are disseminated between 0.05–0.5 and 1.00–2.0 mm, and a few aggregates are disseminated between 2.00 and 3.0 mm and the maximum is 4.0 mm. Graphite aggregates are disseminated between cryolite particles.
[image: Figure 9]FIGURE 9 | Polarization microscope photo of graphite (Reflected Single Polarized Light). (A) Graphite aggregates are amorphous granules distributed between cryolite grains. (B) Graphite aggregates are twisted into clumps. (C) Fibrous graphite is twisted. (D) Graphite aggregates are amorphous granules. (E) Flake-like graphite, aggregates are amorphous granular. (F) The fibrous graphite aggregates are bundled with cryolite filling between the bundled aggregates. (G) Graphite is twisted to be lumpy and camboidal polygonal. (H) Graphite aggregates are spherical.
[image: Figure 10]FIGURE 10 | Scanning electron microscope backscattered electron image of graphite. (A) Graphite dissociated from monomers. (B) Graphite bonded to cryolite or encapsulated with fine grained cryolite. (C) Graphite bonded with cryolite. (D) Cryolite is distributed in graphite.
Fluorite
The fluorite was analyzed by X-ray energy spectrometer, and the X-ray energy spectrum of fluorite is shown in Supplementary Figure 4.
The embedded characteristics of fluorite were analyzed by scanning electron microscopy (SEM), as shown in Figure 11. Fluorite is other-shaped granular with fine particle size. The aggregates are mainly other-shaped granular and vein-like distributed among cryolite grains, and a few are granular-coated in cryolite grains and graphite aggregates with disseminated particle size <0.04 mm.
[image: Figure 11]FIGURE 11 | Scanning electron microscope backscattered electron image of fluorite. (A) Fluorite aggregates are veined between cryolite grains; (B) Fluorite aggregates are veined between cryolite grains; (C) Fluorite aggregates are distributed between cryolite grains; (D) Fluorite aggregates are veined in cryolite.
Aluminum Oxide
The X-ray energy spectrometer was used to analyze aluminum oxide. The X-ray energy spectrum analysis of aluminum oxide is shown in Supplementary Figure 5.
The embedded characteristics of aluminum oxide were analyzed by scanning electron microscopy (SEM), as shown in Figure 12. Aluminum oxide is spherical, mainly associated with cryolite, graphite, and a small amount of fluorite, and the disseminated particle size is < 0.1 mm.
[image: Figure 12]FIGURE 12 | Scanning electron microscope backscattered electron image of aluminum oxide. (A) Monomer dissociated aluminum oxide; (B) Aluminum oxide is associated with cryolite; (C) Monomer dissociated aluminum oxide; (D) Monomer dissociated aluminum oxide.
Polydymite
The results of X- ray energy spectrum analysis show that Ni57.86% and S42.14% are in Polydymite. The X-ray energy spectrum analysis spectrum of Polydymite is shown in Supplementary Figure 6.
Scanning electron microscopy (SEM) was used to analyze the embedded characteristics of Polydymite, as shown in Figure 13. The Polydymite is amorphous and stellate embedded in cryolite, with disseminated particle size < 0.04 mm.
[image: Figure 13]FIGURE 13 | Scanning electron microscope backscattered electron image of Polydymite (Polydymite as crushed granular).
Pyrite
By X-ray energy spectrum analysis, pyrite contains Fe 46.55% and S53.45%. The X-ray energy spectrum analysis spectrum of pyrite is shown in Supplementary Figure 7.
The embedded characteristics of pyrite were analyzed by polarizing microscope and scanning electron microscope, as shown in Figure 14. Pyrite is amorphous and stellate embedded in transparent minerals such as cryolite, with disseminated particle size <0.05 mm.
[image: Figure 14]FIGURE 14 | Embedded characteristics of pyrite. (A) Pyrite is anamorphic granular (plane polarized light); (B) anamorphic granular pyrite (Scanning electron microscope image of backscattered electron).
Magnetite
By X-ray energy spectrum analysis, magnetite contains Fe 72.36% and O 27.64%.The X-ray energy spectrum analysis diagram of magnetite is shown in Supplementary Figure 8.
The embedded characteristics of magnetite were analyzed by polarizing microscope and scanning electron microscope, as shown in Figure 15. Microscopic observation shows that magnetite is amorphous and stellate embedded in transparent minerals such as cryolite, and the disseminated particle size < 0.04 mm.
[image: Figure 15]FIGURE 15 | Embedded characteristics of magnetite. (A) Anisotropic granular magnetite. plane polarized light. (B) Magnetite is encased in cryolite. Scanning electron microscope image of backscattered electron.
Occurrence State of the Destination Element
Occurrence State of Carbon
The carbon grade in anode carbon residue is 14.16%, and the carbon occurs in graphite in the form of independent minerals with a distribution rate of 100%. The calculation table of carbon distribution rate in carbon-bearing minerals is shown in Table 3.
TABLE 3 | Calculation of carbon distribution rate in carbonaceous minerals/%.
[image: Table 3]Occurrence State of Fluorine
The fluorine grade in anode carbon residue is 43.27%, and fluorine occurs in cryolite, cryolithionite, elpasolite and fluorite as independent minerals, with the distribution rates of 74.16, 14.31, 9.15 and 2.38%, respectively. The calculation table of fluorine distribution rate in fluorine-bearing minerals is shown in Table 4.
TABLE 4 | Calculation table of the distribution rate of fluorine in fluorine-containing minerals/%.
[image: Table 4]Occurrence State of Aluminum
The grade of aluminum in anode carbon residue is 11.77%, and aluminum occurs in cryolite, cryolithionite, elpasolite, aluminum oxide and magnesium aluminate in the form of independent minerals, with the distribution rates of 65.51%, 12.40%, 7.99%, 6.71% and 7.39%. The calculation table of aluminum distribution rate in aluminum-bearing minerals is shown in Table 5.
TABLE 5 | Calculation table of distribution rate of aluminum in aluminum-containing minerals/%.
[image: Table 5]Occurrence State of Sodium
The grade of sodium in anode carbon residue is 22.44%, and sodium occurs in cryolite, cryolithionite and elpasolite as independent minerals, with the distribution rates of 88.06%, 8.38% and 3.56%, respectively. The calculation table of sodium distribution rate in sodium-bearing minerals is shown in Table 6.
TABLE 6 | Calculation table of sodium distribution rate in sodium-containing minerals/%.
[image: Table 6]Occurrence State of Potassium
The potassium content in anode carbon residue is 2.77%, and it occurs in the form of independent mineral in potassium cryolite with a distribution rate of 100.00%. The calculation table of potassium distribution rate in potassium-bearing minerals is shown in Supplementary Table 1.
CONCLUSION
By studying the occurrence state of the main elements in the anode carbon residue, the content of the main elements in the anode carbon residue was ascertained, and the mineral composition of the anode carbon residue was determined, among which cryolite, cryolithionite, elpasolite and graphite were the most important minerals. The co-associated relationship of the main minerals and the embedded characteristics of carbon minerals and fluorine minerals were investigated.
In the anode carbon residue, the content of carbon is 14.16%, which occurs in graphite as independent minerals. Fluorine content is 43.27%. It occurs in cryolite, cryolithionite, elpasolite and fluorite as independent minerals, and the distribution rate of the three kinds of cryolite reaches 97.62%. The content of aluminum is 11.77%, and it occurs in the form of independent minerals in cryolite, cryolithionite, elpasolite, aluminum oxide and magnesium aluminate. The sodium content is 22.44%, and it occurs in the form of independent mineral in cryolite, cryolithionite, elpasolite. The potassium content is 2.77%, and it occurs in the form of independent mineral in elpasolite. In terms of occurrence state, fluorine, aluminum, sodium and potassium minerals are mainly distributed in cryolite, cryolithionite, elpasolite, presenting a relatively concentrated distribution. Therefore, the main elements of anode carbon residue, such as fluorine, aluminum, sodium and potassium, mainly occur in cryolite, while carbon mainly occurs in graphite. Effective separation of graphite and cryolite is an effective way to recover and utilize carbon residue. Flotation method can be used to separate carbon and electrolyte mainly containing cryolite.
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Blast furnace ferronickel slag (BFNS), currently an underutilized metallurgical residue, was investigated for use as a precursor for alkaline activation. Water glass solutions with various moduli (0.5, 1.0, 1.5 and 2.0) were used at the same water glass concentration of 10% to investigate the influence of the modulus on hydration and mechanical properties. The results show that the modulus has a certain impact on the hydration and mechanical strength development of alkali-activated BFNS. Increasing the modulus of water glass does not change the type of hydration product and the activity of the Mg-containing phases, but it decreases the amount of C2AS, the Ca/Si and Al/Si ratios of the (N,C)-A(M)-S-H gel. In addition, a high silicate modulus deteriorates the pore structure, which has an adverse effect on the development of compressive strength and splitting tensile strength.
Keywords: ferronickel slag, alkali activation, hydration, water glass, modulus
INTRODUCTION
Cement is the most widely used building material (Wang et al., 2011). However, during the production of cement, much energy and resources are consumed, and toxic gases such as nitrogen oxides are emitted, which obviously does not conform to the development concept of green environmental protection (Sabir et al., 2001; Siddique and Klaus, 2009; Wang et al., 2020b). To meet the environmental protection requirements for green building materials, alkali-activated cementitious materials are produced (Sun and Chen, 2019; Wang et al., 2020a). Alkali-activated cementitious material refers to a kind of cementitious material produced by alkaline activators used to destroy the vitreous structure of silicate aluminate material. Silicate aluminates are generally common industrial wastes, such as slag, fly ash, metakaolin, phosphorus slag and steel slag (Goñi et al., 2013; Abdalqader et al., 2015; Kovtun et al., 2015, Abdalqader et al., 2016; Zhuang and Wang, 2021). Because these silicate aluminates are industrial byproducts, there is no need for high-temperature calcination during the production of alkali-activated materials, and they do not produce a large amount of CO2 and other toxic gases, so they meet the development requirements for green building materials.
Generally, alkali-activated materials can be divided into three categories according to the chemical compositions of the precursor (Rashad et al., 2013; Rashad et al., 2016; Gebregziabiher et al., 2016; Mobasher et al., 2016). The first type is a high Ca system ((Na,K)2O-CaO-Al2O3-SiO2-H2O) (Wang and Scrivener, 1995; Aydin and Baradan, 2014; Bernal et al., 2014; Ke et al., 2016). The most typical alkali-activated material is ground blast furnace slag (GBFS), which contains more Si and Ca and less Al, especially a more amorphous phase and higher activity (Krizan and Zivanovic, 2002; Pan et al., 2002; Puertas et al., 2011; Myers et al., 2015). The second type of alkali-activated material is low Ca (free Ca) system ((Na,K)2O-Al2O3-SiO2-H2O) (De Vargas et al., 2014; Chi, 2015; Leong et al., 2016). The most typical examples are fly ash and metakaolin with more Si and Al and very less Ca content (Atiş et al., 2015; Williamson and Juenger, 2016). Generally, high-temperature curing or high alkalinity is needed for activation (Junaid et al., 2015; Ma and Ye, 2015). In addition to the two typical alkali-activated cementitious material systems mentioned above, the third system is the hybrid cementitious material system, which is also a hot research topic at present. Generally, there are two combinations of hybrid cementitious materials: The first combination contains a small amount of cement, which is the most common composite method (Acevedo-Martinez et al., 2012; Escalante-Garcia et al., 2014; Li and Li, 2014); the second type does not contain cement and is made of industrial wastes, and the most common example is the GBFS-fly ash composite material system (Lee et al., 2014; Harbulakova et al., 2017).
Ferronickel slag is a byproduct from the smelting and purification of nickel-iron alloys (Coman et al., 2013; Bartzas and Komnitsas, 2015; Sagadin et al., 2016). At present, the main way of treating ferronickel slag in China is to directly store or bury it, which not only occupies land resources but also may pollute land and underground water because of infiltration or leaching for a long time (Xi et al., 2018). It may have adverse influence on marine resources. Therefore, the accumulation of ferronickel slag will seriously damage the ecological environment if it is allowed to continue. Ferronickel slag can be divided into electric furnace ferronickel slag and blast furnace ferronickel slag (BFNS) depending on the production process (Wang et al., 2018b; Sun et al., 2018). The main chemical components of BFNS in China are SiO2, MgO, FeO, CaO and Al2O3 (Choi and Choi, 2015; Tangahu et al., 2015). Because BFNS is generated by water quenching and quick cooling, it has potential for activation. The forming process and chemical composition of BFNS are similar to those of GBFS (Bartzas and Komnitsas, 2015). Alkali-activated GBFS has been widely studied, and many advantages of alkali-activated GBFS have been recognized to some extent. Therefore, in theory, alkali-activated BFNS should also have certain application promise.
Research on alkali-activated ferronickel slag cementitious material starts recently. Maragkos et al. (2009) used water glass to prepare alkali-activated electric furnace ferronickel slag and found that the compressive strength could reach 120 MPa with optimal experimental parameters, including a solid-liquid ratio of 5.4 g/ml, NaOH concentration of 7 M and SiO2 concentration of 4 M. Meanwhile, water absorption of 0.7% and apparent density of 2,480 kg/m3 could be obtained (Maragkos et al., 2009). It was also proven that the interface between unreacted particles and gel products is the weak area when the material is damaged by compression (Maragkos et al., 2009). Komnitsas et al. (2007) also studied a water glass-activated electric furnace and found that the main crystalline products were sodalite, magnetic hematite, thermonatrite, trona and calcite. They also found that the curing age was the main factor that influenced the compressive strength (Komnitsas et al., 2007). Zhang et al. (2017b) used high-magnesium ferronickel slag to improve water glass-activated fly ash materials and found that adding 20 and 40% ferronickel slag could significantly improve the compressive strength of alkali-activated fly ash. Moreover, compared with cement-based materials, the production of this geopolymer could significantly reduce CO2 emissions (Zhang et al., 2017b). Yang et al. (2014) also found that the main reaction product was N-M-A-S gel in alkali-activated fly ash and high-magnesium ferronickel slag paste. The optimal concentration of ferronickel slag is 20% in alkali-activated composite material, which had the highest compressive strength, the densest pore structure and the least drying shrinkage (Yang et al., 2014). Zhang et al. (2017a) also found the same gel products. Yang et al. (2017) studied the thermal stability of alkali-activated fly ash and ferronickel slag composite materials and found that the thermal stability of alkali-activated composite systems was better than that of ordinary Portland cement systems in a certain temperature range, and the volume shrinkage was also less than that of ordinary Portland cement systems resulting from the generation of dense N-A(M)-S-H gels.
The existing literature mainly focuses on the properties of electric furnace ferronickel slag, and there are few studies on alkali-activated BFNS cementitious material systems. Compared with the chemical composition of GBFS and fly ash, BFNS can be defined as a “medium Ca” system, which is a new raw material system. The alkaline environment plays an important role in the hydration and subsequent properties of alkali-activated cementitious materials. In this paper, water glass was used as an alkaline activator, and the influence of different alkaline environments on the hydration and mechanical properties of alkali-activated BFNS was studied by changing the modulus of water glass.
MATERIALS AND METHODS
Raw Materials
The BFNS used in this paper came from Luoyuan County, Fujian Province. The chemical composition of the BFNS was determined by X-ray fluorescence spectroscopy, as shown in Table 1. Compared to common GBFS, the CaO content is lower in BFNS. A laser particle size analyzer (MasterSizer 2000) was used to measure the particle size distribution of the BFNS, as shown in Figure 1. The average particle size was D50 = 24.740 μm for BFNS particles. The mineral composition of the BFNS obtained is shown in Figure 2. A hump appears in the range of 25°–35° (2θ) in the XRD spectrum, which indicates that there is an activated vitreous phase in the BFNS. It is worth noting that the Mg in the BFNS mainly exists as a spinel (MgAl2O4) and magnesium olivine (MgSiO3).
TABLE 1 | Main chemical composition of BFNS (%).
[image: Table 1][image: Figure 1]FIGURE 1 | The particle size distribution of BFNS.
[image: Figure 2]FIGURE 2 | The XRD spectrum of BFNS.
Sodium hydroxide (NaOH) of 99% purity was obtained from Beijing Tongguang Fine Chemicals Company, China. Commercial liquid sodium silicate (Na2O·nSiO2) with a silicate modulus (SiO2/Na2O molar ratio) of 3.36 was also used. Water glass was prepared with NaOH and Na2O·nSiO2 as an alkaline activator. Natural river sand with a particle size less than 5 mm and limestone with a particle size between 5 and 25 mm were selected as coarse and fine aggregates, respectively.
Mix Proportions and Curing Method
The mix proportions of concrete are shown in Table 2. The total amount of cementitious material was 400 kg/m³, and the water-binder ratio was 0.5 which involves the water in water glass solution. The BFNS was activated by water glass at a constant activator to slag ratio of 10% (water glass: BFNS in mass). And the modulus (molar ratio between SiO2 and Na2O) of the water glass was adjusted to 0.5, 1.0, 1.5 and 2.0 by adding NaOH. The alkaline activator was first mixed with water before 2 h and cooled to room temperature to avoid temperature interference, and subsequently mixed with solid materials. Concrete samples (100 × 100 × 100 mm) were prepared according to GB/T 50082-2009. The hardened paste and fresh mortar of sample BFNS-M1.0 are shown in Figure 3. According to the pre-preparation test, the initial setting time of sample BFNS-M1.0 was very short, and the moisture on the surface disappeared rapidly after stirring for 5 min. Meanwhile, cracks began to appear after 3 h, which indicated that sample BFNS-M1.0 underwent quick and large shrinkage. In terms of fresh mortar, sample BFNS-M1.0 could not be molded due to rapid setting. Therefore, only samples BFNS-M0.5, BFNS-M1.5 and BFNS-M2.0 were studied in this paper. The water-binder ratio of paste was the same as that of the concrete, and the fresh paste was put into the plastic tube. All samples were cured under the same conditions (20 ± 2°C, >90% RH) until testing.
TABLE 2 | Mix proportions of concrete (kg/m3).
[image: Table 2][image: Figure 3]FIGURE 3 | Hardened paste and fresh mortar of sample BFNS-M1.0.
Test Method
After 28 days and 90 days, the middle part of the hardened paste was taken, crushed and immersed in anhydrous ethanol to stop hydration and then dried at 60°C. The dried pastes were treated in two ways. First, the block pastes were directly tested as follows: an FEI Quanta-200 scanning electron microscope (SEM) was used to observe the morphology of alkali-activated BFNS under different conditions. The composition of the hydration products was also analyzed using an EDAX Genesis 2000 X-ray energy spectrometer (EDX). The pore structure of the hardened paste was tested by an Autopore IV 9500 mercury injection apparatus (MIP). Then, the other pastes were ground. A Bruker Vertex 70 Fourier transform infrared (FTIR) spectrometer was used to analyze the structure of the gel product. The types of hydration products were measured by XRD analysis with a scanning range from 5° to 70° and a measuring speed of 8°/min. At 1, 3, 7, 28 and 90 days, the compressive strength and splitting tensile strength of concrete were obtained by using three specimens for each test according to the Chinese National Standard GB/T 50081-2002.
RESULTS AND DISCUSSION
XRD Analysis
Under different hydration conditions, the XRD spectra of the alkali-activated BFNS pastes at 28 days are shown in Figure 4. Compared to the XRD spectrum of BFNS in Figure 2, diffraction peaks of MgAl2O4 and MgSiO3 of alkali-activated BFNS pastes in Figure 4 are very clearly detected. There is almost no change in the peaks, which means that MgAl2O4 and MgSiO3 do not participate in the reaction. This result is similar to the use of ferronickel slag as a mineral admixture in cement.
[image: Figure 4]FIGURE 4 | XRD spectra of hardened paste at 90 days.
In addition, the only newly generated crystalline phase detected is 2CaO·Al2O3·SiO2 (C2AS, peak 4). This crystalline phase can also be found in alkali-activated GBFS paste. However, there are differences in the specific composition and content, which should be attributed to the similar chemical composition of GBFS and BFNS. It is worth noting that the diffraction peak of C2AS is obvious and high, indicating that the crystallinity is high. When the modulus of water glass increases from 0.5 to 1.5, the XRD spectra of alkali-activated BFNS pastes change significantly. The number and intensity of C2AS diffraction peaks are significantly reduced with increasing modulus. This indicates that increasing the modulus significantly reduces the amount of C2AS. Moreover, with the increase in the modulus of water glass, the “hump” in the XRD spectra becomes more obvious, which indicates that increasing the modulus is beneficial to the formation of amorphous products. However, it is worth noting that there is no significant difference between the XRD patterns of samples BFNS-M1.5 and BFNS-M2.0. This indicates that when the modulus of water glass is more than 1.5, increasing the content of silicate will not have a significant impact on the hydration products of alkali-activated BFNS pastes.
SEM and EDX Analyses
The microstructure of sample BFNS-M0.5 at 90 days is shown in Figure 5. The microstructure of the water glass-activated BFNS hardened paste is very dense, but even at 90 days, unreacted BFNS particles can still be obviously detected (point B in Figure 5). In the EDX spectrum at point A, a small amount of Mg was detected in the gel products. According to the XRD results, the Mg-containing phase in the BFNS almost did not participate in the reaction, which suggests that the vitreous components of the BFNS may contain Mg. According to the EDX analysis, the gel products of water glass-activated BFNS can be written as (N,C)-A(M)-S-H. Na ions may replace some of the Ca ions to form a gel, which is similar to the reaction products of alkali-activated GBFS-based cementitious materials. Mg in the vitreous of BFNS may enter the gel structure or adsorb on the surface of the gel, which is similar to the result from previous research on alkali-activated low Ca and high Mg ferronickel slag (Yang et al., 2014; Yang et al., 2017).
[image: Figure 5]FIGURE 5 | The SEM image and EDX spectra of sample BFNS-M0.5 at 90 days.
To further determine the effect of the modulus on the composition of the gel, a total of 50 micro-scale areas of the (N,C)-A(M)-S-H gel were analyzed by EDX. The Ca/Si and Al/Si ratios of each sample were calculated according to the EDX test results, as shown in Figure 6 and Figure 7, respectively.
[image: Figure 6]FIGURE 6 | The Ca/Si ratio in (N,C)-A(M)-S-H gel at 90 days.
[image: Figure 7]FIGURE 7 | The Al/Si ratio in (N,C)-A(M)-S-H gel at 90 days.
When the modulus of water glass is 0.5, the Ca/Si ratio of the gel varies from 0.52 to 0.94, with an average value of 0.70. When the modulus of water glass is 1.5, the Ca/Si ratio of the gel varies from 0.45 to 0.91, with an average value of 0.61. When the modulus of water glass is 2.0, the Ca/Si ratio of the gel varies from 0.42 to 0.81, with an average value of 0.57. The Ca/Si ratio of the gel decreases with increasing modulus, but the amplitude reduction is not significant. Since the increase in modulus means a significant increase in silicate content, the change in Ca/Si ratios in the gels is very small, which indicates that more silicate due to the increase in modulus does not participate in the later reaction. Previous studies show that the Ca/Si ratio of gel in pure cement systems generally varies in the range of 1.2–2.3 (Richardson, 1999). Another study shows that the Ca/Si ratio in alkali-activated GBFS is 1.29 ± 0.33 (Kovtun et al., 2015). Therefore, the Ca/Si ratio in the gels generated by alkali-activated BFNS is significantly lower than that generated by cement and alkali-activated GBFS.
When the modulus of water glass is 0.5, the Al/Si ratio of the gels varies from 0.43 to 1.10, with an average value of 0.66. When the modulus of water glass is 1.5, the Al/Si ratio varies from 0.32 to 0.84, with an average value of 0.53. When the modulus of water glass is 2.0, the Al/Si ratio varies from 0.31 to 0.63, with an average value of 0.46. With the increase in the modulus of water glass, the Al/Si ratio gradually decreases. On the one hand, an increase in the modulus leads to an increase in silicate. On the other hand, the increase in silicate makes it easier for Al to form a gel, resulting in a reduction in the Al/Si ratio (Pardal et al., 2009; García-Lodeiro et al., 2013).
FTIR Analysis
FTIR patterns of hydration products of water glass-activated BFNS at 28 and 90 days are shown in Figure 8A and Figure 8B, respectively. In general, the peak at approximately 950 cm−1 is the Q2 units of the stretching vibration peak of the Si-O bond, and some peaks at approximately 600–700 cm−1 are the deformation vibration peaks of Si-O-Si(Al) (Wang et al., 2018a). The narrow and sharp peak indicates better crystallization of the corresponding phase, and the wide and rounded peak indicates worse crystallization (Wang et al., 2018a). It can be seen from Figure 8 that the crystallization of Si-O and Al-O connection structures in BFNS is poor, and there is no obvious stretching vibration peak for Si-O bonds and no deformation vibration peak of Si-O-Si(Al). However, after activation, a series of deformation vibration peaks of Si-O bonds of Q2 units and Si-O-Si(Al) appear in alkali-activated BFNS. With the increase in the modulus of water glass, the stretching vibration peak of the Si-O bond of Q2 units tends to shift toward a higher frequency. This indicates a higher polymerization degree in the alkali-activated BFNS pastes. The FTIR results clearly reveal the polymerization process of alkali-activated BFNS. The variation after 90 days was basically the same as that after 28 days, which further verified the possibility of the above speculation.
[image: Figure 8]FIGURE 8 | FTIR spectra of hydration products ranging from 1,200 to 600 cm−1: (A) 28 days; (B) 90 days.
MIP Analysis
Pore structure has a very important effect on strength and permeability resistance of concrete. According to previous studies, the pores in cementitious materials are classified as follows: harmless pores (<20 nm), little harmful pores (20–50 nm), harmful pores (50–200 nm) and much harmful pores (>200 nm) (Zhou et al., 2020). In this study, the pore structure distributions of different kinds of hardened pastes at 28 and 90 days are shown in Figure 9.
[image: Figure 9]FIGURE 9 | Pore structures of hardened pastes.
Obviously, with increasing modulus, the total pore volume increases. Compared to samples BFNS-M1.5 and BFNS-M2.0, sample BFNS-M0.5 has an extremely low pore volume. This indicates that increasing the modulus of water glass has an adverse impact on the pore structure. Moreover, the pores in alkali-activated BFNS hardened pastes are mainly composed of small pores, and the proportion of large pores is very small. With the prolongation of curing time, there is no obvious change in the total pore volume. The main reason is that the pore structures of alkali-activated BFNS hardened pastes at 28 days are very dense and prolonging the curing time has little influence on improving the pore structure. However, in terms of sample BFNS-M2.0, with prolonged curing age, the pore distribution obviously changes. The harmless pore volume increases, little harmful pores and harmful pores volume decreases, and much harmful pore volume change slightly.
Mechanical Properties
The changes in the compressive strength and splitting tensile strength of all concrete with age under different conditions are shown in Figure 10A and Figure 10B, respectively. As illustrated in Figure 10, the compressive strengths show a similar tendency to the splitting tensile strength at all ages. Apparently, increasing the modulus of water glass has an adverse impact on the development of compressive strength and splitting tensile strength, resulting from deteriorated pore structure. At 1 day, samples BFNS-M1.5 and BFNS-M2.0 have no strengths. Meanwhile, the late strength increases slowly. Thus, these two materials e cannot be used in practical engineering applications due to their low strengths. In terms of sample BFNS-M0.5, the compressive strength and splitting tensile strength rapidly increase before 7 days. However, after 7 days, the growth rates of the strength decrease. Sample BFNS-M0.5 can achieve 60 MPa compressive strength and 5.5 MPa splitting tensile strength. In this study, when the concentration of water glass is 10% in alkali-activated BFNS cementitious material, the optimum modulus for compressive strength and splitting tensile strength is 0.5.
[image: Figure 10]FIGURE 10 | Mechanical properties of the alkali-activated BFNS mortars at different ages: (A) Compressive strength; (B) Splitting tensile strength.
CONCLUSION
Alkali-activated BFNS material is a low-cost product that may possibly use industrial waste and provide a solution to a current ecological problem. This study investigated the influence of the modulus of water glass on the hydration product, pore structure and strength of alkali-activated BFNS materials at the same water glass content of 10%. The main conclusions obtained from this research are as follows:
1. The crystalline product of water glass-activated BFNS is C2AS. Increasing the modulus of water glass has no effect on the type of crystalline product but decreases the amount of C2AS. Changing the hydration condition has little influence on the MgAl2O4 and MgSiO3 phases, which almost do not participate in the reaction.
2. The amorphous product of water glass-activated BFNS is (N,C)-A(M)-S-H gel. Increasing the modulus of water glass reduces the Ca/Si and Al/Si ratios of the gel. With the increase in the modulus of water glass, the polymerization degree increases in the alkali-activated BFNS.
3. Increasing the activator modulus can significantly increase pore size which has an adverse effect on the development of compressive strength and splitting tensile strength. With a water glass concentration of 10% and a water/binder ratio of 0.5, a silicate modulus of 0.5 is the optimum modulus based on these results.
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Effect of the Alkalized Rice Straw Content on Strength Properties and Microstructure of Cemented Tailings Backfill
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The tailings and rice straw are waste by-products, and the storage of tailings on the ground and the burning of rice straws will seriously damage the ecological environment. In this study, the effect of different contents of alkalized rice straw (ARS; rice straw was alkalized with 4% NaOH solution) on the mechanical properties and microstructure of cemented tailings backfill (CTB; ARSCTB) was studied through uniaxial compressive strength (UCS), scanning electron microscopy (SEM), and X-ray diffraction (XRD) tests. The results indicated that 1) the UCS of ARSCTB could be improved by ARS. However, with the increase in the ARS content from 0.1 to 0.4 wt%, the UCS showed a monotonous decreasing trend. The UCS improvement effect was best when the ARS content was 0.1 wt%, and at 7, 14, and 28 days curing ages, the UCS increased rate was 6.0, 8.3, 14.7% respectively. 2) The tensile strength of ARSCTB was generally higher than that of CTB and positively correlated with the ARS content. The tensile strength increase rate was 24.1–34.2% at 28 days curing age. 3) The SEM test indicated that the ARS was wrapped by cement hydration products, which improves its connection with the ARSCTB matrix. ARS performed a bridging role, inhibited cracks propagation, and provided drag or pulling force for the block that is about to fall off. Therefore, the mechanical properties of ARSCTB were enhanced. However, under high ARS content, the inhibition of ARS on hydration reaction and the overlap between ARS were not conducive to the improvement of the UCS of ARSCTB. 4) The post-peak residual strength and integrity effect of ARSCTB were greater. It is recommended to add 0.1–0.2 wt% ARS to the backfill with high compressive strength requirements such as the empty field subsequent filling mining method and the artificial pillar. 0.3–0.4 wt% ARS is incorporated into backfill with high tensile strength requirements such as high-stage filling with lateral exposure and artificial roof. This study further makes up for the blank of the application of plant fiber in the field of mine filling and helps to improve the mechanical properties of backfill through low-cost materials.
Keywords: mechanical properties, alkalized rice straw, cemented tailings backfill, damage mode, microstructure evolution
INTRODUCTION
The mined-out areas formed during the mining of metal mines lead to the movement and fragmentation of rock layers, which in turn causes surface settlement in the mining area, unbalanced ecological environment, and even a series of problems such as safety accidents (Yang et al., 2017; Xu et al., 2019a; Huang et al., 2019; Zeng et al., 2020; Zheng et al., 2021). Meanwhile, a large number of tailings will inevitably be produced in the process of mineral processing. The tailings stored in the tailings pond not only occupy a lot of land resources but also causes pollution to groundwater and the surrounding ecological environment (Huynh et al., 2006; Yilmaz et al., 2015; Qi and Fourie, 2019; Hao et al., 2021). In addition, with the gradual depletion of shallow mineral resources, mines around the world have become deeper, high ground stress, and rockburst are the key factors leading to goaf instability (Hao et al., 2020). To solve the above problems, cemented tailings backfill (CTB) is widely used in underground mines around the world because of its ability to effectively control ground pressure, reduce surface settlement, and manage tailings (Liu et al., 2016; Wang et al., 2016; Zhao et al., 2017; Cao et al., 2019a; Yang et al., 2020). CTB is a complex composite material produced by mixing tailings (70–80 wt%), cementing materials (3–7 wt%), and a corresponding proportion of water, which is then transported to underground stopes by gravity or pumping (Yang et al., 2018; Xue et al., 2019a). The hardened filling body gradually has the ability to support the goaf, absorb, and transfer stress. However, in the process of filling mining, in addition to the quasi-static load of overlying strata, the backfill was also disturbed by the excavation blasting near the ore body, which was very easy to lead to the failure of the backfill. Therefore, the mechanical properties of the backfill are the key to its function. To improve the mechanical properties of the backfill, at present, domestic and foreign scholars used chemical reagents and/or synthetic fibers to enhance the mechanical properties of the backfill (Yi et al., 2015; Ma et al., 2016; Haruna and Fall, 2017; Chen et al., 2018; Manganea et al., 2018; Ouattara et al., 2018; Cao et al., 2019b; Xue et al., 2019b; Jiang et al., 2020; Kou et al., 2020; Cao et al., 2021; Cavusoglu et al., 2021; Koohestani et al., 2021), and certain research results have been achieved. However, the application of chemical reagents and synthetic fibers will increase the filling cost. Therefore, it is necessary to seek low-cost and wide-ranging admixtures to improve the mechanical behavior of the backfill.
In comparison with synthetic fibers, plant fibers have the advantages of low density, low cost, wide source (Xie et al., 2015; Xie et al., 2016; Wang et al., 2020). In terms of concrete, the application of plant fibers to improve the mechanical properties of concrete has always been a hot research topic (Chakraborty et al., 2013). Rahim et al. (2016) found that lime concrete added with rape straw and hemp exhibited good moisture absorption and buffer performance. Ammari et al. (2020) studied the physical and mechanical properties of concrete with barley straw and steel fiber, and the compressive strength of concrete was improved. Farooqi and Ali (2019) found that the compressive strength and flexural strength of concrete with wheat straw (wheat straw was soaked, boiled, and chemically treated) were all improved. Bederina et al. (2016) found that the flexural strength and shrinkage of concrete with barley straw treated with hot water, gasoline, varnish, and waste oil were enhanced. Zhang et al. (2020) concluded that the addition of rice straw significantly improved the tensile compression ratio and impact resistance of concrete. Xie et al. (2015) added different contents of rice straw to cement-based composites, which significantly improved the flexural strength and fracture toughness of cement-based composites. Chen et al. (2015) concluded that rice straw could control the development of cracks in the mortar, and the splitting toughness of the mortar was improved. Based on the above research, plant fiber can be used to improve the mechanical properties of cement-based materials, and as the oldest plant fiber used in cement-based materials, rice straw has been used for hundreds of years (Sun and Jiang, 2007; Xie et al., 2016; Zhang et al., 2020). Moreover, according to the statistics and calculation of FAOSTAT (the database of the United Nations Food and Agriculture Organization), in 2018, the amount of straw was nearly 800 million tons in China (Song et al., 2018; Li, 2020). Among them, the annual yield of rice straw reached 200 million tons. The phenomenon of random stacking and burning of rice straw is serious, and the utilization rate of resources is low [only a small percentage of rice straw is used as fodder and curtains or is biodegraded (Petrella et al., 2018; Wang et al., 2020)]. Most of the rice straw is burned in the field in spring and autumn, causing serious pollution to the surrounding environment and atmosphere (Chen et al., 2015; Ming et al., 2019). CTB is similar to cement-based materials, but there are some differences in aggregate source, size distribution of aggregate, and cement dosage between the two materials. Thus, it is of great significance to study the application of rice straw in the field of filling, to reduce the environmental pollution caused by rice straw burning, and to improve the utilization rate of resources and the mechanical properties of the backfill. Regarding the application of rice straw and other plant fibers in the field of filling, there are few related studies. Among them, Wang et al. (2020) studied the effect of alkalized rice straw of different lengths on the mechanical properties of CTB and found that the strength of CTB was significantly improved and was more sensitive to the rice straw length. As the length of the rice straw increased, the compressive strength of CTB increased first and then decreased. When the length of rice straw was 12 mm, the improvement effect of CTB strength was the best. However, the effect of different rice straw contents on the mechanical properties of CTB has not been studied. This would be resulted in an insufficient exploration of the application of plant fibers in the filling field. Therefore, it is necessary to carry out experimental research on the response of the mechanical properties of CTB with alkalize rice straw of different contents. It provides a more detailed theoretical and technical basis for the application of plant fiber in filling field.
Therefore, the aim of this experimental study is to provide a better understanding of the effect of different alkalized rice straw (ARS) contents on mechanical properties of CTB. To achieve this aim, a series of UCS and tensile strength tests were carried out. The strength changes, stress strain curve characteristics, and failure modes of CTB containing alkalized rice straw of different contents (ARSCTB) were determined. The influence mechanism of alkalized rice straw on CTB and ARSCTB strength was discussed by SEM and XRD tests.
MATERIALS AND METHODS
Experimental Materials and Characteristics
Tailings
The unclassified tailings were obtained from a copper mine in the Jiangxi Province, China. The particle size distribution of these tailings was analyzed using the Winner 2000 LPSA. The pycnometer method was used to measure the specific gravity, a small relative density meter was used to measure the unit density, and the pH value of the unclassified tailings slurry with an original mass concentration of 35% was measured on-site using the METTLER TOLEDO pH meter. The results are presented and depicted in Table 1 and Figure 1, respectively. Particles in the tailings smaller than 74 μm account for about 48.4% of the total, which corresponds to a size classification of medium to fine. X-ray fluorescence analysis test (XRF-1800) was used to determine the main element content of the tailings, as shown in Table 2. The content of Si and Ca was relatively high, which was conducive to improve the strength of the backfill. The alkalinity of the tailings was M0 = 0.49, indicating that the tailings were acidic (<1).
TABLE 1 | Physical properties of the main tailings.
[image: Table 1][image: Figure 1]FIGURE 1 | Particle size distribution of unclassified tailings.
TABLE 2 | Composition of the main elements of the unclassified tailings (%).
[image: Table 2]Rice Straw
Rice straw was selected from the surrounding countryside of Ganzhou, Jiangxi Province. Rice straw is composed of cellulose, hemicellulose, lignin, and ash. Cellulose and hemicellulose are composed of polysaccharide units. Hydrolysis of polysaccharides under alkaline conditions will inhibit the hydration reaction of cement (Fan and Sheng., 2011; Xie et al., 2016; Wang et al., 2017). Some scholars used NaOH solution (4 wt%) to alkalized rice straw (ARS), which significantly reduced the inhibitory effect of rice straw on cement hydration reaction (Fan and Sheng, 2011; Chen et al., 2017; Wang et al., 2017; Liao et al., 2018). Thus, in this experiment, rice straw was soaked in NaOH solution (4 wt%) for 24 h, washed with water until the pH value was 7 ± 0.1, and then dried at 50°C. According to previous research (Wang et al., 2020), the length of fixing ARS is 12 mm, and the ARS content is 0, 0.1, 0.2, 0.3, 0.4 wt% of the cement quantity, respectively. The elastic modulus, bending deformation, and diameter of rice straw are 3.66 MPa, 3.17 mm, and 1.5–2.5 mm, respectively.
Binders and Water
The cementing material used in this test is ordinary Portland cement (P.O32.5) commonly used in mines. The specific surface area of the cement used is 2,105.2 cm2/g, and the specific gravity is 2.97. Domestic water is used as the test water. The chemical composition of cement is shown in Table 3.
TABLE 3 | The chemical composition of cement.
[image: Table 3]EXPERIMENTAL METHOD
The test procedure is shown in Figure 2. The brief introduction to the test steps is as follows:
[image: Figure 2]FIGURE 2 | The experimental flowchart.
Sample Preparation
The mix proportion for the CTB and ARSCTB mixtures used a cement-to-tailings (c / t) ratio (dry weight) of 1:4 and a solid content of 74 wt%. ARS was added to filling materials at 0, 0.1, 0.2, 0.3, and 0.4 wt% of the cement mass. When preparing the sample, cement and tailings were first mixed evenly, and then ARS was added and mixed again. Finally, a proper amount of water was added and stirred by a JJ-5 mixer for 5 min to ensure even mixing. Part of CTB and ARSCTB slurries were tested for slump (rice straw had strong water absorption capacity, and with increased ARS content, the fluidity of filling slurry would inevitably be affected. Hence, according to Standard Test Method for Slump of Portland Cement Concrete (ASTM C143/C143M-2015), slump test of filled slurry with ARS was carried out using cone slump cone (upper diameter: 10 cm, lower diameter: 20 cm, height: 30 cm) (Wang and Chen, 2016; Zheng et al., 2016; Deng, 2017; Chen et al., 2020). The results were shown in Figure 3 and Table 4. With the ARS content increase from 0 to 0.4 wt%, the slump value decreased from 26.8 to 25.6 cm, showed a linearly decreasing trend. They have a high linear function relationship (R2 = 0.9889, where x and y represent the ARS content and slump value, respectively). The results show that ARS can affect the fluidity of the filling slurry, which is due to its high water absorption capacity, which reduces the free water content in the fresh filling slurry, resulting in the decrease of the fluidity of the fresh filling slurry (Sathiparan and De Zoysa, 2018; Chen et al., 2020). Meanwhile, since the maximum ARS content in this test was only 0.4 wt% of the cement quantity, it had little effect on the slump of the filling slurry (the maximum reduction rate was only 4.8%). The addition of ARS could ensure that the filling slurry had good fluidity. The remaining part of the filling slurry was poured into a cube mold (70.7 mm), and after demolding, the samples were placed in an HBY-40B standard curing box (20°C ± 1°C, 90 ± 5%). The experimental design is presented in Table 4.
[image: Figure 3]FIGURE 3 | Slump value of filling slurry.
TABLE 4 | The experiment scheme design of uniaxial compressive strength tests and tension tests.
[image: Table 4]Uniaxial Compressive Strength and Tensile Strength Tests
After the desired curing time (7, 14, and 28 days), the UCS test was conducted on CTB and ARSCTB (CTB and ARSCTB were cube samples with a size of 70.7 mm. The upper and lower end faces of the samples were polished before testing) according to the standard ASTMC39/C39M-18. The RMT-150C rock mechanics test system was used. The backfill was loaded continuously at a constant speed of 0.6 mm/min, the maximum load was 1,000 kN, and the piston stroke was 50 mm, recorded once every 0.5 s. On this basis, the tensile strength was tested at the same loading rate. The mechanical parameters and stress strain curves of the backfill were obtained. Three samples were tested for each backfill formulation, and the average values of the UCS and tensile strength were calculated.
Scanning Electron Microscopy and X-Ray Diffraction Tests
Microstructural tests of CTB and ARSCTB were performed by SEM equipment (XL30W/TMP, United States) at 28 days curing time. The samples were crushed and cored, and the cement hydration reaction was terminated with anhydrous ethanol after 28 days (Wang et al., 2020). The samples were sprayed with gold to improve conductivity. The samples were placed into the SEM sample chamber, a vacuum was created, and the interaction between ARS and the ARSCTB matrix was observed. In addition, XRD (Smart apex II, United States) was used to determine the type and intensity of hydration products of CTB and ARSCTB. In this experiment, the scanning speed was 10 deg/min, and the range of 2 θ was 10–90°.
RESULTS AND DISCUSSION
The Effect of Rice Straw was Alkalized With 4% NaOH Solution Content on the Uniaxial Compressive Strength of CTB and ARSCTB
Figure 4 shows the UCS test results of CTB and ARSCTB at 7, 14, and 28 days curing ages. As the figure shows: 1) at 14 days curing age, the UCS of CTB was 3.85 MPa, and the UCS of ARSCTB decreased gradually from 4.17 MPa with 0.1 wt% ARS to 3.89 MPa with 0.4 wt%, that is, the increased rate of the UCS of ARSCTB decreased from 8.3 to 1.0%. 2) When the ARS content was 0.1 wt%, at 7, 14, and 28 days curing age, compared with CTB, the UCS of ARSCTB increased by 6.0, 8.3, 14.7%, respectively. When the ARS content was 0.2, 0.3, 0.4 wt%, it had the same properties, that is, with the increased curing age, the better the improvement effect of ARS on the UCS of ARSCTB; 3) At 7 days curing age, when the ARS content was 0.2, 0.3, 0.4 wt%, the UCS of ARSCTB was reduced by 2.0, 5.0, 6.0% compared with CTB, and the UCS of other ARSCTBs was higher than the corresponding CTB.
[image: Figure 4]FIGURE 4 | The UCS of CTB and ARSCTB.
The above three conclusions are mainly attributed to the following three reasons. 1) ARS plays a bridging role in the ARSCTB matrix. Figure 5 is a schematic diagram of the distribution of ARS in the ARSCTB matrix. As shown in Figure 5, ARS has a high adhesive strength with the ARSCTB matrix, which can inhibit the crack propagation and exert a drag force on the block that is about to fall off; thus, the effective stress area of ARSCTB is increased, and the strength is improved (Wang et al., 2020; Ramli et al., 2013; Bederina et al., 2016) (conclusion 1) and 2) ARS inhibits cement hydration reaction. Although the rice straw is alkalized, there is a slight inhibition of cement hydration (Wang et al., 2017). With the increase of ARS content, the inhibition effect of ARS on cement hydration reaction gradually appears, which leads to the decrease of adhesive strength between ARS and the ARSCTB matrix, which weakens the bridging effect and crack inhibition effect, and the UCS of ARSCTB decreases. This phenomenon is also supported by XRD results, as shown in Figure 6. From Figure 6A, the main hydration products of CTB and ARSCTB are calcium silicate hydrate (C-S-H), calcium hydroxide (CH), and ettringite (AFt) at 7 days curing age. When the content of ARS is 0.1 wt%, compared with CTB, the change of diffraction peak of hydration products is small. It indicated that the ARS content is less, and the inhibition effect of ARS on cement hydration is not obvious. Therefore, the adhesive force between ARS and the ARSCTB matrix is high, and the bridging effect is dominant, which effectively improved the internal structure of ARSCTB. When the ARS content is 0.4 wt%, the diffraction peak of hydration products decreases obviously. It indicated that the inhibition effect of ARS on cement hydration reaction is enhanced, which leads to the decrease of adhesive strength between ARS and the ARSCTB matrix, so the UCS of ARSCTB decreases. As the curing age increases, cement hydration products increase (Xu et al., 2019b), which can also be found in Figure 6B (the diffraction peak intensity of hydration products increases), and it can be seen from Figure 6B that the diffraction peak intensities of hydration products of CTB and ARSCTB have no obvious difference. It indicated that with the increase in curing age, the inhibition effect of ARS on cement hydration reaction is weakened. Thus, the degree of the connection between ARS and the ARSCTB matrix is enhanced, and the adhesive force and friction between ARS and the ARSCTB matrix increase significantly. Therefore, the UCS of ARSCTB is higher than that of CTB, and the bridging effect of ARS is dominant at 14 and 28 days curing ages regardless of the ARS content (conclusion 2 and 3). 3) ARS was randomly dispersed in the ARSCTB matrix (Figure 5A). With increased ARS content, ARS overlapped each other in the ARSCTB matrix (Xu et al., 2019a), which caused the decrease of adhesive strength between ARS and the ARSCTB matrix, and defects were generated (as shown in Figures 5B,C), which was another reason why the UCS of ARS decreased gradually with increased ARS content (conclusion 1)). In summary, the addition of an appropriate amount of ARS can improve the compressive strength of the backfill, which is consistent with the previous results (Chen et al., 2020). However, compared with the previous research results (Chen et al., 2020), the improvement effect of ARS on the compressive strength of backfill in this study is relatively low, which may be related to the preparation of rice straw (rice straw is alkalized in this study, and the shape of rice straw is circular tube, while the rice straw used by Chen et al. (2017) is flocculent).
[image: Figure 5]FIGURE 5 | Two-dimensional distribution diagram of ARS (A: 0.1 wt%; B: 0.4 wt%).
[image: Figure 6]FIGURE 6 | X-ray diffraction (XRD) patterns of CTB and ARSCTB (A-7 days; B-28 days).
The Effect of Rice Straw was Alkalized With 4% NaOH Solution Content on the Tensile Strength of CTB and ARSCTB
Figure 7 shows the tensile strength test results of CTB and ARSCTB at 7, 14, and 28 days curing ages. As shown in Figure 7, the tensile strength of CTB was 0.27 MPa at 7 days curing age. As the ARS content gradually increased from 0.1 to 0.4 wt%, the tensile strength of ARSCTB increased from 0.32 to 0.36 MPa, and the increased rate of tensile strength was 18.5–29.6%. Meanwhile, the changing trend of tensile strength was the same at 14, 28 days curing ages. The increased rate of tensile strength was 9.1–22.7% and 24.1–34.2%; that is, the tensile strength of ARSCTB was generally higher than CTB. The tensile strength was positively correlated with the ARS content. This conclusion is mainly attributed to the following two reasons. 1) ARS plays as a bridging role in the ARSCTB matrix. As mentioned earlier, ARS is randomly distributed inside the ARSCTB matrix. when the ARCTB tensile failure occurs, ARS may have penetrated the positions where ARSCTB is damaged by tension, similar to “grouting anchor” (bridging effect), as shown in Figure 8. The adhesive force between ARS and the ARSCTB matrix can inhibit the crack propagation (Xue et al., 2019a; Wang et al., 2020) and provide pulling force for the blocks on both sides of the crack. Therefore, the tensile stress was transferred from the ARSCTB matrix to ARS, and the pulling out of the ARS from the matrix consumed energy, thereby the tensile strength of ARSCTB is enhanced. 2) With the increase of ARS content, the number of ARS on both sides of tensile crack is increased. Figures 8A,B show the split surface of tensile strength test of ARSCTB with ARS content of 0.1 and 0.4 wt%, respectively. It can be seen from the figure that with the increase of ARS content, the number of ARS at the split surface increases obviously (for instance, the number of ARS increased from two at 0.1% to five at 0.4%, and there was a positive correlation between them). The bridging effect of ARS is strengthened, and the inhibition effect of ARS on cracks is enhanced. Thus, the pulling force provided by ARS for both sides of the crack is increased, and more ARSs consume more capacity when pulling out of the ARSCTB matrix, contributing to the improvement of the tensile strength of ARSCTB. In addition, the strengthening bridging effect of ARS can also make up for the inhibition of ARS on cement hydration at 7 days curing age, which can also be clearly found in the changing trend of the ARSCTB tensile strength.
[image: Figure 7]FIGURE 7 | The tensile strength of CTB and ARSCTB.
[image: Figure 8]FIGURE 8 | The split surface of ARSCTB (a: 0.1 wt%, 0.4 wt%).
Analysis of the Stress Strain Curves of CTB and ARSCTB
The Stress Strain Curves of Uniaxial Compressive Strength
Figure 9 shows the stress strain curves of the UCS test of CTB and ARSCTB at 28 days curing age. The failure process of CTB and ARSCTB is divided into four stages: 1) pore compaction stage (OA); 2) linear elasticity stage (AB); 3) plastic yield stage (BC); 4) failure stage (CD) (Cao et al., 2019a; Xue et al., 2019b; Wang et al., 2020). The detailed description of each stage of the curve is as follows:
[image: Figure 9]FIGURE 9 | Stress‐strain curves of the UCS of CTB and ARSCTB.
In the OA stage, the curves were concave upward. Under the initial loading condition, the internal pores were compressed and closed or broken under the action of external force (28 days curing age, the backfill had high brittleness). In this stage, the strain of ARSCTB was greater than CTB. This may be due to the existence of ARS which is not completely filled by the cement tailings, resulting in increased pores. Thus, strain was increased. This phenomenon was consistent with the results of previous studies (Wang et al., 2020). In AB stage, the backfill entered the elastic deformation stage, and the curves of all samples are approximately straight line. The slope of the ARSCTB curve was smaller than CTB, and the time to break the threshold was longer. In BC stage, the cracks in the backfill gradually expanded, and the curves were convex, and gradually reached the peak strength (Cheng et al., 2018). At this stage, the peak strength of ARSCTB was generally higher than that of CTB. At this stage, ARS was the main action stage (Wang et al., 2020; Xue et al., 2020), which played a bridging role in the ARSCTB matrix. The further propagation and convergence of cracks were restrained, the stress concentration at the crack tip was relieved, and the drag force was generated on the block of ARSCTB, so that the compressive stress was evenly distributed on the top and bottom of ARSCTB, and the strength of ARSCTB was improved. In the CD stage, after the peak strength, the crack evolution was intensified, and the load continues to be applied, and the compressive strength rapidly decreases and gradually flattens. It can be found that all the samples had a certain residual strength, the residual strength of ARSCTB was significantly higher than that of CTB, and the residual strength decreased with the increase of ARS content. This is because ARS played a bridging role in the ARSCTB matrix and produced a drag force on the block. As a result, the abscission of block of ARSCTB was reduced, and the stress area of ARSCTB was increased. The residual strength of ARSCTB was improved, and the bearing capacity was more after failure. However, the increase in ARS content increased the probability of ARS overlapping and cross, and then reduced the post-peak bearing capacity. The UCS and post-peak residual strength of the backfill are improved by the addition of ARS. It follows that in actual filling operations, ARSCTB can better ensure the stability of the goaf and improve the safety of downhole operations.
The Stress Strain Curves of Tensile Strength
Figure 10 shows the stress strain curve of tensile strength tests for CTB and ARSCTB at 28 days curing age. As shown in Figure 10, from the overall view, a higher brittleness was exhibited by CTB and ARSCTB, when the tensile stress reached the extreme tensile strength value, the stress was reduced to zero instantly. However, the peak tensile strength of ARSCTB was higher at 28 days curing age (corresponding to the results of tensile strength test), and the peak strain of ARSCTB was greater. The bridging effect of ARS in the ARSCTB matrix exerted a pilling force on the blocks of both sides of the crack, which improved the tensile strength of ARSCTB, inhibited the crack propagation, and slowed down the failure of ARSCTB. Moreover, the increase of peak strain can delay damage under tensile stress, which is beneficial to the safety of downhole operation. Meanwhile, ore dilution and high brittleness of the backfill can be reduced.
[image: Figure 10]FIGURE 10 | Stress‐strain curves of the tensile strength of the CTB and ARSCTB.
Analysis of Damage Mode of CTB and ARSCTB
Figure 11 shows the failure modes of CTB and ARSCTB at 28 days curing age. It can be seen from Figure 11 that there are differences in failure mode and damage degree between CTB and ARSCTB, indicating that the internal structure of ARSCTB is changed by ARS. As shown in Figure 11C–0, the failure mode of CTB was mainly tensile failure; accompanied by shear failure, two nearly parallel main cracks penetrated the upper and lower sides of CTB, and they were connected by a third main crack, resulting in the block was about to separate from the CTB matrix. Two collapse areas were generated during the compression process (the area of the collapsed area was larger). CTB was seriously damaged under uniaxial compression, and the bearing capacity was poor after damage, which corresponded to the lower post-peak residual strength in Figure 9. However, the failure mode of ARSCTB was more complex. The failure mode of ARSCTB was tension shear mixed failure, which may be related to the significant increase of tensile strength of ARSCTB in Figure 5. It can be found from Figures 11C1–4 that the main crack of ARSCTB was narrow and did not penetrate the upper and lower parts of ARSCTB, and there was no obvious large body falling off. Meanwhile, ARSCTB had more secondary cracks, and the secondary cracks were not connected with each other under this strain condition, which had little effect on the strength. In addition, with increased ARS content, the area of the ARSCTB collapse zone increased gradually. This was because the increased rate of ARS content caused the overlap of ARS in the ARSCTB matrix, which reduced the adhesive force between ARS and the ARSCTB matrix, resulting in the increased collapse area. This phenomenon was consistent with the conclusion in Figure 4. From overall view, after the UCS test, the integrity of ARSCTB was higher, and the block did not fall off. This phenomenon corresponded to the higher residual strength of the ARSCTB stress strain curve. In addition, when the ARS content was 0.1 wt%, ARSCTB was most integrated after UCS test, which was consistent with the changing trend of UCS in Figure 4. The integrity of ARSCTB is improved by ARS, and then the stability of backfill is enhanced, which is beneficial for backfill to effectively support goaf, maintain its own self-supporting ability, better play its different functions, and improve safety of downhole operation. Meanwhile, the ARS content can be adjusted by the actual filling mining method, and then the different mechanical behaviors of the backfill can be obtained, as described in the following the engineering suggestions.
[image: Figure 11]FIGURE 11 | Failure mode of CTB and ARSCTB.
Analysis of Microstructure Evolution of CTB and ARSCTB
The mechanical properties of ARSCTB were significantly improved by the addition of ARS. To understand the micro-scale interaction relationship between ARS and the ARSCTB matrix, and based on the influence of ARS content on the UCS and tensile strength of ARSCTB, the SEM test was carried out on the representative backfill samples (C-0, C-1, C-4) at 28 days curing age, as shown in Figure 12. It can be seen from Figures 12C–0,1,4 that the microstructure of CTB and ARSCTB had no obvious difference at 28 days curing age, with dense structure and less pores, and the inhibition effect of ARS on cement hydration was negligible (it is consistent with the XRD results in Figure 6B). Therefore, the change of the internal structure of the ARSCTB matrix by ARS is the main reason for its strength improvement. Figures 12C–1i,4i show the microscopic interaction relationship between ARS and the ARSCTB matrix when the ARS content was 0.1 and 0.4 wt%, respectively. It can be seen from the figure that the end and surface of ARS were wrapped by cement hydration products, and the adhesive strength between ARS and the ARSCTB matrix was improved, which help ARS play a bridging role in the ARSCTB matrix, and the crack propagation was restrained, providing a drag force or pulling force for the block that is about to fall off (Chen et al., 2020; Wang et al., 2020). Thus, the mechanical properties of ARSCTB were improved, the post-peak residual strength was increased, and the integrity of ARSCTB was enhanced (consistent with the results in Figure 4 and Figure 11). In addition, the rough texture of the ARS surface increased its friction with the ARSCTB matrix and further improved the adhesive strength between ARS and the ARSCTB matrix (strengthening the bridging effect of ARS). Figures 12C–i,ii,iii show the microscopic interaction between ARS (ARS content is 0.4 wt%) and the ARSCTB matrix. It can be seen from the figure that ARS was filled with cement tailings and connected to the ARSCTB matrix as a whole without obvious cracks (Figures 12C–i,ii), which hold ARS play a better bridging role, the morphology of ARS in the backfill matrix was consistent with that of Chen et al., 2020. In addition, in Figure 12–Ciii, there were holes in ARS that were not filled with cement tailings, but ARS was not damaged under external force, which corresponded to the large strain at the initial stage of the stress strain curve of ARSCTB in Figure 9.
[image: Figure 12]FIGURE 12 | SEM images of CTB and ARSCTB (G is the magnification).
ENGINEERING SUGGESTIONS
The mechanical properties of the backfill in filling mining method are the key to control ground pressure, reduce surface subsidence, and provide safe working environment for workers. Therefore, the backfill must have enough stability. Based on this study, the UCS and tensile strength of ARSCTB were higher than those of CTB at 28 days curing age regardless of the ARS content (especially at 0.1 wt% ARS, the UCS of ARSCTB was best improved, and when this content of ARS was added to the backfill, the strength of ARSCTB was significantly improved compared with the strength of the backfill required by the mine, which ensured the safety of underground operation). However, the UCS and tensile strength of ARSCTB have negative correlation and positive correlation with the ARS content. Therefore, for the application of ARS in actual filling, the following suggestions are presented: 1) In the open stope and subsequent filling method with pillars, the compressive strength of the backfill is the key to its stability. Therefore, it is recommended to add 0.1 wt% ARS to the backfill. 2) In the high-stage subsequent filling mining method with two-step stoping, the backfill is exposed laterally during the second step mining, and the backfill is prone to tensile failure under the action of ground pressure and blasting stress wave. It is recommended to add 0.3–0.4 wt% ARS. 3) In the downward slicing or drift filling mining method, as artificial false roof, the backfill is prone to tensile failure, which increases the mining risk. Therefore, it is recommended to add 0.4 wt% ARS. 4) When the backfill is used as artificial pillar for residual pillar mining, the compressive strength of the backfill is required to be high. Therefore, it is recommended to add 0.1 wt% ARS.
CONCLUSIONS
1) The UCS of ARSCTB can be improved by ARS, and it is positively correlated with curing age. However, with the ARS content increases from 0.1 to 0.4 wt%, the UCS of ARSCTB gradually decreases. When the ARS content is 0.1 wt%, the UCS improvement effect is best, and the UCS increased rate is 6.0, 8.3, 14.7% at 7, 14, and 28 days curing age.
2) With the ARS content increases from 0.1 to 0.4 wt%, the increased rates of tensile strength of ARSCTB at 7, 14, and 28 days are 18.5–29.6%, 9.1–22.7%, and 24.1–34.2%, respectively. The tensile strength of ARSCTB is generally higher than that of CTB and is positively correlated with the ARS content.
3) The failure mode of ARSCTB is complex, mainly tensile shear mixed failure. However, ARSCTB has higher integrity after failure. ARSCTB is most integrated after the UCS test, when the ARS content was 0.1 wt%. Meanwhile, ARSCTB has higher residual strength and greater bearing capacity after failure.
4) The microstructure shows that ARS is wrapped by the cement hydration products and has a high adhesive force with the ARSCTB matrix. ARS plays a bridging role in the matrix. The crack propagation is restrained. However, after a content of about 0.2–0.3 wt%, the inhibition of ARS on hydration reaction and the overlap between ARS are not conducive to the improvement of the UCS of ARSCTB.
5) In the actual filling operation, it is recommended to add 0.1 wt% of ARS to the backfill of open stope and subsequent filling method, and 0.3–0.4 wt% of ARS to the backfill that needs to be laterally exposed in the high stage, 0.4 wt% ARS is added to the backfill of the false roof, and 0.2–0.3 wt% ARS is added to the backfill used as the artificial pillar mining residual pillar.
The change of ARS content significantly affects the strength of changing trend of backfill, which indicates that it is valuable to study the effect of ARS content on the mechanical properties of backfill. Meanwhile, according to the influence of ARS content on UCS and tensile strength, ARS contents can be determined according to the actual filling situation. Moreover, it is a green and sustainable development method to improve the mechanical properties of backfill by using rice straw waste with low cost and wide sources.
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In order to investigate the effect of Cr6+ on the properties of alkali-activated slag cement (AAS), the effects of added dosage of Na2Cr2O4 on the setting time and compressive strength of AAS were measured. The leaching concentration of Cr6+ from AAS cement stone was measured using dual-beam UV-visible spectrophotometry. The effect of Na2Cr2O4 on the hydration kinetics of AAS cement was monitored by microcalorimetry and the corresponding kinetic parameters were analyzed. The pore solution from AAS was collected and analyzed using the high pressure press method. The effects of Na2Cr2O4 on the hydration products of AAS cement were observed and compared using X-ray diffraction (XRD) and scanning electron microscopy (SEM). The experimental results showed that the AAS hydration process was markedly affected by Na2Cr2O4 dosage. The setting time of AAS pastes was increased and the compressive strength of cement stones was reduced with increasing dosage of Na2Cr2O4. With the development of AAS hydration, the leaching concentration of Na2Cr2O4 gradually decreased. Na2Cr2O4 did not affect the dissolution of slag particles, but impeded the formation of C-S-H gel. The Cr6+ was immobilized chemically in the form of needle-like CaCrO4 particles formed by the chemical reaction between Na2Cr2O4 and Ca2+ leaching from the slag.
Keywords: sodium chromate, alkaline activated slag cement, hydration behavior, hydration kinetic, hydration products
INTRODUCTION
Domestic and industrial waste in urban areas are both increasing with the rapid development of China’s economy. Most industrial waste contains toxic heavy metals, such as lead, chromium, copper, zinc, cadmium, nickel, etc., which exist mainly in the form of oxides, hydroxides, silicates, insoluble salts, and organic complexes. Such toxic wastes pollute the soil, water courses, and the atmosphere if not properly disposed of, which thereby results in serious environmental pollution that threatens human life and health (Liu et al., 2020).
Chromium (Cr), a typical heavy metal element, comes mainly from pigments, electroplating, metallurgy, leather tanning, Cr-containing wastewater in electronics, and from other industries. The sludge retains Cr following treatment of these Cr-containing wastewaters and of untreated and newly produced Cr residues from enterprises. Cr is toxic and can cause human respiratory and gastrointestinal diseases, as well as skin damage. In addition, Cr6+ is carcinogenic when inhaled into the respiratory tract, which leads to death if the amount of inhalation is large through the skin and digestive tract (I.C.D. Association, 2007).
At present, solidification technology is one of the important methods for the treatment of heavy metal lead (Pb) wastes worldwide, and cement-based materials have also been the most widely studied and applied cementing materials in developed countries in recent decades (Gougar et al., 1996; Halim et al., 2004). Research on cement-cured heavy metal Cr is quite mature, and it has been found that cement-cured bodies have high leaching toxicity, poor durability, and poor corrosion resistance.
Alkali-activated slag cement (AAS) is a new kind of cementitious material, which is activated by alkali metal compounds from finely granulated blast furnace slag. The alkali-slag concrete derived from this process has excellent physical and mechanical properties and chemical resistance (Gougar et al., 1996; Halim et al., 2004).
AAS has an excellent pore structure, which is beneficial for reducing the leaching of Cr6+ into alkali-slag cement stones. AAS has a high initial strength, a stable long-term strength, and exhibits excellent mechanical sealing effects, which can comprehensively block Cr6+ in cement stone, thereby reducing Cr6+ leaching. The main product generated by the hydration of AAS is a low Ca/Si ratio C-S-H gel (Shi and Roy, 2006), which has a larger specific surface area, higher surface energy, and can strongly adsorb additional Cr6+. In addition, the C-S-H gel formed by AAS hydration has a cage-like microstructure, which is more conducive to the adsorption and solidification of Cr6+.
Deja (2002) studied the solidification of Cr6+ with slag cement and found that the nanoscale micropores in the alkali-slag gel had a great physical package effect on heavy metals. Palomo and Palacios (2003) pointed out that CrO3 could not only solidify heavy metal ions but its addition could also improve the mechanical properties of AAS. Xu et al. (2006) studied the effect of alkali solution concentration and curing time on the solidification effect, and the results showed that the alkali concentration had little effect on the solidification effect of Cr. A large number of studies have pointed out that the effective solidification of Cr6+ by AAS is due to the presence of sulfides, which can convert Cr6+ into Cr3+ in a reducing environment, thereby reducing precipitation (Wang and Scrivener, 1995; Xu et al., 2006; Chen et al., 2020). Hence, AAS plays an active role in the solidification process. Zhang et al. (2016), Ponzoni et al. (2015), and Guo et al. (2017) all found that the silicate and aluminosilicate anions of the AAS system can partially chemically react with Cr6+ to form compounds with extremely low solubility, thus reducing the amount of Cr6+ leached in aqueous media.
A large number of studies have reported the solidification effect of AAS on Cr6+. However, the effect of Cr6+ on the hydration performance of alkali-slag cement is still unclear. In this paper, the effect of Na2Cr2O4 on the hydration process of AAS was studied under conditions where the water-binder ratio, alkali equivalent, and the modulus of the water glass were kept unchanged. First, the effect of Na2Cr2O4 on the hydration performance of AAS was studied. Then, the effect of Na2Cr2O4 on the hydration dynamics of AAS was investigated. Finally, the effect of Na2Cr2O4 on the hydration products of AAS was examined.
MATERIALS AND METHODS
Raw Materials
Granulated blast furnace slag (GBFS) (Chongqing Iron and Steel Group Co., Ltd., Chongqing Municipality, China) was vibrated and ground for 40 min. This material had a specific surface area of 452 m2/kg, a density of 2.91 g/cm3, an alkalinity coefficient (M0) of 1.00, an activity coefficient (Ma) of 0.45, and a mass coefficient (Mk) of 1.76. Table 1 lists the chemical composition (main oxides) of GBFS.
TABLE 1 | Chemical composition of ground granulated blast furnace slag.
[image: Table 1]NaOH (AR, Chongqing Chuanjiang Chemical Reagent Factory) was added to the purchased water glass (Chongqing Jingkou Chemical Plant; the main physical and chemical indicators are listed in Table 2) and its modulus adjusted to the needs of the experiment.
TABLE 2 | Chemical composition and physical properties of water glass.
[image: Table 2]Tap water was used for the preparation of the solidified body, and deionized water was used for chemical analysis, including heavy metal leaching.
The chromium in Na2CrO4.4H2O (AR, Chongqing Chuandong Chemical Co., Ltd.) is hexavalent, which is carcinogenic. Na2Cr2O4 has strong oxidizing properties and is soluble in water, giving a solution that is slightly alkaline.
Table 3 lists their mix ratios (in terms of mass), the modulus of sodium silicate was fixed at 1.5, the alkali equivalent was 5%, and the water-binder ratio was 0.3. The mechanism of solidification of AAS was studied by varying the content of Na2Cr2O4.
TABLE 3 | Mix proportions of alkali-activated slag cement (AAS) with Na2Cr2O4.
[image: Table 3]Methods
Slurry Curing Time Test
The determination of the curing time of AAS was carried out in accordance with the method specified in the Chinese cement standard GB/T 1346-2001 “Water consumption for standard consistency of cement, setting time, and stability test method”.
Forming and Curing of the Test Block
The slag, alkali component, water, and Na2Cr2O4.4H2O were weighed out in a fixed ratio and mixed evenly in a cement slurry mixer. A 40 × 40 × 40 mm mold was used to form a solid specimen, and the molding surface was covered with a plastic film to prevent moisture evaporating. The mold was removed after 24 h at room temperature. In order to prevent the precipitation of Cr6+ in the specimen and the diffusion of alkali components to the condensed water on the surface of the specimen, which could lead to insufficient hardening of the surface of the cured body, the cured body specimen was placed in a sealed bag and kept in a standard indoor environment (temperature 20 ± 2°C, RH ≥ 90%) for the specified length of time.
Compressive Strength Test
The 40 × 40 × 40 mm specimens cured to 3, 7, and 28 d were removed from the standard curing room, and a universal material testing machine was employed to test the compressive strength of 3, 7, and 28 d for different cured bodies according to “Test Method for Strength of Glue Sand” (ISO Method).
Heat of Hydration Test
The heat detector of a TAM air microcalorimeter (TA Instruments, New Castle, DE, United States) was used for the heat of hydration test. The basic principle of the instrument is as follows: the heats of hydration of the sample and reference sample are measured using a thermocouple (water or the completely hydrated cement stone is usually selected as the reference sample) in a constant temperature environment, and the exothermic rate and cumulative heat release of the sample are calculated. The test temperature was set at 20°C. Measurements were carried out on 4 g samples of the pastes. The solution of Na2Cr2O4 was added in the proportions given in Table 3. Heat development was measured for 72 h, with a step of 50 s between consecutive measurements. Before the experiment, slag was placed in an ampoule, the solution was placed in a syringe, and the ampoule was placed in the calorimeter. After the syringe had been installed, the solution was injected into the ampoule when the temperature had stabilized at 20°C, when measurement began.
Heavy Metal Concentration Measurement
According to the national standards GB 5086.1-1997 “Solid Waste Leaching Toxicity Leaching Method Reversal Method” and GB/T 15,555.4-1995 “Solid Waste Determination of Hexavalent Chromium Diphenylcarbazide Spectrophotometer Method,” the molded test piece was broken and a sample passing through a 5 mm sieve was placed in an oven and dried at 60°C, and then soaked in deionized water at a liquid-to-solid ratio (L/g) of 1:10. Subsequently, the mixture was vibrated at 23 ± 2°C for 18 h with a flip-type shaking device at a speed of 30 ± 2 rev/min, and kept for 30 min, and then the leaching solution was collected with a vacuum filter. A dual-beam UV-Vis spectrophotometer TU-190 made by Beijing General Instrument Co. Ltd. was used to measure the concentration of Cr6+ in the leaching solution.
Testing of Block Hole Solution
The alkali-slag-Cr6+ solidified body pore solution extrusion test piece was prepared using a special molding test mold (Jiangsu Subote Materials Co., Ltd., Nanjing, Jiangsu, China). The test piece was sealed in a plastic bag and then placed in standard storage environment (temperature: 20 ± 2°C; RH ≥ 90%) for the specified time. The hole solution pressing device of cement-based material was then used to squeeze the hole solution, and the dual-beam spectrophotometer was used to test the Cr6+ concentration in the hole solution.
X-Ray Diffraction Test
The sample was broken following curing for the specified time and hydration was immediately terminated using absolute ethanol. The sample was then baked to a constant weight at 60°C and passed through a 0.08 mm sieve. The powder was then sealed in an ampoule for later testing.
A Rigaku D/Max-5A 12 kW rotating target X-ray diffractometer (Rigaku Corporation, Tokyo, Japan) was used for testing, with Cu Kα radiation at a voltage of 40 kV and a scanning speed of 4°/min. The sample was dried to constant weight in a vacuum drying oven at 60°C before the test.
Scanning Electron Microscope Test
The sample was broken following curing for the specified time and hydration was immediately terminated with absolute ethanol. The sample was then baked to a constant weight at 60°C and sprayed with gold on a cross-section for later testing.
A variable vacuum scanning electron microscope (TESCAN VEGA2, Tescan Brno, s.r.o, Brno, Czech Republic) was adopted for morphological characterization, and an INCA Energy 350X energy dispersive X-ray spectrometer (Oxford Instruments, Oxford, United Kingdom) was employed for elemental analysis.
RESULTS AND DISCUSSION
Macroscopic Performance of Na2Cr2O4-AAS
Variation in Curing Time
Figure 1 shows the effect of Na2Cr2O4 on the curing time of AAS. It can be seen that the latter gradually increased as the Na2Cr2O4 content increased. The initial setting time of AAS with 2% Na2Cr2O4 increased from 17 to 35 min, compared with that of the control AAS, and the final curing time increased from 28 to 50 min, both of which were doubled. This is consistent with the results of previous studies (Palomo and Palacios, 2003).
[image: Figure 1]FIGURE 1 | Setting time of alkali-activated slag cement (AAS).
Variation in Compressive Strength
Figure 2 shows the effect of Na2Cr2O4 on the compressive strength of AAS. It can be seen that the latter decreased with increasing concentration of Na2Cr2O4 for the same curing age. The compressive strength of cement with different Na2Cr2O4 content increased with age.
[image: Figure 2]FIGURE 2 | Compressive strength of AAS.
The curing time and strength development of AAS are two important macro indicators that reflect the hydration process (Shi and Roy, 2006; Pacheco-Torgal et al., 2015). As shown in Figures 1, 2, the addition of Na2Cr2O4 played a significant role in the hydration process of AAS, and the effect increased with increasing concentration of Na2Cr2O4. Fang et al. (2020) pointed out that when the chemical substances introduced into the AAS hydration system combine with the Ca2+ ions or [SiO4]4− ions generated by the disintegration of the slag and OH− ions in the system under the action of the alkali component, forming small-sized particles of insoluble substances, they may form precipitates on the surface of the slag particles, hindering further hydration reactions with OH− ions and activating components.
Leaching Concentration of Cr6+
Figure 3 shows the concentration of Cr6+ leaching from the AAS stone. It can be seen that at both 3 and 7 d, Cr6+ was effectively solidified in the AAS when the Na2Cr2O4 content was less than 0.5%. The concentration of Cr6+ leaching out increased significantly when the Na2Cr2O4 content was greater than 0.5%, and it rose sharply with increasing amounts of Na2Cr2O4. Therefore, it can be conjectured that the initial leaching concentration of Cr6+ has a critical value when the concentration of Na2Cr2O4 is 0.5% for this cement mix. In addition, the Cr6+ leaching concentration for AAS stone at 28 d also appeared to follow a similar pattern, whereas the Na2Cr2O4 content for a critical leaching concentration increased from 0.5 to ∼1.0%.
[image: Figure 3]FIGURE 3 | Concentration of Cr6+ leaching from AAS.
From the previous analysis, it can be seen that the introduction of Na2Cr2O4 led to a low degree of initial hydration of AAS, so that the porosity of the initial cement stone and the leaching rate of Cr6+ are both increased, leading to a low leaching concentration threshold. The density of the AAS stone gradually increased, and the porosity gradually decreased with increasing age, so that the leaching rate of Cr6+ was small, and the Na2Cr2O4 content for a critical leaching concentration increased with extension of the hydration time.
Hydration Exothermic Behavior of Na2Cr2O4-AAS
From the previous analysis, it can be seen that the solidification of Cr6+ is closely related to the hydration process of AAS. In order to further study the solidification mechanism of AAS on Cr6+, the effect of Na2Cr2O4 on the hydration exothermic process of AAS was studied (Figure 4).
[image: Figure 4]FIGURE 4 | Isothermal calorimetric analysis of AAS: (A) rate of hydration as a function of time; (B) cumulative heat of hydration.
Figure 4A shows the exothermic hydration rate of AAS for the Na2Cr2O4 group and the control group, among which the control group was AAS without Cr6+. In the Na2Cr2O4 group, the Na2Cr2O4 content was 1.0%, and the content of the rest of the material was the same as that of the control group. The figure shows that, compared with the control group, the AAS exothermic hydration rate of the Na2Cr2O4 group was significantly prolonged.
Figure 4B shows the total hydration heat released by AAS in the Na2Cr2O4 group and the control group. It can be seen that the AAS hydration of the Na2Cr2O4 group was always significantly lower than that of the control group and that the variation in the total hydration heat released by the two groups were completely different. It can be seen from Figure 4A that there is an obvious exothermic peak in the early stages for the two groups, which was caused by the destruction of the slag surface by OH− ions and the formation of C-S-H gel on the surface of the slag particles (Shi and Roy, 2006). However, it can be seen from the total quantity of heat released during the corresponding time in Figure 4B that the total quantity of heat released in the Na2Cr2O4 group during this time was significantly lower than that of the control group. It is inferred that Na2Cr2O4 prevents OH− ions from destroying the slag structure or forming C-S-H gel on the slag surface. The Na2Cr2O4 group showed a longer induction period (Figure 4A), and the total quantity of corresponding hydration heat released was much lower than that of the control group (Figure 4B). It can be inferred that Na2Cr2O4 chemically reacts with the ions in the liquid phase to form insoluble substances on the surface of the slag particles, which prevents Ca2+ ions from reacting with SiO44- in the liquid phase to form C-S-H gel. After entering the acceleration period, the variation in heat released for the two groups was identical, although the heat released by the Na2Cr2O4 group was always lower than that of the control group. The effect of Na2Cr2O4 on the hydration process of AAS was therefore weakened. In summary, the introduction of Na2Cr2O4 significantly changed the hydration process of AAS according to Hess’s law (Gersten and Gersten, 2001). In order to further understand the effect of Na2Cr2O4 on the hydration process of AAS, the corresponding hydration kinetic parameters were calculated from the hydration heat release curve of the alkali-slag cement, the Knudson hydration heat model, and the Jander equation (Table 4).
TABLE 4 | Hydration kinetic parameters of AAS.
[image: Table 4]Table 4 lists the AAS hydration kinetic parameters of the Na2Cr2O4 group and the control group. It can be seen from the data listed in the table that the start time of the acceleration period in the Na2Cr2O4 group was about 2.4 times that of the control group, and the start time of the deceleration period was about 1.7 times that of the control group. Na2Cr2O4 significantly prolonged the curing time of AAS. In Table 4, N represents the order of the chemical reaction, which mainly characterizes the degree of difficulty of the reaction. The latter is controlled by chemical reactions on the particle surfaces and by the dissolution of reactants or the deposition of reaction products when N ≤ 1. The reaction is controlled by the diffusion of reactants through the porous reaction product layer when 1 ≤ N ≤ 2. The reaction is controlled by the diffusion of reactants through the dense product layer when 2 ≤ N (Shi and Roy, 2006). K represents the rate constant of the chemical reaction, which characterizes the speed of the chemical reaction (Gersten and Gersten, 2001).
It can be seen from Table 4 that the reaction rate of AAS in the Na2Cr2O4 group during both the acceleration and deceleration periods was significantly higher than that of the control group, yet the reaction order was significantly lower than that of the control group. According to the AAS hydration process (Zhang et al., 2016), the chemical reaction order N of the whole hydration process was around 2 for the control group, indicating that the hydration process of the control group was more prone to being controlled by the diffusion of reactants through the dense product layer from the acceleration period. The main hydration products of sodium silicate activated in AAS were mainly low calcium-to-silicon ratio C-S-H gel, which has low porosity and a compact structure (Shi and Roy, 2006). Although the reaction rate of Ca2+ and SiO44− was rapid in the liquid phase, it is not easy for Ca2+ to penetrate the hydration product layer and enter the liquid phase in order to react. For the Na2Cr2O4 group, the reaction order N was closer to 1, although the reaction rate was faster during both the acceleration and deceleration periods, indicating that the hydration process was more prone to being controlled by the diffusion of reactants through the porous reaction product layer from the acceleration period. Based on this, it can be further speculated that Na2Cr2O4 first forms a poorly soluble porous product on the surface of the slag particles with the substance in the liquid phase. After entering the decay period, the reaction rate constants and reaction orders of the two groups were equivalent, and both were controlled by the diffusion of the reactants through the dense product layer, at which time C-S-H gel should have been generated.
Pore Solution and Hydration Products of Na2Cr2O4-AAS
Analysis of Pore Solution of AAS
In this study, a cement-based material pore solution pressing device (Jiangsu Subote Materials Co., Ltd.) was used to collect different cement paste and pore solutions of the paste solidification body. The solidification effect of AAS on heavy metal Cr6+ ions during the hydration process was investigated by analyzing the ion concentration of the pore solution and using the analysis of hydration kinetics described above.
Table 5 shows that the total Cr, Cr6+, and Ca2+ concentrations in the liquid phase gradually decreased with the progress of hydration. The Ca2+ concentration of the pore solution in the AAS stone depended mainly on the degree of disintegration of the slag glass body and the amount of C-S-H gel hydration product. With the extension of hydration time, OH− ions were continuously consumed, and the formation of hydration products gradually increased. The hydration product layer gradually changed from a porous structure to a dense structure, which reduced the amount available for disintegration of the slag glass structure as well as the concentration of Ca2+. The concentrations of total Cr and Cr6+ in the alkali-slag solidified body were reduced as a function of time due to the reduction of Cr6+ by S2− or HS− in the slag and the enhanced adsorption of Cr6+ by the hydration products.
TABLE 5 | Pore solution obtained from solidification of AAS-Cr6+ (mg/L).
[image: Table 5]At 1 d, the Ca2+ content in the AAS pore solution of the Na2Cr2O4 group was significantly higher than that of the control group. This shows that Na2Cr2O4 can promote the dissolution of slag particles. At 3 and 7 d, the Ca2+ content in the AAS pore solution of the Na2Cr2O4 group was higher than that of the control group. The heat of hydration experiment showed that the rates of hydration of the Na2Cr2O4 group in the initial age were lower than those of the control group, indicating that Na2Cr2O4 delayed the Ca2+, which dissolved from the slag, from reacting with SiO44− in the liquid phase to form C-S-H gel, which led to a delay in the second hydration reaction peak in the heat of hydration experiment.
Hydration Products of AAS
Figure 5 shows the XRD pattern of AAS stone at 28 d. It can be seen that a typical “Bailey broad peak” appeared around 30°, which originated from the C-S-H gel. There are two obvious peaks at 32.3° and 35.2°, both originating from CaCrO4 (Wang and Vipulanandan, 2000; Chen et al., 2009). Combined with the analysis of the hydration kinetic process, it can be known that Na2Cr2O4 hydrolyzes to form CrO42−, which reacts with the dissolved Ca2+ in the slag to form CaCrO4, hence preventing Ca2+ from interacting with SiO44− in the liquid phase to generate C-S-H gel. This reduces the strength of AAS.
[image: Figure 5]FIGURE 5 | X-ray diffraction (XRD) of AAS.
Figure 6 shows the SEM images of AAS stones in both the Na2Cr2O4 group and control groups at 28 d. It can be seen from the control group that the slag was basically hydrated, forming a continuous dense structure with fewer pores. In addition, it can be seen from the Na2Cr2O4 group that the structure of the hydration products was relatively loose, and needles and rods were formed. The needles and rods (point B) were analyzed using energy dispersive spectroscopy (EDS) (Figure 7). The results showed that the weight percentage of elemental Cr at this point was 3.23%, which was much higher than the original amount in the mix (1%). In addition, a large amount of Ca was enriched here. According to the results of Laforest and Duchesne (2005), the rod-shaped crystals here were CaCrO4.
[image: Figure 6]FIGURE 6 | Scanning electron micrograph (SEM) of AAS-Cr6+ solidification.
[image: Figure 7]FIGURE 7 | Energy dispersive spectrum (EDS) of AAS-Cr6+ solidification.
CONCLUSION
The curing time of AAS in our experiments was prolonged and the strength of the cement stone gradually decreased with increasing Na2Cr2O4 content. The leaching of Na2Cr2O4 gradually decreased with increasing hydration age. At this AAS mix ratio, the leaching limit value of Na2Cr2O4 at 3 and 7 d was 0.5% and at 28 d was 1.0%. Na2Cr2O4 did not affect the way OH− ions destroyed the slag structure, but mainly affected the reaction of Ca2+ ions dissolved in the slag with SiO44− ions in the liquid phase to form C-S-H gel. Na2Cr2O4 and Ca2+ precipitated in the slag to form rod-shaped CaCrO4 particles, which chemically solidified Cr6+.
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In the process of filling the goaf of Huashugou copper mine, the filling aggregate was the mine’s self-produced copper flotation tailings. The physical and chemical property tests showed that the tailings were relatively fine, and the cumulative contents of the 7.5, 15, 80, and 90 μm particles were 56.99, 79.46, 99.88, and 100%, respectively. PSA42.5 Portland slag cement was selected as the cementing material for the tests. The amount of finely ground blast furnace slag added to the cement was 20–50%. The filling test blocks of all proportions were demolded within 24–36 h, and the integrity of the formed filling bodies was satisfactory. Among them, the uniaxial compressive strength of the test block formed by the filling slurry with a tailings-to-cement ratio of 3/1 and a concentration of 74% after 3, 7, 28, and 60 days reached 0.833, 2.026, 4.520, and 6.560 MPa, respectively. The strengths of the other filling blocks also met the engineering design requirements. Based on the statistical regression analysis method, the influences of the slag cement content χ₁ and the tailings water content χ₂ on the filling body’s strength Ϭ were analyzed. The regression calculation also considered the interaction between χ₁ and χ₂, and the obtained multiple nonlinear regression model successfully predicted Ϭ. In production and application, the large density of tailings would accelerate their settling, which could easily cause blockage during the transportation of filling slurry through the pipeline. Regarding a series of existing filling materials and technical conditions, the filling process investigated in this study overcomes several unfavorable conditions. Using advanced and reliable technology and an industrial filling pump with a delivery pressure of 10 MPa, the prepared filling slurry concentration was 68–72% and the flow rate was 56–79 m3/h. The tailings and PSA42.5 Portland slag cement combined quite well. The filling body in the goaf demonstrated excellent homogeneity, and the various industrial indicators met the technical requirements for mining deposits. The preparation of high-quality filling materials with a smooth filling process has played a positive role in the prevention and treatment of surface mountain cracks and collapse during underground mining in high-altitude areas.
Keywords: high-altitude mine, portland slag cement, surface collapse and damage, blast furnace slag, environmental protection
INTRODUCTION
When using a mine’s own tailings for goaf filling, the supply of tailings should be convenient and sufficient. In addition, the physical and mechanical properties of the cemented filling materials should satisfy the technical requirements and should ultimately have a certain technological and economic competitiveness (Behera et al., 2019; Zheng and Li, 2020). In the search for technically feasible, safe, and reliable filling materials, many recent studies have conducted relevant filling material development and performance analysis, and they have achieved some progress in developing economically viable filling materials (Chen et al., 2020; Li et al., 2020). For example, in terms of block stone cemented filling materials, several studies have optimized the gradation of the waste rock produced during the mining process, compared and verified the combination of different tailings and stone contents, and obtained a filling material with a better density (Wu et al., 2021). In the high-grade iron ore mining process in the Ukrainian PJSC zaporizhzha and Pivdenno-Bilozerske mines, cemented rock fill materials were used for goaf filling, which provided stable surrounding rock conditions for safe production, reduced industrial waste emissions, and inhibited surface subsidence hazards (Oleg et al., 2021). To obtain filling materials with stable mechanical properties, several researchers have comprehensively studied the interaction between cemented filling bodies and rock interfaces, analyzed the factors influencing the fracture toughness, and established a theoretical basis for the resource utilization of mining solid waste (Fang and Mamadou, 2020). In the treatment of ultra-fine particle tailing backfill materials, some researchers have adopted the method of flocculation and sedimentation of fine-particle tailings to accelerate the concentration of the tailings. This enabled the fine particle tailing mortar to reach the concentration required for the process in a shorter period. Combining the filling mortar and cementitious materials in a certain ratio can form a filling body with a strength suitable for the mining approach, thereby creating feasible conditions for the preparation of the filling slurry (Cui, 2018; Zhao et al., 2020).
When using tailings and cementitious materials to prepare a filling slurry, due to the particularity of the physical and chemical properties of the tailings, the mechanical properties of the filling formed by the combination of fine particle tailings and cementitious materials are less ideal, and the low strength of the filling body will affect the subsequent mining process (Na et al., 2021; chao et al., 2020). For example, the low strength of the filling body can cause many safety problems in the roof of the large section of roadway and in the chamber roof in the high stress area. The filling body can collapse after being exposed through mining of the adjacent pillar. This can affect the ore extraction operation of the scraper and the subsequent ore grade, which can in turn reduce the beneficiation efficiency and increase the beneficiation costs. The filling slurry cannot become consolidated and harden normally for a long time after entering the goaf, which can cause the filling retaining wall to exhibit excessive hydrostatic pressure and potentially crack. To address these problems, several researchers have optimized and developed filling materials for the specific conditions of mine filling projects (Ouattara et al., 2018; Zhang et al., 2020). In studies focused on improving the strength of the filling body, researchers have optimized the combination of different filling aggregates. Based on theoretical analysis and experimental verification, the densities and mechanical strengths of the filling materials were improved, and the effect of the filling bodies on maintaining the stability of the rock formation was also improved (Wenbin et al., 2021; Zhang et al., 2021). In the evaluation of the in-situ performance of cement paste, researchers have developed a curing under applied pressure system (CUAPS) to understand the consolidation behavior of in-situ cement paste materials in field tests (Bruno et al., 2010). In split Hopkinson pressure bar (SHPB) tests of the dynamic mechanical behavior of cemented backfill materials, it has been shown that the failure mode of cemented backfill materials is similar to that of low-strength concrete. This finding can be used to guide the strength design of deep mining backfill (Tan et al., 2019). For a similar case, another study tested the geotechnical characteristics of peat-based cover materials. The test items included the properties of compaction, consolidation, and hydraulic and thermal conductivities. These methods provide a reference for studies of the performances of filling bodies (Khoshand and Fall, 2016).
The stability of the backfill is an important part of the backfill’s stop design. A good backfill can effectively protect the pillar and roof from being damaged. In view of the stability of the backfill, some researchers have determined the aspect ratio H/B of the stope workspace and have verified the calculations through field implementation (Li and Aubertin, 2012). Based on a dynamic model of blasting vibration monitoring of mine backfill and field instruments, it is possible to use blasting vibration data to understand the state of the backfill, which can be used to effectively deal with the adverse consequences of backfill damage (Emad et al., 2018). Regarding the influence of blasting vibrations on filling damage, several researchers have used dynamic numerical simulations to characterize the blasting vibrations and have confirmed that they are the main reason for the wedge-shaped damage to the filling body (Zaka and MitriHani, 2014). In terms of blasting vibration damage of cemented rock fill (CRF), related studies have utilized monitoring blasting vibrations to evaluate the stability of CRF and have provided a theoretical basis for related drilling and blasting mining design (Emad et al., 2015). In terms of improving the stability of the filling body, a previous study adopted several feasible techniques to strengthen the filling body, which greatly reduced the probability of the collapse of the filling body (Emad et al., 2012). For example, in terms of shortening the consolidation and hardening time of the cemented filling slurry, the addition of fillers/additives and microscopic analysis provided a basis for accelerating the consolidation and hardening of the filling slurry (Belem et al., 2001; Benzaazoua et al., 2004; XU et al., 2017). Regarding cemented backfill with a high sulfur content, some researchers have analyzed multiple aspects (involving physics, chemistry, and mineralogy) and proposed feasible ideas for improving the performance of the backfill (Benzaazoua et al., 1999). Regarding the influence of sulfate-rich mine water on the mechanical behavior of cemented paste backfill (CPB), researchers have immersed CPB samples in sulfate solutions of different concentrations (0, 0.1, 1, and 10 g/L). By testing the strength of each curing time, the microstructure changes of the CPB were observed. This study revealed the significant influence of the sulfate concentration on the formation and crystallization of hydration products and provided several reasonable suggestions for the engineering design of goaf filling (Belem et al., 2000).
To make full use of the limited mineral resources, properly disposing of the solid waste generated in the production processes in metal and non-metal mines can avoid subsequent environmental pollution and achieve safe production of mineral deposits. As an important means of preventing and managing the potential risks of environmental pollution in mines, the current filling mining technique has become one of the main techniques used in various mines (Deng et al., 2014). In the mining of deep mineral resources, in the face of more complex rock mechanics conditions, underground mining can encounter many unknown difficulties. Thus, it is essential to improve goaf filling and its maintenance in order to create a safe working environment for daily production (Cai and Brown, 2017). Among various mining methods, the filling method combines the output of coal gangue or tailings with the formation of the goaf, creating a circular relationship between the supply and demand. The feedback is to provide enterprises with a positive state of environmental safety and efficient ore recovery (Lu and Fall, 2018). In view of the many advantages of backfill mining, the related research has gradually received extensive attention (for both metal and non-metal mines), and scientific research on the properties of various materials and engineering conditions is making positive progress (Sun and Ren, 2012). The Huashugou copper mine in the Jingtieshan mining area of the Jiuquan Iron and Steel Group in Gansu Province is a high mountain area located in the western part of the North Qilian Mountains, with an altitude of 2,700–3,200 m, a relative elevation difference of about 500 m, and an average slope of 48°. To better recover the copper resources, filling mining was implemented in the Huashugou copper mine to mine the ore body in order to achieve the purpose of timely backfilling of the goaf and reducing the tailings discharge (Liang et al., 2013; Wang, 2013; Ran et al., 2014). From the perspective of environmental protection and comprehensive utilization of minerals, the application of this approach has played a positive role in the sustainable development of mines.
MATERIALS AND METHODS
Tailings
The experiments used tailings as the aggregate of the filling materials. The tailings were obtained from the copper concentrator plant (with an annual copper ore processing capacity of 300,000 t) of the Jingtieshan iron mine. In order to easily obtain the typical tailing samples on site, the tailing mortar was discharged into several 75 L plastic buckets with DN50 plastic pipes at different time intervals during the normal operation of the mine’s concentrator for 3–5 days. After filling the plastic buckets with low concentrations of tailing mortar, the plastic buckets were gradually tilted after a period of natural sedimentation (until the tailing particles no longer moved and settled) to allow the water in the upper part of the buckets to flow out slowly. To make the sampled tailings more representative, the operation of this process needs to be stable and orderly to avoid the loss of fine particle tailings. The tailings in each plastic bucket were collected and bagged in three layers of woven bags with inner bile. After completing the sample collection, all of the samples were transported by car to the laboratory in Changsha. In preparation for the experiments, all of the samples were oven-dried, sun-dried, and evenly mixed. Before test, the tailing was naturally dried in the laboratory, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | The tailing was dried in the laboratory.
To ensure that the test results were representative, the sun-dried tailings used for the physical and chemical properties test were sampled using the quartile method. The physical properties of the tailings have a great impact on the performance of the filling materials. After several multi-point sampling measurements, representative data were obtained. The measurement results for the commonly used physical properties are presented in Table 1. The chemical composition of tailings is shown in Figure 2. After even mixing, the particle size distribution of the tailings was measured using a Malvern 2000 laser particle size analyzer. The particle size distribution is presented in Figure3.
TABLE 1 | Test results of the physical properties of the tailings.
[image: Table 1][image: Figure 2]FIGURE 2 | Chemical composition of tailings.
[image: Figure 3]FIGURE 3 | Particle size distribution of the tailings.
Combined with the on-site filling process, because the concentration of tailing delivered from the copper concentrator plant to the filling station is about 40%, so in this paper the tailings were mixed with an appropriate amount of water to prepare a tailing mortar with a concentration of 40%. The natural sedimentation parameters of the tailing mortar were measured. For more close to the actual production situation, the changes in the final concentration and bulk density of the tailings mortar after 24 h of natural sedimentation are displayed in Figure 4. As shown in Figure 4A, the sedimentation concentration of tailings with initial concentration of 40% increase with time. The concentration is linear with sedimentation time from 1 to 600 s. The settling velocity of the tailing mortar is obviously accelerated, the trend of settling curve becomes steeper, inflection point of rise appears, and the settling concentration increases greatly from 600 to 1150 s. After 1,150 s, the settlement velocity slows down and reaches the final settlement state. The settlement concentration is close to 67.7% after 24 h. As can be seen from the curve in Figure 4B, the settlement bulk density basically follows the same variation trend as the settlement concentration. Similarly, after 24 h of natural settlement, the settlement bulk density is 1.951 g/cm3.
[image: Figure 4]FIGURE 4 | Changes in the slurry concentration and bulk density.
Cement
In the proportioning test, we used cement as the filling and cementing material. The cement named as Gobi P.S.A 42.5 Portland slag cement was produced by the Hongda Building Materials Co., Ltd., JISCO Group. After sampling the standard packaged cement, a series of laboratory tests was conducted to determine the properties of the cement, (e.g., density, loose bulk density, compacted bulk density, and angle of repose of natural accumulation). Then, the maximum and minimum porosities were calculated. The chemical composition of cement is shown in Figure 5. Through testing and data analysis, the basic physical properties of the cement were obtained (Table 2).
[image: Figure 5]FIGURE 5 | The chemical composition of cement.
TABLE 2 | Measurement of the physical properties of the cement.
[image: Table 2]Tailings Water
The water used to make the cemented filling test blocks was the tailing water discharged from the Jingtieshan Copper Mine Concentrator. After the basic performance index tests, the density of the tailings water after beneficiation is basically 1 g/cm3, the pH value is about 6.9. The water was neutral, and the water temperature during the test was 18–22°C. The collection of tailing water is shown in Figure 6.
[image: Figure 6]FIGURE 6 | The cistern of tailing water.
LABORATORY FILLING SLURRY PREPARATION AND FILLING BODY PERFORMANCE TESTS
Filling Slurry
In the proportioning test of the filling materials conducted in the laboratory, the tailings from the copper concentrator were used as the filling aggregate. Gobi brand P.S.A42.5 Portland slag cement was used as the filling and cementing material; and the water used to make the test blocks was the tailings water from the concentrator. Combined with the mining conditions of the deposit, according to the main factors affecting the mechanical properties of the filling materials and the slurry flow performance during the transportation process, the tests included three groups of filling slurry with concentrations of 70–74% at equal intervals, and four tailings-to-cement ratios of 3:1, 4:1, 6:1, and 8:1. Since the test materials were all fine-grained materials, the size of the test blocks were cubes with a side length of 70.7 mm. After loading all of the materials into the same container and mixing evenly, the test blocks were poured in stages and placed statically. Stage controlled backfilling method is adopted and then the strength of filling body is not strict. Therefore, in the process of laboratory test, the fabricated test block was demolded within 24–36 h, which did not affect the mining technology requirements. The text blocks were demolded according to the consolidation and hardening conditions (more than 24 h), and the temperature of the laboratory curing box was adjusted to 18–22°C. After regular moisturizing and curing at the corresponding times, we used an NYL-300 concrete compression testing machine to test the uniaxial compressive strength of each test block.
By combining the basic physical properties of the test materials, the bulk density parameters of the filling slurry were calculated. The material preparation and consumption of the test materials are presented in Table 3. The materials were uniformly mixed in the laboratory, and the filling slurry after fully mixing is shown in Figure 7A. A filling test block made using the triple concrete test mold is shown in Figure 7B.
TABLE 3 | Preparation and consumption of the filling materials.
[image: Table 3][image: Figure 7]FIGURE 7 | Filling slurry stirring and test block production.
Filling Performance Tests
After curing the cemented filling body test blocks in the curing box for 3, 7, 28, and 60 days, the test blocks were taken out of the curing box. The unconfined uniaxial compressive strengths of the filling body test blocks corresponding to each curing time were tested. The strength parameters of the different filling body test blocks were obtained through experiments. After summarizing and sorting, mathematical methods were used to perform statistical analysis, and the variation in the strength of the filling body under different conditions was analyzed. By keeping the tailings-to-cement ratio of the filling material constant, the variation in the strength of the test blocks of each concentration and curing time is shown in Figure 8. When the concentration of the filling slurry is kept constant, the change in the strength of the test block for each curing time with a given tailings-to-cement ratio is presented in Figure 9. For the filling test blocks with the same curing time, the variation in the strength of the test blocks of each concentration with the tailings-to-cement ratio is illustrated in Figure 10.
[image: Figure 8]FIGURE 8 | Change in the strengths of the test blocks with different concentrations with curing time for a given tailings-to-cement ratio.
[image: Figure 9]FIGURE 9 | Change in the strength of the test blocks with the tailings-to-cement ratio at different curing times for a given concentration.
[image: Figure 10]FIGURE 10 | Change in the strength of test blocks with different concentrations with tailings-to-cement ratios for a given curing time.
To understand the influences of the different factors on the strength of the filling body, the cement-tailings ratio χ₁ and the concentration of the filling slurry χ2 were taken as independent variables, and the interaction between the cement-tailings ratio χ₁ and the concentration of the filling slurry χ2 was also considered. In addition, the day 3, day 7, day 28, and day 60 uniaxial compressive strengths of the test blocks Ϭ₀₃, Ϭ₀₇, Ϭ₂₈, and Ϭ₆₀ were used as dependent variables. At the initial stage of the original data induction and arrangement, the relevant data should be listed in the spreadsheet. The strength of the backfill corresponding to the specific cement-sand ratio and the concentration of the backfill slurry should be listed. The strength samples at the same curing age should be grouped into a column to clarify the strict correspondence between the data. Using data processing methods similar to those described in previous studies, the statistical regression analysis of the test parameters was performed using mathematical software, e.g., Excel or Matlab (Quan et al., 2007; Qiao et al., 2019; de Souza et al., 2021; Freise et al., 2021). Regression statistical analysis is shown in Table 4. The analytical relationships between the uniaxial compressive strength and the influencing factors of each group of filling test blocks were established. The obtained multiple regression equation for the strength of the filling body is presented in Table 5.
TABLE 4 | Regression statistics.
[image: Table 4]TABLE 5 | Multiple regression equation for the strength of the filling body at different curing times.
[image: Table 5]FIELD FILLING INDUSTRIAL TEST AND RESULT ANALYSIS
Field Filling Industrial Test
In the industrial testing stage of the filling, when the tailings entering process was completed, after a period of natural sedimentation, the concentration of the tailing mortar was increased after deposition. A certain amount of water was secreted from the upper part, and the sidewalls of the tailings silo were opened row by row from top to bottom. The stepped drain valve gradually drained part of the clarified water from the upper part of the tailings mortar, leaving some for the slurry adjustment and concentration adjustment. Then, the air compressor was turned on to compress the tailings mortar in the horizontal sand silo. After about 40–50 min, the tailings mortar throughout the entire horizontal sand silo exhibited a uniform boiling state and became a porridge-like fluid, which rolled up and down due to the agitation of the bubbles. At this time, the liquefaction of the tailings mortar was completely uniform. Then, the sand discharge valve at the bottom of the horizontal sand silo was opened to discharge the sand. The flow chat of filling process is shown in Figure 11.
[image: Figure 11]FIGURE 11 | Flow chat of filling process.
The uniform activation and stirring of the two-stage mixer after the addition of the cement enabled the filling slurry to flow into the suction tank of the filling industrial pump. After being pressurized by the filling industrial pump, it was transported to the distant goaf for cementation and filling. The first phase filling slurry preparation station was located in a huge mountain with an altitude of +2,880 m. The equipment in the filling slurry preparation station was located in a large rock chamber. The equipment in the chamber is shown in Figure 12. The underground cement silo fed the horizontal mixer through a screw conveyor and an electronic scale. The cement silo and screw conveyor are shown in Figure 13. The connecting roadway at the end of the goaf was filled with a brick filling retaining wall. Three DN150 pipelines were installed on the retaining wall as observation tubes.
[image: Figure 12]FIGURE 12 | Part of the filling equipment chamber.
[image: Figure 13]FIGURE 13 | Quantitative feeding of the underground cement silo.
Filling Operation and Result Analysis
Throughout the period of filling operations and adjustments, the downhole filling system underwent a smooth process and the technical conditions were sufficient for long-term operation. When the material supply was sufficient, the filling system fully satisfied the filling capacity requirements of the goaf generated by the mining and a separation capacity of 300,000 t/a of copper ore. The horizontal sand silo had a sand concentration of 40–47%. After 8–12 h of flocculation and sedimentation, the sand concentration basically stabilized at about 65–69% for a long time. The flow rate was controlled at around 65–75 m3/h through the control valve, and the concentration of the filling slurry was approximately 71%. After adding PSA42.5 Portland slag cement, the hydration reaction of the cement was sufficient, and the flow rate of the filling slurry after the addition of the cement also increased. When the filling slurry passed through the filling retaining wall, a higher tailings-to-cement ratio of 3:1–4:1 was used (i.e., the cement content of the dry material was 25–20%), and the increase in the height of the filling slurry level was controlled at 1.85–2.25 m. In each stage of the filling operation, there was no slurry leakage around the filling retaining wall, indicating that the surface of the filling retaining wall and the surrounding rock wall were maintained by the M7.5 sprayed cement mortar. The cracks were filled, and it was difficult for the water in the filling slurry to flow out of the periphery. Thus, the filling retaining wall was relatively stable.
After several episodes of operation and adjustment, the filling system was able to operate stably for a long time. For the case of two 8 h shifts per day, the working conditions of the equipment were good and the filling efficiency was fully reflected. By measuring the exposed filling body within a height of 1.5–8 m from the bottom, the strength of the filling body test block was determined to be 2.75–4.65 MPa. The integrity of the filling body was intact, and its color was grayish brown and grayish white. The filling body did not collapse when the self-standing height exceeded 20 m. From the perspective of the fracture feel of the unexposed part, the filling body was relatively hard and dense, with a bulk density of about 1.87–2.15 g/cm3. An accidental shutdown was caused by a cement supply problem, and the production had to be suspended. This means that when the supply of various filling materials is sufficient, the filling system can operate for a long time.
DISCUSSION

1) On the basis of uniform sampling and testing, the relevant physical properties of the copper flotation tailings were obtained. According to the results of the laser particle size tests, the content of the 7.5 μm particles in the tailings from the Huashugou copper mine was relatively high, with fractional and cumulative contents of 26.53 and 56.99%, respectively. The fractional and cumulative contents of the 15 μm particles were 6.46 and 79.46%, respectively. The fractional and cumulative contents of the 80 μm particles were 1.43 and 99.88%, respectively. When the particle size was 90 μm, the cumulative content of the particles reached 100%. Therefore, the tailings were extremely fine-grained tailings (i.e., less than 90 μm). In the pipeline transportation process, very fine particle tailings typically have a strong viscosity, so the tailings can easily adhere to the pipe wall and reduce the cross-sectional area of the transportation pipeline. At this time, the transportation pipeline’s pressure will increase sharply. In the process of selecting a filling slurry conveying pump, after considering this problem, an industrial filling pump with an outlet pressure of greater than 10 MPa was selected. Based on the daily production situation, the prepared filling slurry delivery conditions were normal. The conveying flow and pressure were normal and stable. In the preliminary filling process, the height difference of the filling pipeline is not large, and the conveying distance is about 450–1,000 m. With the increase of the mining depth, the conveying resistance of the filling slurry will be further reduced. Therefore, the filling industrial pump with the outlet pressure of 10 MPa can meet the technical requirements of the filling process.
2) During the natural sedimentation of the tailings with an initial concentration of 40%, as the settling time increased, due to the combined actions of gravity and buoyancy of the tailings particles, the initial slurry buoyancy was small due to the low concentration, so the tailings particles settled faster. As the slurry concentration continued to increase, the buoyancy of the slurry caused by the tailings particles during the sedimentation process also increased and the settling speed gradually decreased. Therefore, the net increment of water initially increased and then decreased. The total amount of water increased to the maximum and then stabilized. The amount of slurry decreased with the continuous settlement of the tailings. When the pores of the tailings were completely filled with water, the total amount of tailings mortar was constant. Throughout the entire sedimentation process, the trends of both the tailings slurry concentration and the bulk density of the slurry gradually reached their maximums. In the natural settlement procesof tailings, under the combined action of self-gravity and buoyancy of slurry paste, the large particles precipitate in advance, and the small particles settle gradually. With the increasing pressure between settling particles, the pore volume between the tailings graduallydecrease, thus increasing the bulk density of the tailings. In the production process, flocculant is always added to speed up the settling speed of small particles tailings to meet the daily production demand.
3) After evenly mixing the tailings and slag cement with the tailings water, the filling slurries with different mixing ratios were prepared and poured into 70.7 mm3 cube test blocks to test their mechanical properties. For each group of test blocks with different curing times, the test results suggest that as the slag cement content increases and the water content decreases, the uniaxial compressive strength of the filling body increases. The slag cement content plays the dominant role in the strength of the filling body, while the addition of tailings water has little effect on the strength of the filling body. In the statistical analysis of the strength test results of the cemented filling body, the slag cement content (cement-to-tailings ratio) χ1 and the tailings water content (filler slurry concentration) χ2 were taken as two independent variables, and the interaction between the independent variables was taken into account. Multivariate non-linear statistical regression analysis was conducted to obtain the uniaxial compressive strengths of the cemented filling bodies Ϭ₀₃, Ϭ₀₇, Ϭ₂₈, and Ϭ₆₀ at 3, 7, 28, and 60 days, respectively.
4) Taken the variation characteristics and influencing factors of backfill strength into account, the value of significance level α was set as 0.05. n-m-1 = 11-2-1 = 8, where n and m were the number of samples tested and the dimension of unknown quantity respectively. As can be seen from the “Correlation coefficient Critical value Table”, R0.05(8) is equal to 0.6319. For the 3, 7, 28 and 60 days strength of the backfill, R03 = 0.996592, R07 = 0.995982, R28 = 0.986532, R60 = 0.989930, which are greater than R0.05(8). It indicates that the regression Equations 1 and 2, 3 and 4 are significant at the level of α = 0.05. That is to say, the cemence-sand ratio and the filling slurry concentration have a significant effect on the strength of the backfill. Through the above correlation coefficient analysis, it can be well explained that the multiple regression model of uniaxial compressive strength at each curing age is of good feasibility, which can provide relevant theoretical basis for the future detection of filling quality.
5) In the daily operation of the filling system, the long-distance pipeline transportation process of the tail mortar was relatively stable, and there was basically no large-scale pipe blockage accident. In the process of pumping and conveying the filling slurry, due to the finer tailings and cement particles, the prepared filling slurry adhered to the inner wall of the pipeline, which reduced the friction of the filling particles with the inner wall of the pipeline and protected the pipeline. During the disassembly inspection of the seamless steel pipes on site, it was found that the filling pipes were less worn. Taking into account the field industrial conditions, the annual ore processing capacity of the Huashugou copper mine is 300,000 t of copper ore, and the annual discharge of the tailings is 277,200 t. By adopting the filling method, about 103950 t of copper ore flotation tailings can be continuously filled underground, which can greatly reduce the damage caused to the ecological environment by the tailings discharge, and a large amount of solid waste can be properly treated. After goaf filling, the surrounding broken rock strata can be supported and maintained by high-quality fillings. The fillings can absorb a large amount of the high stress transferred from the strata. Therefore, the movement of the underground strata will decrease and gradually disappear. The collapse and cracking of the surface mountains in the mining area can also be effectively resolved.
6) The goaf filling is adopted to treat the surface collapse in the underground mining in high altitude areas. Although this kind of technology has a broad application prospect, it faces many technical challenges. The climate in high altitude areas is usually harsh, and the low temperature environment in winter is extremely unfavorable to the long-distance pipeline transportation of the filling slurry. Meanwhile, the mineral composition, physical and mechanical property of the filling materials have a great influence on the transportation and mechanical properties of filling materials, which makes the application of filling materials limited. However, all kinds of adverse factors may occur on site, so it is necessary to consider the physical and chemical properties of the filling material, the engineering conditions when select the filling material. The filling material can finally obtain a more reliable promotion value in terms of technology, economy and safety.
CONCLUSIONS
Limited to the field industrial and engineering conditions, the Huashugou copper mine implemented an underground filling system for goaf filling. Compared with the ground filling station, its design and construction are extremely difficult. This project is typical of similar engineering conditions. It is an underground full tailings-cement cementing filling system, which is rare in China and abroad. The project successfully filled the copper tailings in an underground alpine cold region, and the harmless utilization rate of the tailings filling was about 60%. The remaining 40% of the tailings were filtered or dry piled, and all of the tailings were treated to achieve harmlessness, thus playing an active role in environmental protection and pollution prevention.
Another difference between the underground filling system and the surface filling station is that because it is deeply buried in a huge mountain, the daily production, construction, and operation spaces are narrow and compact, and the light and ventilation conditions are far poorer than those on the surface. The sensory perspective of the operator is limited. Because these various unfavorable factors will have a series of negative effects on people, the system includes high-efficiency ventilation facilities for pedestrians, lighting, and dust collectors, which improve the quality of the underground working environment and the safety of the operators. Therefore, the construction and completion of the project is innovative.
For the downhole pumping cemented filling system, the safety and reliability of the pump is the key to the smooth operation of the entire system. The particle gradation of the total tailings-cement mixture slurry of the Huashugou copper mine is relatively reasonable, and the formed slurry does not have obvious segregation, which is convenient for pipeline pumping and conveying. After the filling slurry enters the goaf, it can basically be consolidated and hardened within 24–36 h, and the resulting filling body has uniform and reliable mechanical properties, which meet the double-layer technical requirements of large-scale copper deposit mining and bulk mine industrial solid waste disposal.
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The compressive strength of filling body is an important index to characterize the filling and mining effect of coal mine. In order to accurately predict the strength of coal-based solid waste filler (CBSWF) to guide the safe, efficient, and green mining of coal mine, coal gangue is used as coarse material; fly ash, desulfurization gypsum, gasification slag, and furnace bottom slag are used as fine materials; and cement is used as gelling agent. The compressive strength and bleeding rate of CBSWF are tested through orthogonal test, and the strength of CBSWF at different curing ages is predicted by using a 4-11-3 three-layer BP neural network structure. The results show that the correlation coefficient r of strength prediction of CBSWF is 0.99987, which can accurately predict the strength of CBSWF. Orthogonal test combined with the BP neural network can reduce the number of tests without losing generality, make full use of the advantages of adaptive nonlinear optimization of the BP neural network, and improve the operation efficiency of the model, fast prediction speed, and high accuracy.
Keywords: BP neural network, coal based solid waste, filling mining, strength prediction, orthogonal test
INTRODUCTION
In recent years, China’s coal output has remained high, reaching 3.9 billion tons of raw coal in 2020. With the large-scale coal production capacity, there are also ecological problems such as surface subsidence, coal-based solid waste discharge, water system, and environmental pollution. In view of these problems, more and more mines adopt filling coal mining technology to effectively solve the coal-based solid waste generated in the process of coal deep processing. It has achieved good social and economic benefits (Wu et al., 2016; Wu et al., 2018; Zhang et al., 2020a).
Coal-based solid waste refers to the solid waste generated in the process of coal development and utilization, such as coal gangue, fly ash, desulfurization gypsum, and coal chemical waste residue. The multi-source coal-based solid waste forms a filling body by setting the ratio to avoid the deformation and damage of the rock mass around the stope. Therefore, exploring the strength characteristics, composition, and mechanical properties of coal-based solid waste filling is a necessary research content to ensure the filling effect. Exploring the performance of coal-based solid waste filling is mainly characterized by its compressive strength (Hao et al., 2021a). Uniaxial compressive strength (UCS) is an important parameter for rock mass classification and rock engineering design (Hao et al., 2020; Hao et al., 2021b). At present, empirical analogy method, empirical formula method, physical simulation method, elastic mechanics analysis method, and other methods are mainly used to predict the strength of filling body, but there are some problems such as lack of scientificity and low accuracy of prediction results (Chang et al., 2009). With the rapid development of big data and artificial intelligence, intelligent algorithm has been introduced into the field of coal mine filling mining to predict the strength of filling body. Deng et al. (2021) predict the strength of aeolian sand filling body from the aspects of data fitting degree, network error analysis, and prediction results, and constructs a prediction model based on the BP neural network model and PCA-BP neural network model. Zhang et al. (2020b) used artificial intelligence algorithm to study the proportion development of mining cementitious materials from the perspective of “black box”, and obtains the optimal proportion of cementitious materials through orthogonal test and an artificial neural network model. Zhang and Deng (2020) extracted the strength prediction model of deep connected deep belief network (DBN) with input parameters, and used quantum particle swarm optimization algorithm to determine the number of hidden layer nodes and learning rate of DBN. The prediction performance of the BP neural network, RVM (relevance vector machine), and SVM (support vector machine) was compared and analyzed. Bai et al. (2020) improved the initial weight and threshold of the BP neural network through genetic algorithm, established the compressive strength prediction model of recycled thermal insulation concrete, and compared and analyzed the performance of the GA-BP neural network and BP neural network prediction model. Moon and Munira (2021) used 3-days concrete strength as the prior information in neural network training, developed a neural network model based on prior information (pi-nnm) to obtain the 28-days concrete strength prediction model, and verified the prediction ability of the prediction model through practical production application. Huang et al. (2021) used the orthogonal test method to analyze the sensitivity of compressive strength and splitting strength of hybrid fiber reinforced recycled aggregate concrete (HYFRAC), proposed a hyfrac compressive strength prediction model based on the convolution neural network (CNN), and compared and analyzed the prediction effects of the back propagation (BP) neural network model and multiple linear regression model. Zhang et al. (2021) support vector machine and a modified cuckoo algorithm are utilized to predict the compressive strength of geopolymer concrete. An orthogonal factor is introduced to modify the traditional cuckoo algorithm to update new species and accelerate computation convergence. Then, the modified cuckoo algorithm is employed to optimize the parameters in the support vector machine model. Then, the compressive strength predictive model of coal gangue-based geopolymer concrete is established with oxide content of raw materials as the input and compressive strength as the output of the model.
In the development history of the artificial neural network, the MLP (multi-layer perceptron) network has played a great role in the development of the artificial neural network. It is also considered as a real artificial neural network model. Its emergence has set off an upsurge of people’s research on artificial neural network. As the initial neural network, the single-layer perceptual network (M-P model) has the following advantages: clear model, simple structure, and small amount of calculation. However, with the deepening of research work, it is found that it still has some shortcomings. For example, it cannot deal with nonlinear problems. Even if the action function of the calculation unit does not use the valve function and uses other more complex nonlinear functions, it can only solve the linear separable problem and cannot realize some basic functions, which limits its application. The only way to enhance the classification and identification ability of the network and solve the nonlinear problem is to use a multi-layer feedforward network, that is, add an implicit layer between the input layer and the output layer. A multilayer feedforward perceptron network is formed. In the mid-1980s, David Rumelhart, Geoffrey Hinton, Ronald Williams, and David Parker independently discovered the error BP training algorithm, which systematically solved the learning problem of hidden layer connection weight of the multilayer neural network and gave a complete derivation mathematically. The multilayer feedforward network using this algorithm for error correction is called BP network.
The basic BP algorithm includes two processes: signal forward propagation and error BP. That is, the error output is calculated in the direction from input to output, while the weight and threshold are adjusted in the direction from output to input. During forward propagation, the input signal acts on the output node through the hidden layer and generates the output signal through nonlinear transformation. If the actual output is inconsistent with the expected output, it will turn into the BP process of error. Error BP is to back transmit the output error layer by layer to the input layer through the hidden layer, allocate the error to all units of each layer, and take the error signal obtained from each layer as the basis for adjusting the weight of each unit. By adjusting the connection strength between the input node and the hidden layer node, and the connection strength and threshold between the hidden layer node and the output node, the error decreases along the gradient direction. After repeated learning and training, the network parameters (weight and threshold) corresponding to the minimum error are determined, and the training stops (Wang et al., 2021). At this time, the trained neural network can process the input information of similar samples and output the non-linear converted information with the minimum error.
Compared with traditional methods, the BP neural network has become the most widely used neural algorithm with its good nonlinear mapping ability, self-learning, and self-adaptive ability, and has actively explored and studied strength prediction (Hu et al., 2021; Ji et al., 2021; Qing et al., 2021). Wei et al. (2020) studied the influence of fly ash content on the strength of cemented backfill based on orthogonal test, and analyzed and predicted the influence law by using the BP neural network model. In Jiang et al. (2021), aiming at the influence of heterogeneity on rock strength under different strain rates, 42 quasi-static and 42 dynamic Brazilian disk experimental tests were trained, verified, and tested by the artificial neural network, and the relationship between rock strength and heterogeneity parameters under different strain rates was obtained. Through sensitivity analysis, it is found that strain rate is the most important physical quantity affecting the strength of heterogeneous rock.
Based on the BP neural network, taking coal gangue as coarse material; fly ash, desulfurization gypsum, gasification slag, and furnace bottom slag as fine material; and cement as gelling agent, the compressive strength and bleeding rate of coal-based solid waste filler (CBSWF) are tested through orthogonal test. The three-layer BP neural network of 4-11-3 is used to predict the strength of CBSWF, and the strength prediction model of CBSWF is established, The prediction results are evaluated.
TEST MATERIALS AND METHODS
Material Composition
The chemical composition of the dried CBSWF material is determined by x-ray diffraction (XRD) and x-ray fluorescence spectrum analysis (XRF). As shown in Figure 1, the main component of coal gangue is SiO2, accompanied by some silica compounds. A large amount of SiO2 ensures the high hardness and deformation resistance of gangue. Fly ash is the dry discharged ash of the Yuanyanghu power plant. The main components are SiO2, Fe2O3, and CaO. The content of CaO and SiO2 reaches 92.27%, which reduces the polymerization degree of glass in fly ash and increases its activity. The gasification slag is mainly composed of SiO2, the bottom slag is mainly composed of SiO2, Al2O3 • SiO2, and Fe2O3, and the desulfurization gypsum is mainly composed of CaSO4 and CaSO4 • 2H2O.
[image: Figure 1]FIGURE 1 | X-ray diffraction (XRD) of coal based solid waste filling material.
Test Scheme
Using L16(44) orthogonal test, without special explanation, the ratio involved in the text is the quality ratio. Selecting the quality of coal gangue and cement as invariants, the cement content shall not exceed 5% of the total mass of coal-based solid waste. Set four research factors, namely, A (concentration), B (ash–gangue ratio), C (gasification slag:furnace bottom slag), and D (gasification slag:desulfurization gypsum), and set four horizontal gradients, as shown in Table 1.
TABLE 1 | L16 (44) orthogonal experimental factors and levels.
[image: Table 1]Source and Preparation of Test Materials
Ningdong energy and chemical base are located in the Middle East of Ningxia. In 2018, the coal output was about 91.55 million tons, the coal chemical production capacity was 22.25 million tons, and the thermal power capacity was 14.95 million kW. In recent years, it has produced more than 90 million tons of coal-based solid wastes such as coal gangue, fly ash, desulfurization gypsum, gasification slag, and furnace bottom slag (Yang et al., 2021). Coal gangue was used as coarse material; fly ash, gasification slag, furnace bottom slag, and desulfurization gypsum were used as fine material; and 42.5 ordinary Portland cement was used as cementitious material. Among them, coal gangue comes from Renjiazhuang and Meihuajing coal mines, and fly ash, desulfurization gypsum, gasification slag, and bottom slag come from the Yuanyanghu power plant. The geographical location of the mining area is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Coal based solid waste materials: (A) coal gangue, (B) fly ash, (C) gasification slag, (D) furnace bottom slag, and (E) desulfurization gypsum.
The large gangue is crushed by a small jaw crusher and screened into coal gangue with a particle size of 0–5 mm through a standard screen. The cemented block in the material is crushed and ground and screened with a 0- to 5-mm standard screen for standby. According to GB\t50080-2016 national standard (Ministry of Housing and Urban and Rural Construction, 2016), all kinds of coal-based solid waste materials are weighed successively according to the quality fraction requirements of the design scheme. The required water is poured into the evenly mixed filling materials, and a small amount of cement is mixed. After 30 s of mixing, the mixed cementation material is cast into the standard cube mold of 70.7 × 70.7 × 70.7 mm, and the surface of the mold is smooth with a scraper. Then, add some mixed cementitious materials into the plexiglass container with a height of about 120 mm to ensure that the height of the measured filling surface is consistent, and then seal it tightly with fresh-keeping film. After standing indoors for 24 h, measure the separated water surface and cement slurry expansion surface. After the flat mold is placed indoors and cured for 12 h, the sample is taken out of the mold after the test block is initially self-supporting and placed in a curing box with constant temperature and humidity of 20°C and humidity of 90% ± 5% until taken out for testing. According to the national standard (General Institute of Coal Science Research, 2010) of GB\t23561.12-2010, complete the strength test on the electro-hydraulic servo universal press (loading rate is 0.05 kn/s), as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Test pieces and test process of some CBSWF.
Test Results
The bleeding rate and uniaxial compressive strength (3, 7, and 28 days) of CBSWF are tested by L16 (44) orthogonal experiment, as shown in Table 2.
TABLE 2 | Orthogonal experimental results of L16 (44) CBSWF.
[image: Table 2]The results of bleeding rate and uniaxial compressive strength (3, 7, and 28 days) of CBSWF are shown in Figure 4. The AiBiCiDi is used to characterize the optimal test scheme combination of strength, in which A, B, C, and D represent four factors, and i (taking 1,2,3,4) represents different horizontal gradients of the corresponding factors. It can be seen that among the 16 groups of specimens, when the curing age is 3 days, the compressive strength of S15 is the largest and the compressive strength of S5 is the smallest. At this time, given A (concentration is 80%), B (ash–gangue ratio is 0.5), C (gasification slag:bottom slag is 1.67), and D (gasification slag:desulfurization gypsum is 0.7), the combination with the largest strength in the previous period is A4B3C2D4. When the curing age is 7 and 28 days, the compressive strength and bleeding rate of S12 are the largest. At this time, given A (concentration is 78%), B (ash–gangue ratio is 0.6), C (gasification slag:bottom slag is 1.67), and D (gasification slag:desulfurization gypsum is 1), the combination with the largest strength in the later stage is A3B4C2D1.
[image: Figure 4]FIGURE 4 | Bleeding rate and UCS of CBSWF in different test groups.
Establishment of Filling Strength Prediction Model
The BP neural network is a multilayer feedforward neural network trained according to the error BP algorithm. It is the most widely used neural network at present. Its basic idea is the gradient descent method, which uses gradient search technology to minimize the error mean square deviation between the actual output value and the expected output value of the network. The artificial neural network does not need to determine the mathematical equation of the mapping relationship between input and output in advance. It only learns some rules through its own training and obtains the result closest to the expected output value when the input value is given.
From the orthogonal test results, it can be seen that A (concentration), B (ash–gangue ratio), C (gasification slag:furnace bottom slag), and D (gasification slag:desulfurization gypsum) all have an impact on the strength of CBSWF, and each factor has a nonlinear relationship with the compressive strength. It is impossible to consider all factors in the test. The neural network model can be constructed based on the existing test data to predict the unknown data. By establishing the filling strength prediction model based on the BP neural network, the disadvantages of experimental test and field monitoring being costly and time-consuming can be overcome, and a new method for filling strength prediction is provided.
Taking the bleeding rate and uniaxial compressive strength (3, 7, and 28 days) of coal-based solid waste material filling in L16 (44) orthogonal experiment as samples, the strength prediction model of CBSWF is constructed. The main structure of the model is composed of an input layer, a hidden layer, and an output layer, with A (concentration), B (ash–gangue ratio), C (gasification slag:furnace bottom slag), and D (gasification slag:desulfurization gypsum) as the network input factor in the input layer, and the 3-, 7-, and 28-days compressive strength and bleeding rate of CBSWF are taken as the network output factors. Groups S4, S8, S12, and S16 in the table are taken as the test set samples, and the other 12 groups of data are taken as the training set samples. The number of neurons in the hidden layer can determine the convergence of the training function, the length of training, and the size of training error, which is very important for the effect of model fitting. Many scholars have conducted a lot of research on the selection of the number of neurons in the hidden layer (Adil et al., 2020; Chin and Zhang, 2021; Karmakar and Goswami, 2021). Dong et al. (2018) believe that the number of neurons in the hidden layer is optimal when m is (2a + 1), which can also be selected according to Eq. 1:
[image: image]
In the equation, [image: image] and [image: image] are the number of input factors and output factors, respectively, and [image: image] is a constant between 0 and 10. The number of neurons in the hidden layer determined according to the above formula is 2–12. The average relative error of compressive strength is used as the basis for screening the number of neurons in the hidden layer. The number of neurons in the hidden layer is determined through comparative analysis, and the network performance when the number of neurons in the hidden layer is 2–12 is checked respectively, The prediction results and relative errors of compressive strength at different curing ages (3, 7, and 28 days) are obtained. The relative errors obtained from each neuron are averaged, as shown in Table 3. It is found that the relative error increases with the increase of curing age, and the worse the prediction effect. When the number of neurons in the hidden layer is 12, the average relative error of 3-days compressive strength is the smallest, which is 2.952257%. When the number is 10, the average relative error of 7-days compressive strength is the smallest, which is 7.99%. When the number is 9, the average relative error of 28-days compressive strength is the smallest, which is 15.31%. The average relative error of different curing ages is taken as the average value. It is found that when the number of neurons in the hidden layer is 11, the relative average error is the smallest, which is 10.59%. At this time, the training error will be closer to the target error. Therefore, the number of neurons in the hidden layer is 11 to predict the strength of the filling body.
TABLE 3 | Average relative error of number and intensity prediction of neurons in different hidden layers.
[image: Table 3]At the same time, set the transfer function of input layer and output layer as purelin function, the transfer function of hidden layer as logarithmic S-type transfer function logsig, and the traingdx function is selected as the training function. The three-layer BP neural network, i.e., 4-11-3, is used to construct the strength prediction model of CBSWF, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | 3-layer BP neural network structure.
In order to avoid the situation that the training time is too long to converge, before formal modeling, the data shall be preprocessed by data normalization method, the input or output data shall be transformed into dimensionless values of interval [0,1] or [−1,1], and the accuracy of prediction results shall be judged by means of average relative error analysis. Eq. 2 is used for normalization:
[image: image]
Where [image: image] is normalized data, [image: image] is the original data, and [image: image] and [image: image] are the maximum and minimum of each group of factors, respectively. When outputting the prediction results, the data also need to be inverse normalized.
DISCUSSION
Literature (Dong et al., 2018) based on 18 groups of orthogonal test samples with mixing level, taking the content of cement clinker, desulfurization ash, Glauber’s salt, and steel slag as four input factors and the 7- and 28-days compressive strength of the filling body as the output factor, 4 × 9 × 2, the maximum relative errors of predicted strength at 7 and 28 days are 4.33 and 0.84%. Liang et al. (2017) collected 47 groups samples. With the help of MATLAB R2015a platform and based on the BP neural network, the three-layer neural network model with single hidden layer is taken as the input with the amount of water, cement, sand, gravel, and recycled coarse aggregate per unit volume and the 28-days prism compressive strength of recycled concrete as the output. Its structure is 5-21-1. The simulation results show that the maximum relative error of prediction is 18.69%. The prediction error is less than 5%, accounting for 78.72% of the total sample. These studies show that using the BP neural network model to predict material strength is feasible and accurate.
Based on the above research basis, in MATLAB software, the 4-11-3 three-layer BP neural network is used to predict the strength of CBSWF. The number of training iterations is set to 1,000 steps, and the error target is set to 0.0001. The strength prediction value and relative error results are shown in Table 4. Obviously, it can be found that the strength prediction value of S1–S12 training data in the input layer by the BP neural network is close to the test value. The maximum relative error is 5.1% of the 28-days strength and the minimum is 0.0051% of the 7-days strength. However, the strength prediction value of S13–S16 test data in the output layer is quite different from the test value. The relative error of the 28-days strength in S16 reaches 176.22%, and the minimum value is 4.35% of the 3-days strength in S13. The average error of the 3-days strength is 3.95%, that of the 7-days strength is 8.21%, and that of the 28-days strength is 19.59%.
TABLE 4 | Predicted values and relative error results of strength at different curing ages.
[image: Table 4]The BP neural network training error convergence curve and fitting characterization of the filling strength are shown in Figure 6. The best training error is 0.0115% after 1,000 times of training in the whole training process. The effect of the whole filling strength prediction can be evaluated by fitting characterization. The solid line represents the simulation fitting curve, and the dotted line represents that the predicted value is equal to the experimental value. The R value is the correlation coefficient between the predicted output and the target output. The closer the R value is to 1, it shows that the greater the correlation between the predicted output and the target output, the higher the fitting degree of the prediction model, and the better the prediction effect. It can be concluded that the correlation coefficient r of the strength prediction of coal-based solid waste filling body is 0.99987, indicating that the BP neural network is used to predict the compressive strength of filling body with high accuracy.
[image: Figure 6]FIGURE 6 | Error convergence curve and fitting results.
CONCLUSION
The following conclusions could be drawn from the current study:
1) The compressive strength and bleeding rate of CBSWF are tested through orthogonal test. It is found that the combination with the largest early strength is A4B3C2D4. When the curing age is 7 and 28 days, the compressive strength and bleeding rate of S12 are the largest; that is, the combination with the largest later strength is A3B4C2D1.
2) The 4-11-3 three-layer BP neural network is used to predict the compressive strength of coal-based solid waste filling at different curing ages (3, 7, and 28 days). It is concluded that the correlation coefficient r of strength prediction of coal-based solid waste filling is 0.99987, and the prediction accuracy is high.
3) Orthogonal test combined with the BP neural network can reduce the number of tests without losing generality, make full use of the advantages of adaptive nonlinear optimization of the BP neural network, and improve the operation efficiency of the model, fast prediction speed, and high accuracy.
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The strength characteristics of cemented paste backfill (CPB) in mining areas are key control factors for the safety assessment of overlying strata. A series of experiments about uniaxial compression and triaxial compression were carried out to study the influence of cement content of filling slurry, curing age, and curing temperature on strength behavior of CPB specimens. The failure mechanism and damage feature of CPB have been investigated. The results show the following: (1) The uniaxial compressive strength of CPB specimens exhibits an upward trend with the increase of cement content and curing age. When the cement content is high, the uniaxial compressive strength increases sharply with increasing curing age. (2) The cohesion of CPB specimens increases with the increase of cement content of filling slurry, curing age, and curing temperature. The cohesion of CPB specimens with curing age 7 days and 14 days increases linearly with increasing cement content. At the later stage of curing age, the strength growth of high cement content backfill is significantly greater than that of low cement content. The internal friction angle of the filling increases slightly with increasing filling cement content, curing age, and curing temperature. (3) The shear strength of CPB specimens at curing age 7 days exhibits an upward trend with the increase of confining pressure, while the shear strength at 14 days and 28 days curing age decreases slightly as the confining pressure increases. (4) With the increase of cement content in backfill, the brittleness increases significantly when the backfill is damaged. The failure mode of CPB specimens changes from monoclinic section shear failure to X-type failure with increasing curing age, and the failure process is divided into four stages: pore compaction, linear elastic deformation, plastic deformation, and post-peak failure.
Keywords: cemented paste backfill, uniaxial compression, triaxial compression, shear strength, failure mode
INTRODUCTION
With the increase of mining depth, geological disasters, such as underground rock burst and roof caving, occur frequently. At same time, there are potential risks, for instance, dam failure and environmental pollution in the tailing reservoir, formed by tailings accumulation (Cai, 2009; Yang et al., 2018). Tailings cemented filling mining method can effectively use mine tailings and prepare cemented filling slurry to backfill the goaf, so as to control the ground pressure, support the stope, reduce the surface subsidence, and improve ore recovery (Zhao and Hu, 2008; Lu et al., 2008). Therefore, the tailings cemented filling mining method is widely adopted by many mines (Ghirian and Fall, 2014; Jiang et al., 2019).
The mechanical properties of cemented paste backfill (CPB) are the key to the safe application of backfill mining method, and it is also the main controlling factor for safety assessment of overlying strata in the mine goaf. In order to better utilize the mechanical properties of the CPB to serve the mining operation, many scholars have conducted a lot of research work on compressive tests. Fall et al. (2005), Guo and Li, 2017, and Hou et al. (2021) explored the relationship between uniaxial compressive strength and material ratio of CPB. Li et al. (2005), Wang et al. (2015), and Zhang et al. (2020) optimized the filling material ratio to meet the actual demand of project through orthogonal test. Cao et al. (2016, 2019) studied the influence of CPB stratification on strength by simulating the interval between actual filling groups. Nie et al. (2016) tested the strength of CPB with different water contents and determined the influence of water content on the strength of CPB. Meanwhile, the microscopic damage evolution law of CPB during compression has also been widely concerned. Xie et al. (2015), Li, 2019, and Zhao et al. (2020) tested the acoustic emission parameters of specimens under compression, and analyzed the influence of curing temperature and cement content on the development of microcracks in CPB specimens. Yi et al., 2020 investigated the internal response of CPB during compression by rock CT scanner. Wei et al. (2020) explored the crack propagation process using crack camera observation system. The relationship between fracture area and tensile strength of cement paste with supplementary cementitious materials and the influence of new SCM on the long-term durability of concrete have been analyzed (Li and Li, 2015; Juenger et al., 2019). Richardson (2008) reviewed the model of calcium silicate hydrates. Li et al. (2020a) measured the intrinsic nanomechanical properties of C-S-H under different Ca/Si conditions by high-pressure X-ray diffraction method and made fibrillar C-S-H seeds from hydrated tricalcium silicate lower cement demand. The effects of curing time, cement content, and saturation state on mode-I fracture toughness of CPB have been studied (Libos and Cui, 2020). In addition, Zhou et al., 2019 and Wang, 2014 carried out the numerical simulation of uniaxial compression process of CPB. In triaxial compression test, Wu et al. (2019, 2021) studied the influence of cement content and inclined interface angle on the strength characteristics and failure mode of CPB. Yang et al. (2018) and Xu et al. (2019) analyzed the failure mode and energy dissipation characteristics of CPB. Fall et al. (2007), Rankine and Sivakugan, 2007, and Xu et al., 2014 revealed the deformation characteristics of CPB in compression. Those studies are valuable in stope engineering, yet it is worth noting that most research focus on uniaxial compression, which does not agree with reality, the actual three-dimensional stress state (Liu et al., 2019). Furthermore, the occurrence environment of backfill is complex, which indicates that the mechanical property of CPB could be affected by various factors.
The objective of this study is to determine the influence of cement content, curing age, and curing temperature on uniaxial compressive and triaxial shear strength of CPB. A series of uniaxial compression tests and triaxial compression tests are carried out to analyze the strength and failure characteristics of the CPB. The quantitative relationship between uniaxial compressive strength and triaxial shear strength has been obtained. This study can provide a valuable reference for the efficient application of CPB.
MATERIALS AND METHODOLOGY
Test Materials
The tailings utilized in this test were obtained from a copper mine, located in Anhui Province of China. The basic physical properties of the tailings were determined according to Rock Test Regulations for Water Conservancy and Hydropower Engineering (SL/T 264-2020). The natural density of the tailings is 1.424 g/ cm3, the dry density is 1.420 g/ cm3, and the moisture content is 0.977%. The particle size distribution (PSD) is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Particle size distribution curve of tailings.
It can be seen from Figure 1 that the cumulative pass rate of the tailings with particle size less than 20 microns reaches 44% (more than 35%), which belongs to the finer-grained tailings. This particle gradation can effectively reduce the layering and segregation in the slurry mixing process and make the internal aggregate distribution of the specimens more uniform, which makes the mechanical properties more stable.
Specimen Preparation
With full tailings as aggregate and P. O 42.5 Portland cement as cementing material, multiple cylindrical tailings CPB specimens (∅ 50 mm × 100 mm) were prepared. The mass concentration of filling specimen was 72%, and the cement contents were 7, 10, and 25% (mass ratio). Afterwards, the CPB specimens were cured at room temperature 20 ± 0.5°C and humidity 95 ± 5% for 7, 14, and 28 days, respectively. These specimens were used to conduct experiments investigating the influence of cement content and curing age of CPB strength.
Test Method
A series of uniaxial and triaxial compression tests of CPB specimens were performed by TruePath automatic stress path triaxial apparatus. The loading rate is 1 mm/ min, and the confining pressures of triaxial compression test are set to 100, 200, 300, and 400 kPa, respectively. The influence of three factors, namely, cement content, curing age, and curing temperature, on strength was discussed in this section. The specific test scheme is shown in Table 1.
TABLE 1 | Test conditions for the strength characteristics of the CPB.
[image: Table 1]RESULTS AND ANALYSIS OF UNIAXIAL COMPRESSION TEST
The uniaxial compression test of CPB specimens focuses on the influence of slurry cement content and curing age on the uniaxial compressive strength. The experimental results are shown in Figure 2. The uniaxial compressive strength exhibits an upward trend with the increase of cement content and curing age. It is evident that the compressive strength increases slowly and maintains constant amplitude when the cement content is less than 10%, yet the compressive strength of specimens increases sharply as the cement content is greater than 10% (25% this test). It is worth noting that the strength value reaches 3.4 MPa at 28 days curing age (25% cement content), which is 1.7 times higher than that of 7 days (2.0 MPa/7% cement content) under the same working condition. The trends of relationship curve are obviously different with various cement content and curing age, even for the same specimens. The results of specimens with curing age ( days) and cement content (25%) are the most prominent. So, it can be concluded that the curing age has a more significant effect on the strength increase of high cement content specimens.
[image: Figure 2]FIGURE 2 | Relationship curve between uniaxial compressive strength and curing age.
It can be seen from the results of Figure 2 that when the cement content is higher (25%) and the curing age is longer (28 days), the compressive strengths of CPB specimens are significantly higher than those under other conditions. Increasing cement content can efficiently enhance the cementing effect of CPB, reduce the internal pores and gaps of the specimen, and cause increase of the uniaxial compressive strength. Meanwhile, prolonging the curing age is beneficial to promote the internal hydration reaction, so that the hydration reaction of a large number of gelling materials inside CPB specimens is more fully developed, and more calcium silicate hydrate is generated, so as to significantly increase the uniaxial compressive strength (Hou et al., 2021). When the cement content is higher (25%) and the curing period is longer (28 days), the compressive strength value of CPB is significantly higher than the strength of the samples under other working conditions, which indicates when the curing time is longer and the cement content is higher, the hydration reaction of a large amount of cementitious material inside the CPB will react more fully, which can significantly improve the uniaxial compressive strength of CPB specimens. However, for the specimens with low cement content and short curing age, due to the insufficient progress of the cement hydration reaction and insufficient hydration products, there are many pores and micro-cracks inside the specimens and the original defects are serious. The corresponding compressive strength is lower and damage is more likely to occur.
RESULTS AND ANALYSIS OF TRIAXIAL COMPRESSION TEST
A total of 60 sets of triaxial compression tests with different cement contents and curing ages were carried out in this study. By drawing the molar stress circles of filling bodies with different cement contents under different curing ages and confining pressures, the Mohr–Coulomb criterion was adopted. The shear failure line of each CPB specimen is fitted, and the cohesion and internal friction angle of the corresponding specimen are obtained. The fitting results are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Triaxial compression test results of CPB specimens.
Influence of Cement Content and Curing Age on Shear Strength Indexes
The relationship curves between the cohesion, internal friction angle, and curing age of the CPB specimens with different cement contents are shown in the following figures:
As shown in Figure 4; Figure 5, the cohesion of CPB specimens increases with the increase of cement content and curing age, and the greater the cement content, the more obvious the increase. The values of specimens range from 190 to 790 kPa. When the cement content is 25%, the cohesion with curing age (28 days) reaches 790 kPa, which is 390 kPa higher than that (400 kPa) at 7 days. The main reason is that the CPB specimens with higher cement content will generate more binging phases (calcium silicate hydrate), which makes the bonding between tailings particles and cement tighter, and the bonding effect is better. It can be seen that, to achieve a cohesive strength of about 400 kPa, from the perspective of saving filling costs, a design scheme with low cement content and high curing age can be preferred. The friction angle increases slowly with increasing curing age and cement content. However, comparing the internal friction angle values of the specimens, there is a little difference between the friction angles of the CPB specimens with different curing ages and cement contents. The values of internal friction angle range from 26.6° to 29.7°; the change is only about 3.1°. This result shows that the influence of cement hydration on the friction angle of the CPB is relatively small.
[image: Figure 4]FIGURE 4 | Relationship curve between cohesion and curing age.
[image: Figure 5]FIGURE 5 | Relationship curve between internal friction angle and curing age.
Influence of Curing Temperature on Shear Strength Indexes
In order to study the influence of curing temperature on shear strength, a series of triaxial tests were carried out for the specimens with cement 10% and curing age 7 days at seven curing temperatures (20°C, 25°C, 30°C, 35°C, 40°C, 45°C, and 50°C). The relationship curves between shear strength indexes and curing temperature are shown as Figure 6.
[image: Figure 6]FIGURE 6 | Relationship curve between shear strength indexes and curing temperature.
With the increase of curing temperature, the cohesive forces of CPB specimens increase rapidly and significantly, from 243 kPa corresponding to 25°C to 430 kPa corresponding to 50°C, which nearly doubled. This is because the higher curing temperature accelerates the hydration of the binder, and the hydration products increase with the increasing curing temperature, and the cement hydration product (C-S-H) is the main binding phase. The friction angle increases slightly with the increase of curing temperature, and the change value is only about 2.4°. Therefore, the increase of curing temperature can significantly increase the cohesive strength, but the effect of increasing the friction strength is not obvious.
FAILURE CHARACTERISTICS OF CPB SPECIMENS
Under a confining pressure of 300 kPa, the failure conditions of CPB specimens in the triaxial compression test are shown in Figure 7. When the specimen with a curing age 7 days and cement content 25% is broken, a penetrating and inclined tensile-shear failure surface appears, and there is a slight surface peeling. However, the shape of two other cement content tests is still relatively complete without obvious cracks, but the height reduction and lateral expansion appear, and there are some wrinkles and small cracks on the surface. This indicates that as the cement content decreases, the ductility of CPB specimens gradually increases when it is broken. This is due to the fact that when the cement content is relatively low, enough hydration products are not generated inside the CPB to cement and fill the pores, and there is still compressible space inside, so it has a strong deformability. The surface wrinkles decrease with the increase of the cement content during the curing age of 14 days and 28 days, and there is no obvious sign of damage. The reason is that with the increase of curing age, the amount of C-S-H generated inside the specimens increases and tends to be stable gradually, so that the brittleness of CPB specimens improves when it is damaged. As the curing age increases to 28 days, the failure form of the CPB changes from a single oblique cross-section shear failure to an X-shaped failure, and there is a local fall-off phenomenon in the specimen with a cement content of 25%, and the damage becomes more serious and there exist lumps. In the actual engineering, the design of cement content and curing age of CPB should not only consider the strength, but also take the deformation characteristics into account, so that it can better provide support for the safety of surrounding rock.
[image: Figure 7]FIGURE 7 | CPB Failures under triaxial compression.
Taking the stress–strain curve of backfill under confining pressure of 300 kPa, 25% cement content after 28 days of curing as an example (curing temperature 20 ± 0.5°C), the compression failure process of specimen has been analyzed. The result is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Stress–strain curve of CPB in triaxial compression.
It can be concluded that the compression deformation and failure of the CPB can be roughly divided into the following four stages:
1) Pore compaction stage (section OA). In the initial stage of compression, the internal pores and cracks are gradually compacted and closed, so that the strength of the specimen is improved.
2) Linear elastic deformation stage (section AB), the internal cracks gradually develop and penetrate in the end. At this stage, the stress–strain curve of the CPB is close to a straight line, and the stress growth rate gradually slows down.
3) Plastic deformation stage (section BC). As the load further increases, new cracks continue to be generated and intertwined with the original cracks, gradually extending and converging in the direction of stress action, and then the specimen enters the stage of yield failure.
4) Post-peak failure stage (section CD). Plastic deformation further develops, the load-bearing capacity of the CPB decreases rapidly, and visible macroscopic cracks are formed on the surface. The bearing capacity of specimen continues to decrease rapidly until it is completely destroyed.
DISCUSSIONS
Taking the CPB specimens with curing age 7, 14, and 28 days as an example (curing temperature 20 ± 0.5°C), the relationships between the maximum principal stress and the confining pressure under uniaxial compression and triaxial compression test conditions are compared and analyzed, as shown in Figure 9.
[image: Figure 9]FIGURE 9 | Relation curve between maximum principal stress and confining pressure.
It can be found from Figure 9 that the maximum principal stress of the CPB under the axial force state is significantly lower than that of three-direction force state. Furthermore, the maximum principal stress increases nearly linearly with the increase of the confining pressure. Taking the confining pressure 400 kPa and curing age 28 days as an example, the differences between confining pressure 400 kPa and confining pressure-free (cement content 7, 10, and 25%) are 1.5, 1.7, and 0.4 MPa, respectively. The reason is that under the three-way stress state, the confining pressure limits the material deformation caused by the axial force, thereby improving the compressive resistance of the specimens.
CONCLUSION
In this study, the results of an experimental investigation on the influence of cement content, curing age, and curing temperature on the compression behavior of CPB specimens are presented. The following conclusions were drawn:
1) The uniaxial compressive strength of CPB increases with the increase of cement content and curing age. When the cement content is high, the influence of curing age on the strength of CPB is more obvious.
2) The cement content, curing age, and curing temperature have an important influence on strength and cohesion. In the curing temperature range 25°C–50°C, increasing the curing temperature can significantly increase the cohesion. As the cement content is relatively low, after 14 days of curing age, the compressive strength and cohesion slow down.
3) The internal friction angle increases gradually with the increase of the cement content, curing age, and curing temperature, but the degree of influence is small.
4) With the increase of the curing age, the failure form of the CPB changes from the single oblique section shear failure to the X-shaped failure. The failure process is divided into four stages: pore compaction, linear elastic deformation, plastic deformation, and post-peak failure.
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As a kind of granular waste with complex composition and alkali corrosiveness, concrete slurry waste (CSW) has severe recycling limitations in the ordinary Portland cement (OPC). Considering this, a new type of geopolymer, prepared by granulated blast furnace slag/fly ash, concrete slurry waste, and powdered activators (sodium carbonate and different silicon sources including sodium metasilicate pentahydrate and silica fume), was adopted to conduct a comparative study with the OPC counterpart. In this study, the homogenized CSW was mixed in the OPC and geopolymer with a constant ratio of 50 wt%, respectively. Then the properties were studied in terms of the flowability, setting times, mechanical strengths, and microstructures. The results showed that better flowability (200 mm) could be achieved in the obtained geopolymer than in the OPC reference group (95 mm) by increasing the powdered activators. The setting time of the OPC was significantly shortened due to the addition of CSW. The strengths of geopolymer were supported by the produced C-A-S-H and carbonates, with less chemically bonded water than the hydration products in the reference group. The dominant size of pores in the hardened geopolymer was much smaller than that in the OPC group which was 80 nm. Silica fume could be the alternate of the sodium metasilicate pentahydrate and had an insignificant negative impact on the fresh and hardened properties and microstructures of the geopolymer when the incorporation rate was within 5%.
Keywords: concrete slurry waste, fly ash, slag, geopolymer, properties
INTRODUCTION
As an energy-intensity industry, the production of ordinary Portland cement is accompanied by a massive amount of CO2 emission and has left a large amount of hardened or unhardened waste (Ali et al., 2011; Singh et al., 2015; Miller et al., 2016; Shen et al., 2017). Among these, the reuse of the unhardened waste generated from the concrete batching plant (CBP) in China is greatly restricted, especially for concrete slurry waste (CSW). Concrete slurry waste is an unhardened residue of returned fresh concrete that has been treated by washing and aggregate recycling systems due to excess supply or unsatisfactory performance. According to the previous studies, concrete waste is produced every day in CBP (about 165–350 million tonnes), and most of it is deposited in landfills, which not only results in a detrimental effect on the ecosystem but also occupy many free lands for its storage (Vieira and Figueiredo, 2016; Xuan et al., 2016; Iizuka et al., 2017). It has been revealed that the incorporation of CSW into mortar or concrete is an efficient stabilization method in terms of the heavy metals’ leaching behavior (Audo et al., 2018). However, the activity of CSW is very low owing to the long storage period in the sediment pit with high alkalinity (pH normally ranging from 11.0 to 13.0) (Vieira and Figueiredo, 2016). Thus, it is reasonable to consider CSW as aggregate or filler substitutes in concrete productions after dewatering, drying, crushing, and sieving. The relevant studies highlighted that the substitute rate should not exceed 30% because of its poor qualities (high porosity, weak adhesion of the old mortar, and low strength), which can cause the degradations of the workability, strengths, fire resistance, and durability (Correia et al., 2009; Kou S.-c. et al., 2012, Kou et al., 2012 S.-C.; Audo et al., 2016; Rughooputh et al., 2017). A similar situation is also observed when the CSW is used for cement or fly ash substitute after drying, dry milling, or calcination. The dried CSW powder can replace about 0–6% cement with little degradation of the strengths and workability (Zervaki et al., 2013; Férriz-Papia, 2014). Generally, the CSW may not be suitable to use in new concrete productions. Thus, a new cementitious system is desired to solve the disposal problem of the CSW.
CSW is rich in calcium and silicate components and can act as an alkaline substance. Based on this, it is understandable to consider CSW as a raw material in geopolymer (Elyamany et al., 2018; Thakur et al., 2019). At present, there are two kinds of geopolymers that have been described by researchers in their studies: one is called conventional geopolymer, the other is named as “one-part” geopolymer (Luukkonen et al., 2018a; Ng et al., 2018; Askarian et al., 2019). However, considering the safety problems and the impracticalities related to handling large amounts of viscous, corrosive, and hazardous alkaline solutions, conventional geopolymer might not be suitable to combine with the original alkaline CSW. Accordingly, the “one-part” geopolymer is proposed to solve the mentioned worries.
So far, there is little study conducting experiments about the recycling of CSW in the “one-part” geopolymer, but the advantages of it are outstanding: Firstly, it only needs dry mixtures that consist of solid aluminosilicate and activator powders rather than using alkaline solutions; Secondly, the water is regarded as the initial reaction trigger in the “one-part” AAMs, which is similar to that of OPC (Duxson and Provis, 2008; Adesanya et al., 2018). The experimental idea is shown in Figure 1. Specifically, granulated blast-furnace slag/fly ash were regarded as the supplements of precursors in the geopolymer, and powdered sodium carbonate was chosen as the primary activator because its buffer capacity can moderate the corrosive of the CSW-composite and improve the handling safety for the researchers (Peng et al., 2017; Ishwarya et al., 2019). Besides, sodium metasilicate pentahydrate, as an auxiliary activator, was adopted to enhance the properties of geopolymer, and the silica fume was expected to substitute it to expand the environmental benefits (Sturm et al., 2016; Ye et al., 2016).
[image: Figure 1]FIGURE 1 | Experimental idea of this study.
This paper aimed to provide a new preparation method of cementitious materials containing CSW and the basic properties (flowability, setting times, and mechanical strengths) and microstructures (including X-ray diffraction/XRD, Fourier transform Infrared spectroscopy/FTIR, Thermal gravity analysis/TG-DTG, and Mercury intrusion porosimetry/MIP) of the geopolymer and the cement reference group were investigated. Then, the advantages and disadvantages of these two cementitious composites were discussed. The obtained geopolymer mixed with concrete slurry waste in this study provides new ideas and references for preparing a new type of cementitious material and is beneficial to recycling various wastes.
MATERIALS AND METHODS
Materials
Blast-furnace slag (BFS), fly ash (FA), silica fume (SF), and P.O 42.5 ordinary Portland cement (OPC) were provided by China West Construction Hunan Group Co., Ltd., and the concrete slurry waste (CSW) with solid to water ratio of 1:1 was collected from the concrete mixing plant of the same company (CSW sedimented within 1 week). The particle size distributions of the raw materials are shown in Figure 2A), and the chemical compositions of these raw materials were determined by the X-ray fluorescence spectrometer (XRF), as shown in Table 1. As can be seen, there is high content of SiO2 and LOI value in the CSW, which implies that CSW contains much sand and some carbon particles/organic components (He et al., 2020). This is in line with the results of X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR), as shown by Figure 2B). CSW is a well-crystallized substance with complex components, and there are complex bands ranging from 469 to 875 cm−1. It is worth noticing that the bands at approximately 1,089, 1,092, and 967 cm−1 in the CSW, FA, and BFS, respectively, represent the asymmetric stretching vibration of Si-O-T (T = Al or Si) and are closely related to the alkaline activation process (Hajimohammadi and van Deventer, 2017; Kaja et al., 2018). The commercial powdered activators used in this study were sodium carbonate anhydrous (Na2CO3/SC, AR, Purity≥99.8%) and sodium metasilicate pentahydrate (Na2SiO3•5H2O/SM, AR, modulus of 0.93). Silica fume (SF) with ultra-fine particle size, as depicted in Figure 2A), was expected to substitute the commercial silicon source (SM).
[image: Figure 2]FIGURE 2 | Basic characteristics of raw materials.
TABLE 1 | Chemical compositions of raw materials by XRF.
[image: Table 1]Preparation of Homogenized Concrete Slurry Waste
To develop the filling effect of CSW, as reported by He et al. (He et al., 2020), and obtain a CSW-composite with dense microstructures, CSW was treated by wet-grinding before being added into the geopolymer and OPC(Tan et al., 2018). The grinding balls were made of zirconium silicate, and the mass ratio of the balls with different diameters (3 mm:2.5 mm:0.7 mm) equaled to 2:5:3. Moreover, the mass ratio of the balls and CSW (weight of the solids content) was 2.5:1. Then the grinding balls and CSW were poured into the machine for grinding (45 min). The parameters of the control cabinet were as follows: electric current for 7–10 A, voltage for 380 V, and frequency for 35–45 Hz. The wet-grinding CSW (pH = 11.0) with uniform particle size distribution was obtained when the separation of the balls and slurry was completed. The target size of homogenized CSW was consistent with the previous studies, D50 ≈ 3–5 μm (Tan et al., 2018; He et al., 2020).
Figure 3 shows the particle size distribution and SEM morphology of the homogenized CSW. It can be seen that the uniform particle size was obtained in the CSW, with a D50 of 3.757 μm. The SEM morphology shows that many fine particles with an angular shape and clusters scatter randomly, and there are many pores on the surface of those clusters. Besides, many smooth flake particles, identified as SiO2, embedded in those observed clusters.
[image: Figure 3]FIGURE 3 | Particle size distribution and SEM morphology of the homogenized CSW.
Mix Proportions and Mixing Procedures
Mix proportions of one reference group (cement + CSW, CCSW) and 11 geopolymer groups (geopolymer + CSW, GCSW) are shown in Table 2. The water to binder ratio (W/B) was kept at 0.5 in all specimens. The mass ratio of binders and CSW was 1:1, and the ratio of sodium carbonate and silicon sources (sodium metasilicate pentahydrate + silica fume) was kept at 1.5:1 (Ishwarya et al., 2019). Specifically, in the GCSW groups of No.1 to No.4, 9% sodium carbonate and 6% sodium metasilicate (total 15%, mass ratio of the binders) were utilized as the activators, and the effect of different binder proportions (fly ash and slag) was evaluated. The effect of activator dosages (10–25%) was investigated in GCSW groups of No.5 to No.8, and the influence of silica fume substitution for sodium metasilicate was explored in GCSW groups of No.8 to No.11.
TABLE 2 | Mix proportions of the 12 groups.
[image: Table 2]A cement mixer was used to prepare all the specimens. Firstly, the homogenized CSW was poured into the container and then mixed for 1 min at a rotation speed of 140 ± 5 r/min and revolution speed of 62 ± 5 r/min. Afterward, fly ash and slag were added into the CSW and mixed for another 2 min at a rotation speed of 280 ± 10 r/min and revolution speed of 125 ± 10 r/min. Secondly, the activators were wet mixed with the matrix obtained from above for 2 min. Finally, the homogenized matrix was completed and cast into 40 × 40 × 160 mm detachable steel prism molds immediately. Each specimen was prepared in triplicate. A vibrating table (1 × 60 shocks, one shock/s) was used to improve compactness and eliminate the air bubbles in the matrix. All the specimens were de-molded after 24 h and cured at 20 ± 1°C and 90% relative humidity for 3, 7, and 28-days tests.
Test Methods
Flowability of mixtures was tested by a conical mold (36 mm, 60 mm, and 36 mm) and a smooth glass plate. Before the homogenized matrix that got from the mixer was cast, it would be poured into the conical mold. When the conical mold was full of the matrix, the top surface of it would be scraped flat, and then the conical mold was lifted so that the matrix could flow freely on the surface of the plate. The flow diameter was defined as the mean values of two perpendicular directions. Setting times of the CCSW and GCSW were measured by a Vicat apparatus according to the standard ASTM C191. Compressive and flexural strengths were tested according to the standard ASTM C349. The flexural strength was measured on three specimens for each group, and the compressive strength was further measured on the rest of the six broken half-specimens. After completing the tests of 28-days, the pieces within dimensions of 15 mm × 15 mm × 15 mm were collected and immersed into the anhydrous ethanol for 3 days to stop the reactions. Then the pieces were dried at 40°C in a vacuum environment for 24 h. Thereafter, some of the pieces were ground and passed the 0.75 mm sieve for XRD, FTIR, and TG-DTG analysis.
FTIR was taken using Nicolet Nexus 410 FTIR Spectrometer Spectrum, and the data was collected in transmittance mode from 4,000 cm−1 to 500 cm−1 with an accuracy of 0.01 cm−1. The mineral phase analysis was launched with X-ray diffraction with Cu(Kα) source (XRD, German BRUKERD8 ADVANCE Diffractometer) at a scanning rate of 2°/min with the 2θ ranging from 5° to 80°. Thermal gravity analysis experiments (TGA, TGA5500) were conducted with 20 ± 2 mg powder under the nitrogen atmosphere and heated at 10°C/min from ambient temperature to 1,000°C. Besides, pore size characteristics of the CCSW and GCSW were tested by Mercury intrusion porosimetry (MIP, AutoPore IV 9500, America). The surface tension of Mercury was 485 mN/m, and the contact angle was 140°.
RESULTS AND DISCUSSIONS
Flowability
Figure 4 shows the flow diameters of CSW-composites. As can be seen, the flow diameter of CCSW is only 95 mm, which is significantly lower than that of the GCSW groups. This may be related to the morphology of CSW and the reaction characteristics between the two kinds of cementitious materials. In other words, CSW is mainly composed of many extremely porous, absorbent, and coarse clusters, as shown in Preparation of homogenized CSW. These clusters in the CSW can increase the friction between particles and reduce the local water-binder ratio by absorbing part of free water, thus weakening the flow performance of CCSW (He et al., 2020). Besides, due to the cement hydration, the free water was consumed, and the flow diameter of CCSW decreased furtherly. The flow diameters of GCSW groups fluctuate between 93 and 200 mm. When the level of activators is fixed at 15%, and the SF incorporation rate kept at 0%, the flow diameters of GCSW gradually decrease from 192 to 165 mm with the increase of BFS, which can be attributed to the existence of CaO and rough morphology of BFS (Ismail and El-Hassan, 2018). On the contrary, the flow diameters of GCSW are proportional to the dosages of activators. With the activators increase from 10 to 25%, the flow diameters of GCSW increase from 130 to 200 mm. As reported, with the increase of activators, more BFS and FA particles could be dissolved, and the particle concentration in the GCSW decreased accordingly. Thus the flow diameters of GCSW were improved (Ishwarya et al., 2019). Besides, when the SF incorporation rate keeps within 2.5%, the flowability of GCSW has an insignificant decrease. However, when the incorporation rate of SF reaches over 5%, a significant decrease in the flow diameter of GCSW could be observed. In particular, when SF completely replaces the SM (10% SF incorporation rate), the flow diameter of GCSW is almost equal to that of the CCSW. Ultra-fine SF particles have a large specific surface area, and the increase of SF content would increase the water requirement for the GCSW to reach the same flow diameter. Therefore, when the SF substitution rate exceeds a certain range, the flow performance of GCSW would suffer a significant loss. This result is consistent with the experimental conclusions obtained by Liu et al., 2020.
[image: Figure 4]FIGURE 4 | Flowability of the CCSW and GCSW (A: influence of slag; B: influence of activator and silica fume).
Setting Times
The results of the setting time are presented in Figure 5. After adding CSW to the OPC, the initial and final setting times of CCSW are reduced to about 80 and 145 min, respectively. As reported by Liu et al. (2019), He et al. (2020), the setting time of the cementitious system was greatly influenced by the filling effect and nucleation effect of CSW. On the one hand, CSW would replace the unhydrated substances in the CCSW to fill the pores inside the structure at an early stage, densifying the internal structure and facilitating the skeleton formation. On the other hand, CSW could also act as a nucleation site to provide contact sites for the connection of hydration products, while some of the hydration products contained in the CSW could induce and accelerate the reaction process of the OPC, thus accelerating the initial and final setting times (Soliman and Nehdi, 2011). Compared to CCSW, the initial and final setting times of GCSW fluctuate between 70-255 min and 115–300 min, respectively. For example, when the activator’s dosage is fixed at 15%, and the SF incorporation rate keeps at 0%, the setting times of GCSW are gradually shortened with the increase of BFS. This is due to the higher activity of BFS than FA, and the addition of BFS provides more CaO to GCSW, which can accelerate the reaction rate (Figure 5A). A similar situation can also be observed when the dosage of activators is increased. It can be seen from Figure 5B), when the dosage of activators is increased from 10 to 25%, the initial and final setting times of GCSW are shortened by about 63.16 and 53.06%, respectively. Increasing the dosage of the activators is equivalent to providing more Na2O to GCSW, which results in a higher pH value of pore solution in the GCSW groups, thereby increasing the dissolution and reaction rate of the raw materials (Yousefi Oderji et al., 2019). However, it is worth noticing that the setting times of GCSW can be gradually prolonged as the SF incorporation rate increases (0–10%), especially when the rate of SF exceeds 5%. The initial and final setting times of GCSW are almost equal to that of the pure OPC, reaching 180 and 215 min, respectively. On the one hand, it is speculated that, compared to SM, SF cannot provide additional Na2O, resulting in lower alkalinity of pore solutions. On the other hand, SF may have weaker solubility than SM under alkaline conditions, leading to more undissolved SF particles and hindering the connection of the generated alkali-activated products (Luukkonen et al., 2018a). Moreover, this phenomenon also explains the decrease of flow diameters of GCSW with high SF incorporation rates.
[image: Figure 5]FIGURE 5 | Setting times of the CCSW and GCSW (A: influence of slag; B: influence of activator and silica fume).
Mechanical Strengths
Figure 6 shows the compressive and flexural strengths of the hardened CSW-composites at 3, 7, and 28 days, respectively. For CCSW, the 3-days strength reaches 32.5 MPa with the addition of CSW to the cement, and increases to 40.2 and 43.6 MPa at 7 and 28 days, respectively. Moreover, the compressive strength of CCSW only increases by 8.46% during the curing period from 7 to 28 days. In the case of GCSW, the compressive strength increases with the increase of BFS. The 3, 7 and 28 days compressive strengths of GCSW without adding BFS are only 0.9, 3.4, and 4.9 MPa, respectively, whereas, when the mass ratio of FA to BFS reaches 1:1, the corresponding compressive strengths of GCSW increases to 19.4, 28.9, and 38.7 MPa, respectively, and its 28 days strength is almost the same as that of the CCSW. This indicates that the sodium carbonate type activator cannot effectively activate the precursors consisting of only FA and CSW particles under ambient temperatures, while the incorporation of BFS greatly enhances the reactivity of GCSW. According to the previous studies, the mechanical properties of geopolymer usually reach a more satisfactory level when FA: BFS is equal to 1:1 (Chen et al., 2015; Abdalqader et al., 2016). Besides, when the FA: BFS keeps at 1:1, and the SF incorporation rate is 0%, the variation of the activators also significantly affects the compressive strengths of GCSW groups. For instance, when the activators are reduced from 15 to 10%, the 3, 7, and 28 days strengths of GCSW decrease by 26.29, 29.41, and 24.40%, respectively. They reach 29, 41.1, and 60 MPa when the activators are increased from 15 to 25%, and the corresponding improvement rate reaches nearly 55.04%. The change in the strengths of GCSW is mainly attributed to the alkaline equivalent provided by the activators. With the increase of pH values, the dissolution of reactive species in FA and BFS increases, thus generating more products to improve specimens’ early and late strengths (Jeong et al., 2019). In addition, the type of additional silica source (activator) is also one of the most important parameters affecting the strength development of GCSW (Luukkonen et al., 2018b). It is worth noting that there is almost no adverse effect on the early strength of the GCSW group (3 and 7 days) with FA: BFS of 1:1 and activator dosage of 25%, when the SF incorporation rate reaches 2.5%. However, when the SF incorporation rate exceeds 5%, a significant reduction in the compressive strengths of GCSW is observed at all ages. This phenomenon is not difficult to be understood by combining the results of flow diameters and setting times of the corresponding specimens. Compared to commercial SM, the ability of SF to provide a soluble silicon source in an alkaline environment is limited, and its substitution rate should be kept within 5% (Luukkonen et al., 2018a).
[image: Figure 6]FIGURE 6 | Mechanical performances of CCSW and GCSW composites.
The development of flexural strength is similar to that of compressive strength. The flexural strength could be effectively improved by increasing the content of BFS and activators. The 28 days flexural strength of GCSW increases to approximately 7 MPa when the FA: BFS is 1:1, and the dosage of activators is 25%. In this study, the set ratio of FA and BFS is scientific and reasonable because it was reported that the high-level content of BFS may cause severe shrinkage, which could leave many microcracks inside the specimen and have a negative effect on the flexural strength (Yousefi Oderji et al., 2019). Besides, the 28 days flexural strength of GCSW reaches the same level as CCSW when the FA: BFS is 1:1, and the activator’s dosage reaches 20%.
X-Ray Diffraction Analysis
Figure 7 presents the XRD patterns of CCSW and typical GCSW, in which the main crystalline products of the CSW-composites can be observed when the 2θ ranged from 5 to 70° (Pan et al., 2018). Although the peak intensities of the minerals can reflect the relative content of particular phases, the XRD results were mainly used for qualitative analysis rather than quantitative analysis. Firstly, it needs to be noted that the peaks of quartz, calcium carbonate, and calcium-silica with different Ca/Si ratios in the CSW are still detectable in the CCSW and GCSW, which is consistent with the high crystallinity of CSW. For the CCSW, no new crystalline phases are observed, except for the cement hydration products (e.g., ettringite, gypsum, calcium silicate hydrate, and calcium hydroxide). In the GCSW, the XRD patterns show slight differences under the influence of BFS and activators. As for the GCSW with 15% activator, 0% BFS and 0% SF incorporation rate, a broad diffuse hump, and crystalline peaks of mullite and quartz are observed in the range of 20–40°2θ, which are mainly attributed to the nature of BFS and FA in the raw materials. Referring to the lowest mechanical strengths of the GCSW specimen, “1:0 15% (0%) ”, it can be inferred that the reaction degree of this specimen is still low at 28 days. Also, a high-intensity peak is detected at 28.8°2θ, which is identified as gaylussite (Na2Ca(CO3)25H2O) (Bernal et al., 2014). The formation of this phase indicates that a precipitate is preferentially formed due to the reaction between the carbonate and sodium ions released from the activators and the calcium ions dissolved from the precursors (FA, BFS, and CSW). However, such phases do not effectively enhance the strength of the GCSW, as shown by the mechanical strength of “1:1 15%, 0%” (Abdalqader et al., 2016). It is worth noticing that the peak intensities of both the mullite and gaylussite in the range of 25.0–30.0°2θ decrease as the content of BFS and activators increases, while the peak at 29.5°2θ increases significantly, suggesting a change in the composition of the main products in the GCSW groups. In particular, the peak at 29.5°2θ is identified as the calcium silicate hydrate (C-S-H) and calcium carbonate phases. The gaylussite’s intensity decrease may suggest the involvement of sodium and calcium ions in the formation of C-S-H (Samantasinghar and Singh, 2018). According to the previous studies, the formation of the C-(A)-S-H phase plays a key role in the early and final strength development of the geopolymer with FA-BFS as the main precursors (Ben Haha et al., 2011a). For instance, when the dosage of activators reaches 25%, and the SF incorporation rate is within 5%, the intensity of the peak located at 29.5°2θ is even more than that of the quartz peak located at 26.7°2θ, which is also in good agreement with the excellent mechanical strengths exhibited by the corresponding GCSW groups. When the SM is completely substituted by SF, the intensity of the C-S-H peak decreases and it is generally consistent with the reduction in the 28 days compressive and flexural strengths for the “1:1 25% (10%)” GCSW specimen. Furthermore, the hydrotalcite phase is usually detected in sodium carbonate-activated slag or slag/fly ash mixtures with a 2θ of 11.7°, however, it is difficult to be observed here, considering that the peak intensity of the hydrotalcite phase is too weak to determine its presence (Ben Haha et al., 2011b).
[image: Figure 7]FIGURE 7 | XRD for CCSW and GCSW composite.
FT-IR Characterization
Figure 8 illustrates the FT IR spectra of CCSW and typical GCSW groups. All specimens exhibit similar band characteristics, indicating a similar product composition. Major bands are detected at approximately 3,450, 1,650, 1,450, 1,080, 995, and 875 cm−1. The structure of interlayer water in GCSW and CCSW is characterized by the O-H stretching band located at around 3,450 cm−1, whereas the bending of the chemically bonded H-O-H is located at approximately 1,650 cm−1 owing to the water capture effect and surface absorption of the gel cavities (Ishwarya et al., 2019). Compared to CCSW, the absorption band due to chemically bonded water is barely visible in the GCSW specimen of “1:0 15% (0%)", suggesting that less alkali-activated products are produced, and the corresponding mechanical strengths of the specimen are the lowest. With the increase of BFS and activators, the absorption band of GCSW at 1,650 cm−1 is enhanced but still generally lower than that of the CCSW. The absorption bands at 1,450 cm−1 and 875 cm−1 are mainly caused by carbonates: In CCSW, it is mainly due to the existed calcium carbonate in the CSW and a small proportion of carbonized hydration products. As for the GCSW, these bands could be attributed to the presence of calcium carbonate and gaylussite detected in the XRD, and the excessive carbonate ions from the activators. It is worth noticing that the GCSW specimen of “1:0 15% (0%)" has a stronger absorption band at 875 cm−1 than that of the other GCSW specimens, and the intensity of this band gradually decreases with the increase of BFS and activators. Combined with the XRD results, it seems that the absorption band at such wavenumbers may be related to the formation and transformation of gaylussite. It is well known that the bands located at 950 cm−1 - 995 cm−1 are assigned to the Si-O vibration in C-S-H and also imply the formation of C-A-S-H (Puertas and Fernández-Jiménez, 2003). As can be seen from GCSW: On the one hand, the absorption band of C-A-S-H gradually shifts towards lower wavenumbers with the increase of BFS and activators, which is possibly affected by calcium ions and tetrahedral aluminum in the BFS or the more formation of C-A-S-H with short chains that could decease the network connectivity of alkali-activated products (Yang et al., 2012). On the other hand, the gradual enhancement of the C-A-S-H absorption band directly leads to a significant improvement in the mechanical properties of the GCSW specimens. Furthermore, it is interesting to notice that the characteristic absorption band of CSW at 1,080 cm−1, which could still be observed in CCSW, gradually disappears in GCSW with the continuous generation of C-A-S-H, as shown in the corresponding band of “1:1 25% (0%)”. It is speculated that some minerals in the CSW are also involved in the formation of alkali-activated products, such as mica-like minerals (Bassani et al., 2019). However, further investigation is still needed to be conducted.
[image: Figure 8]FIGURE 8 | FTIR analysis for CCSW and GCSW composites.
TG-DTG Analysis
Figure 9 shows four typical TG and DTG curves of CCSW and GCSW. There are mainly two mass losses in the DTG curves of GCSW composites, while three losses in CCSW, suggesting the difference in the production components of these two cementitious systems. As shown by the specimens of GCSW, two kinds of productions match well with two weight losses. The first mass loss is mainly at 110°C and ascribed to the evaporation of water existing in the pores of C-(A)-S-H gel (Ismail et al., 2013). The mass loss between 690°C and 727°C is owing to the decomposition of the bonded water in the stable carbonates, which come from the CSW and alkali-activated products, such as calcium carbonate and gaylussite detected by XRD and FTIR (Jin et al., 2014). Meanwhile, it should be noticed that the mass losses appearing in the CCSW are quite different from the GCSW. Firstly, the decomposition temperature of C-(A)-S-H gel in the CCSW (approximately 100°C) was lower than that of the GCSW (111°C–118°C). The evaporation of the bonded water in the AFm often occurs at around 160°C–200°C in the CCSW, whereas there is no mass loss in the same temperature range of GCSW. Secondly, the mass loss at 350–500°C is the typical sign belong to OPC, resulting from the decomposition of Ca(OH)2 (Suraneni et al., 2019). The mass loss at around 700°C in CCSW is primarily due to the decomposition of the carbonates from CSW, and a small part is attributed to the carbonized hydration products. It should be mentioned that, according to the TG curves, the mass loss of GCSW is basically less than that of CCSW, suggesting that the amount of chemically bonded water in GCSW is less than that of the CCSW, and it is in line with the corresponding analysis of FTIR section.
[image: Figure 9]FIGURE 9 | TG-DTG results of CCSW and GCSW composites (A: TG curves, B: DTG curves).
It is worth noticing that the mass-loss rate associated with C-(A)-S-H gel becomes sharper in “1:1 25% (0%)” than that of the “1:1 15% (0%)”. The mass loss percentage of the main production gel increases from 6.72% in “1:1 15% (0%)” to 10.27% in “1:1 25% (0%)” as shown by the small graph in Figure 9B, indicating a great number of C-(A)-S-H gel is produced, which is well in line with the best mechanical properties of the “1:1 25% (0%)” GCSW group. Besides, the outstanding mechanical performance is not only due to the increase of C-(A)-S-H gel, but also the increase of carbonates with high crystallinity and stability, as shown in the increase mass loss from the decomposition of the carbonates, which is from 10.99% in “1:1 15% (0%)” to 11.93% in “1:1 25% (0%)”. Moreover, a significant reduction of the mechanical properties in “1:1 25% (10%)” can also be explained by its DTG curve. The complete substitution of SF leads to a decrease of C-(A)-S-H gel dehydration, which is from 10.27% in “1:1 25% (0%)” to 7.35% in “1:1 25% (10%)”, as well as the decomposition of the carbonates, which is from 11.93 to 9.49%. The nearly overlapping TG curves and the similar C-A-S-H mass loss percentage of “1:1 15% (0%)” and “1:1 25% (10%) “also suggest that these two groups have similar mechanical properties. The weight loss may be closely related to the mechanical properties of GCSW.
Pore Size Characteristics
The pore structure has been reported to be closely related to some basic properties of cementitious materials, such as mechanical properties and durability (Ahmad and Chen, 2018). Therefore, the pore structure distribution characteristics of CCSW and GCSW were tested, and the results are shown in Figure 10. It can be seen that the most probable aperture of CCSW and GCSW is significantly different from each other. GCSW specimens present the most probable apertures around 10 nm, while CCSW is mainly around 80 nm. This suggests that a denser pore structure is more likely to be obtained by combining CSW with the geopolymer prepared in this study. Although this result cannot imply that the GCSW always achieves higher mechanical strengths than that of the CCSW, it is still an essential reference for the later durability investigation of CSW-composites (Tan et al., 2019; He et al., 2020). The pore sizes of CSW-composites can be classified into the following four types: harmless pores less than 20 nm, less harmful pores of 20–50 nm, harmful pores of 50–200 nm, and much harmful pores of more than 200 nm (Tan et al., 2018). As can be seen from the percentages of the pore size distribution, 44.84% of the pores in CCSW belong to the harmful pores, and the percentage of the much harmful pores is also high, reaching 31.46%, which may explain the limitations of CSW recycling in the OPC system. On the contrary, most of the pore sizes in GCSW belong to the less harmful pores with the fluctuating percentage between 25.81 and 49.68%, which depends on the geopolymer’s design parameters. When the dosage of the activators is increased, the proportion of pores less than 20 nm in GCSW rises accordingly, and these pores mainly belong to the gel pores in C-A-S-H and play a major role in supporting the strengths of GCSW. The increase of the SF incorporation rate makes the pore structure of GCSW more complex. When the SF incorporation rate reaches 5%, the most probable aperture of GCSW becomes finer. However, as the rate reaches 10%, the most probable aperture develops towards coarse pores (40.36 nm). Overall, with the increase of SF, the proportion of gel pores appears to decrease, while the proportion of harmful pores tends to increase. And its corresponding decrease in the mechanical strengths of GCSW specimens can also be explained by the pore changes.
[image: Figure 10]FIGURE 10 | Pore characteristics of CCSW and GCSW composites (A: pore distribution, B: pore volume fraction).
Reaction Mechanism
Combined with the results of macroscopic and microscopic tests, this study clarified the reaction characteristics of CSW-based geopolymer. The properties of the prepared geopolymer were mainly related to the ratio of fly ash/slag, the amount of activator, and the type of silicon sources. The combined activator composed of sodium carbonate and sodium metasilicate is much moderate than the sodium hydroxide type. It is because when sodium carbonate touches the water-containing slurry, the carbonate ion is first released. At this time, the alkalinity of the reaction system is low, and the alkaline environment required for the early reaction is supported only by sodium metasilicate. Therefore, fly ash, as the dominant active raw material, is difficult to be stimulated. And the role of CSW particles is only to provide nucleation sites and fill the pores, which cannot facilitate strength development substantially. However, when the slag content and activator content increase, the activity of the raw material and the alkali equivalent of the system is improved, thus the reaction degree is intensified. The hydration of slag is accelerated, and the reaction rate of fly ash is improved. On the other hand, when silica fume is used in place of sodium metasilicate pentahydrate, the ultra-fine silica fume provides a soluble silicon source with the system in an alkaline environment forming C-A-S-H with calcium ions. But unlike the sodium silicate, silica fume does not provide additional sodium oxide, and its dissolution rate in the alkaline environment is much slower than that of commercial sodium silicate. Accordingly, the excessive replacement of silica fume will result in a lower alkali equivalent and higher particle concentration of the system, which leads to a decrease in the strength and flow diameter, and a prolonged setting time.
CONCLUSION
This paper showed an innovative way to recycle CSW, and a comparative study was made between the GCSW and CCSW in terms of the flowability, setting times, mechanical strengths, and microstructures (XRD, FTIR, TG-DTG, and MIP). The main conclusions are as follows:
1. With the addition of homogenized CSW into OPC and geopolymer, the flow diameter of CCSW is only 95 mm, while the GCSW could achieve higher flow diameters by adjusting the dosage of BFS and powdered activators (∼200 mm), and the flow diameter increases with the increase of the powdered activators. The negative effect on the flowability of the cementitious materials caused by CSW could be mitigated in the GCSW.
2. The setting time of the OPC is greatly shortened by the incorporation of CSW, with the initial setting time reduced from 165 to 80 min and the final setting time reduced from 215 min to 145 min. This is mainly due to the filling and nucleation effects of CSW. The setting time of GCSW is mainly affected by the content of BFS and activators. The initial and final setting times fluctuate between 70-255 min and 115–300 min, respectively, and the increase in both BFS and activators shortens the setting times of GCSW.
3. When BFS: FA keeps at 1:1, and the activator content reaches 15–20%, GCSW could achieve comparable mechanical strengths as the CCSW did at 28 days. The gained strengths of CCSW mainly come from the cement hydration products, while the GCSW is mainly supported by C-A-S-H and carbonates (calcium carbonate and gaylussite). The amount of chemically bonded water in the products of GCSW is lower than that of the CCSW.
4. Compared to CCSW, it is easier to obtain a dense microstructure by mixing the homogenized CSW with geopolymers prepared in this study. Increasing the dosage of BFS and activators could effectively increase the proportion of gel pores (< 20 nm) in the GCSW (25.81–49.68%). SF has a certain ability to replace SM, but the recommended incorporation rate for SF should be less than 5% without significantly affecting the fresh and hardened properties of GCSW.
5. In this study, the slag content is limited. Further increasing the slag content will greatly improve the mechanics and shorten the setting time. For satisfactory properties, the dosage of the activator should be 10–20% of the total amount of slag and fly ash, because excessive activator may cause the problems such as efflorescence and worried durability. If the silica fume substitution (0–10%) is considered, the activator content should not exceed 25%. It is an innovative attempt to recycle CSW into alkali-activated materials, which shows advantages compared with traditional cement materials.
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In this study, the influence of steel slag (SS) content on the strength of the cementitious materials was investigated. The quaternary active cementitious material (CaO-SiO2-Al2O3-SO3) was prepared using various proportions of steel slag (SS), granulated blast furnace slag (BFS), and desulfurized gypsum (DG). The mechanism of synergistic excitation hydration of the cementitious materials was examined using various techniques such as X-ray diffraction (XRD), scanning electron microscopy (SEM) and Fourier transform infrared spectrometry (FTIR). The strength of the mortar test block was initially increased and decreased later with the increase of the SS content. Mortar test block with 20% steel slag, 65% granulated blast furnace slag, and 15% desulfurized gypsum with 0.35 water-binder ratio showed the highest compressive strength of 57.3 MPa on 28 days. The free calcium oxide (f-CaO) in the SS reacted with water and produced calcium hydroxide (Ca(OH)2) which created an alkaline environment. Under the alkaline environment, the alkali-activated reaction occurred with BFS. In the early stage of hydration reaction, calcium silicate hydrate (C-S-H) gel and fibrous hydration product ettringite (AFt) crystals were formed, which provided early strength to the cementitious materials. As the hydration reaction progressed, the interlocked growth of C-S-H gel and AFt crystals continued and promoted the increase of the strength of the cementitious system.
Keywords: steel slag, granulated blast furnace slag, full solid waste cementitious materials, AFT, C-S-H gel
INTRODUCTION
Solid waste refers to the garbage and discarded material resulting from commercial, industrial, and community activities (Chen et al., 2010). Among all types of solid waste, seven (coal gangue, fly ash, tailings, industrial by-product gypsum, smelting slag, construction waste, and crop straw) can be considered as bulk solid waste owing to their high annual production which exceeds 100 million tons (National Development and Reform Commission of the People’s Republic of China, 2021). Bulk solid waste is a key area in the field of comprehensive utilization of resources due to its large quantity, wide range, adverse environmental impact, and broad utilization prospects (S Yüksel, 2018).
The generation of smelting slag has been substantially increased over the last few decades in China due to the rapid development in iron and steel industries (Li, 2020). The smelting slag accumulated on soil occupies a large area of land and easily form fine dust when exposed to air, thereby seriously impact on the local environment. Consequently, increasing attention has been paid to proper disposal and resource utilization of smelting slag generated from the iron and steel industries. A large-scale application of smelting slag in the construction industry is one such example of resource utilization. For a long time, solid waste such as fly ash, granulated blast furnace, silica fume, etc., is used to make cementitious material which is an important substance added alongside cement in concrete production (Jagadisha et al., 2020). The application of cementitious materials reduces the amount of cement required to be added in concrete production. Cement production consumes a large amount of energy and emits a high amount of CO2. Therefore, these environmental impacts can be reduced when the amount of cement used in concrete production is reduced (Ansai et al., 2009).
Cementitious material is a substance that can change a slurry to a solid stone-like body through a series of physical and chemical reactions and can cement other solid materials into a whole with mechanical strength. They are used to increase the performance of concrete. Active Si-Al components can be used effectively to prepare high-quality cementitious materials from smelting slag. As a consequence, the utilization of steel slag has been enhanced and the production of CO2 has been greatly reduced when making cement (Wang et al., 2019).
For example, using the similarity of mineral composition between blast furnace slag, converter slag, and cement clinker, homogeneously mixed them under a hot melting state can produce the same components of cement clinker (Gudim et al., 2009; Zhu, 2002). However, in this process, it is difficult to control the production parameters and the heat consumption is too large. Zhao et al. (2007), prepared mortar test blocks having 28 days strength of 49 MPa using blast furnace slag and fly ash with the desulfurized gypsum as the activator. The performance of these mortar test blocks was improved using the “partial ultra-fine grinding process.” However, the ultra-fine grinding is an expensive process consequently, the actual production cost was very high. According to Jiang et al. (2019), high-strength composite cementitious materials can be prepared using optimum mixture ratio of steel slag: fly ash 1:2 with 1.4 water glass modules at an early curing temperature (80°C).
The above studies highlighted the importance of low energy consumption when preparing cementitious materials using smelting slag. Therefore, subsequent research was more focused on the reaction mechanism of making cementitious materials from smelting slag to reduce energy consumption. Yan and Wang. (2009) found that the steel slag-based cementitious materials can significantly shorten the induction period thereby can accelerate the hydration reaction rate under high-temperature curing. The steel-based cementitious materials had low dissolved Si-Al matter in the early stage of hydration reaction compared to the later stage suggesting a rapid reaction rate at the later stage (Cui et al., 2017). Calcium silicate hydrate (C-S-H) gel and AFt were the main hydration products obtained from steel-based cementitious materials.
Therefore, further research is needed to improve the early strength of steel slag-based cementitious materials. The chemical activation and hydration mechanism of cementitious materials have been studied with different dosages of activators such CaO or Na2SO4. However, these activators are unable to influence the hydration product types (Cui et al., 2018). During the hydration, the generation of Ca(OH)2 through the reaction of tricalcium silicate in the steel slag could promote the breaking of Si-O-Al and O-Si-O bonds (Xu et al., 2019). Although the crystallinity of Ca(OH)2 and the strength of the cementitious material were weak, the second exothermic peak of steel slag AFter the alkali activation was strong (Sun, 2019). Water glass was used to activate the steel slag in place of traditional cement clinker (Sun, 2019).
Compared with an ordinary mortar, the strength of the mortar prepared with steel slag powder was increased by 72%, and the chloride ion permeability was decreased by 52% at high temperatures indicating better mechanical properties and durability (Jihad Miah et al., 2021). In recent years, research has used advanced methods to study the reaction mechanism of smelting slag cementitious materials. However, only a few of them have been applied in engineering practice. Therefore, it is important to solve the possible utilization of large quantities of smelting slag to prepare cementitious materials at a low cost. In this study, steel slag, granulated blast furnace slag, and desulfurized gypsum were used to prepare solid waste based cementitious materials. The strength and the hydration mechanism were studied to lay a theoretical foundation for the utilization of solid waste in the iron and steel industry.
MATERIALS AND METHODS
Materials
Chemical Composition and Phase Composition
The steel slag, granulated blast furnace slag, and desulfurized gypsum used in the experiment were obtained from Tangshan, Hebei Province, China. The chemical composition of the three raw materials is shown in Table 1, and XRD scans of the raw materials are shown in Figure 1.
TABLE 1 | Chemical compositions of raw materials.
[image: Table 1][image: Figure 1]FIGURE 1 | XRD scans of raw materials, Peaks of the different mineral phases are numbered 1- Dicalcium silicate (C2S) 2- Tricalcium silicate (C3S) 3-Dicalcium ferrite (C2F) 4-FeO/MgO(RO phase) 5-f-CaO 6- Gehlenite (C2AS) 7-CaSO4.2H2O.
The major mineral phases in steel slag are dicalcium silicate (C2S), tricalcium silicate (C3S), FeO/MgO(RO phase), and free calcium oxide (f-CaO). According to Mason’s theory (Mason, 1994), the basicity coefficient of the steel slag was calculated using Eq. 1. Here, the basicity coefficient value indicates high alkalinity in steel slag with excess f-CaO that can provide an alkaline environment for the cementitious system.
[image: image]
The diffuse peak at 25°–35° in the XRD pattern (Figure 1) of the granulated blast furnace slag confirms the occurrence of glassy substances and a small amount of gehlenite (peak 6, Figure 1). The quality coefficient of granulated blast furnace slag was determined using Eq. 2 (Saafan et al., 2020).
[image: image]
The main component of desulfurized gypsum is dihydrate gypsum (peak 7, Figure 1). The alkalinity coefficient of desulfurized gypsum was determined from Eq. 3 (Hou et al., 2006).
[image: image]
The alkalinity coefficient of desulfurized gypsum indicates that it is easier to simulate the activity and to improve the strength of the cementitious system.
Physical Properties
Steel slag contains high iron content which makes it difficult to grind. These excess iron in the slag must be removed to maximize the activity of raw materials under low energy consumption. Therefore, the circular iron removal method called “magnetic separation grinding” was used to remove the iron minerals in steel slag. AFter grinding, the density of steel slag and granulated blast furnace were 3.27 g/cm3 and 2.86 g/cm3 and the specific surface areas were 440 m2/kg and 480 m2/kg, respectively.
Experiment Procedure
The approximate proportions of three raw materials for the pilot study were determined based on the previous research. According to the pilot study, the proportion of steel slag should be less than 40% and that of desulfurization gypsum should be between 13 and 17%. Beyond these limits the workability of the mortar test block is poor and the strength would grow slowly. The water-binder ratio was determined as 0.35 by following the water consumption experiment of standard consistency. A test scheme with different proportions of SS, BFS, and DG was designed to further study the effect of steel slag content on the strength of the mortar test block (Table 2).
TABLE 2 | Cement mortar test scheme.
[image: Table 2]A homogenised mixture of raw materials was obtained by mixing them according to the above ratios in a mixer, and the mortar test blocks were shaped following the standard method called “Method of testing cements-Determination of strength (ISO Method)” (ISO, 1999). The mortar test blocks were then cured in a standard curing room and the strength and the workability were determined at a specified age.
Based on the strength of the mortar the ideal proportion of the raw materials was selected to prepare the paste test block. The selected best raw materials proportion mixture was ground to powder and dried at the specified age to carry out microscopic tests. The micromorphology of the cementitious system was analyzed by the SEM. The mineralogical phases of the cementitious system were determined using the XRD. The molecular structure of the gelling system was analyzed by FTIR at the spectral scanning range of 400–4,000 cm −1 (Li et al., 2011).
RESULTS AND DISCUSSION
Influence of Steel Slag Content on the Strength of the Mortar Test Block
The strength of the cementitious material AFter hardening is an important indicator of its performance (Han et al., 2020).
Figure 2 shows the variation of the mortar test block strength with steel slag content. The ideal ratio to prepare cementitious material was in Group D with a steel slag content of 20% (Figure 2; Table 2). At steel slag content of 20%, the highest flexural (9.64 MPa) and compressive (57.26 MPa) strengths were observed in the test block aged for 28 days (Figure 2). A slight increase in both flexural and compressive strengths occurred at steel stag content from 5 to 20%. However, a significant decrease in both types of strengths occurred when steel slag content was greater than 20% (Figure 2).
[image: Figure 2]FIGURE 2 | Influence of different steel slag content on test blocks strength (A) flexural strength (B) compressive strength.
The strength can be changed when the Ca-Si-Al-S system in the raw materials stimulates each other and when a hydration reaction occurs. The strength of the cementing system can be promoted as AFt and C-S-H gel are continuously formed during the hydration. The increase in the steel slag content results in a decrease in the granulated blast furnace slag content together with the content of the active ingredients in the system. However, the increase in f-CaO content led to an increase in the basicity of the system. The hydration product AFt is prone to swell, which can ultimately lead to a decrease in the strength of the mortar test block (Ni et al., 2019).
Hydration Reaction Mechanism
During the curing period, hydration reaction occurs in the cementitious system. This process leads to a change in the mineralogy and the micromorphology of the mortar which in turn affects the strength of the mortar (Chen et al., 2019; Ni et al., 2019).
Micromorphological Analysis of Mortar Test Blocks
The SEM images of pastes at different ages are shown in Figure 3.
[image: Figure 3]FIGURE 3 | SEM images of pastes at different ages (A) Day 3 (B) Day 7 (C) Day 28. (A) Low power diagram and high power diagram at 3 days of hydration. (B) Low power diagram and high power diagram at 7 days of hydration. (C) Low power diagram and high power diagram at 28 days of hydration.
The SEM images of the cementitious system paste test cubes AFter 3, 7, and 28 days of hydration are shown in Figures 3A–C, respectively. A large number of needle-like AFt crystals were in the cementitious system AFter 3 days of hydration (Li et al., 2013). These AFt crystals, interspersed in irregularly shaped C-S-H gel, formed a spatial framework that provided an early strength to the cementitious system (Figure 3A). However, this framework was not dense hence, had low intensity at the early stage. By 7 days, the AFt crystals had grown stronger and the growth continued to a stable crystal form. The C-S-H gel was wrapped more tightly and the structure porosity had been reduced. As a result, the strength of the test cubes continued to increase during the hydration (Figure 3B) (Cui and Ni, 2016). By 28 days of hydration, the structure became more compact as the unreacted fine particles in the raw material were interweaved and wrapped by the AFt crystals and the C-S-H gel in the cementitious system (Figure 3C) (Cui and Ren, 2016) This lead to increase the strength of the test cubes further and was consistent with the strength test results.
Mineralogical Analysis of Mortar Test Blocks
The XRD scans of the pastes at different ages are shown in Figure 4.
[image: Figure 4]FIGURE 4 | XRD scan of pastes at different ages. Peaks of the different mineral phases are numbered, 1-AFt 2-Gypsum 3-RO 4-Ca(OH)2 5-C2S.
The main mineral phases of the cementitious system under standard curing conditions were AFt, Ca(OH)2, gypsum, RO phase, and C2S (Figure 4). The RO phase derived from the steel slag showed no evident activation and did not participate in the reaction. At the early hydration period, AFt and Ca(OH)2 were formed (Figure 4). The diffuse peak near the diffraction angle of 30°, indicates the formation of C-S-H gel with lower crystallinity (Figure 4). The gradual decrease in diffraction peaks of gypsum and C2S with prolonged hydration indicates the disappearance of the two minerals. This could be due to their participation in the hydration reaction and subsequent formation of AFt and Ca(OH)2 (Figure 4). ThereAFter, the Ca(OH)2 was reacted with the active salic minerals in the system, causing a pozzolanic reaction and eventually forming C-S-H gel (Chang et al., 2021). XRD results confirmed that the acicular substance in the corresponding SEM was AFt, and the amorphous substance is C-S-H gel.
FTIR and Analysis Mortar Test Blocks
FTIR analysis was carried out on the paste test cube at different ages to identify and understand the molecular structure of the mineral phases. The corresponding FTIR spectra are shown in Figure 5.
[image: Figure 5]FIGURE 5 | FTIR test result of pastes at different ages.
The absorption bands at 3548∼3407 cm−1 and 1620 cm−1 indicate the asymmetric stretching band of H2O and the flexural vibration peak of OH−, respectively, in the hydration product. With aging, the absorption peaks were increased and broadened indicating a continuous increase of OH in the system. As the hydration reaction continued, more hydration products were gradually added. The asymmetric stretching band of CO32- at 1486 cm−1 suggests the occurrence of carbonation reaction in the air. The asymmetric stretching bands of Si-O at 1118, 1004, and 475 cm−1, and the characteristic peak of C-S-H gel near 1004 cm−1 indicates the reaction of the f-CaO in the steel slag with water at the initial stage of hydration. During this hydration reaction, Ca(OH)2 was produced which provided an alkaline environment to the system.
In the alkaline environment, the Si-O-Al bond breaks and oxygen-silicon tetrahedron depolymerizes with the aluminum-oxygen tetrahedron. This follows another reaction with SO42- in the desulfurized gypsum and the Ca2+ in the system to produce AFt. The AFt formation through the hydration reaction was facilitated by a small amount of C2S in steel slag and the pozzolanic effect by the C-S-H gel. The C-S-H gel and the AFt were interconnected and the gaps were filled by the steel slag powder which acted as a microaggregate thereby resulting in an early strength (Zhang, 2016; Xiao et al., 2018). As the reaction continued, with the progress of the hydration reaction, the characteristic peak of the C-S-H gel shifted slightly to a high wavenumber. This shift indicates an increase in the degree of polymerization of the C-S-H gel thereby promoting the strength of the cementitious system.
CONCLUSION
In this study, the effect of steel slag content on the strength of the CaO-SiO2-Al2O3-SO3 quaternary active cementitious system was investigated using metallurgical slag as the primary raw material. The strength was initially increased and decreased thereAFter with the increase of the steel slag content. The steel slag content of 20% was the ideal percentage which showed the highest compressive strength of 57 MPa on the 28th day. The synergistic excitation of steel slag, granulated blast furnace slag, and desulfurized gypsum promoted the staggering growth of hydration products, AFt, and C-S-H gel. These hydration products formed a network structure, making the system more compact and ensuring further development of strength. Steel slag has low hydration activity and poor stability. Therefore, in depth research is required to further excite the activity of steel slag in the cementitious material, to increase the steel slag consumption, and to improve the efficiency of solid waste resource utilization.
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With the vigorous development of infrastructure engineering, there are growing demands for high-performance rapid repair mortar, especially those using environmental-friendly and low-carbon cementitious materials. Hereupon, this work explored an innovative approach for rapid repair mortar preparation using solid waste-based calcium sulfoaluminate cement. The calcium sulfoaluminate cement was first prepared via synergetic–complementary use of industrial solid wastes and then adopted to prepare rapid repair mortar by proportionally mixing with standard sand and four additives (i.e., polycarboxylate superplasticizer, lithium carbonate, boric acid, and latex powder). The mechanistic analysis indicated that the four additives comprehensively optimized the mechanical strengths, fluidity, and setting time of rapid repair mortar by adjusting the hydration process of calcium sulfoaluminate cement. The test results showed that the 2-h compressive and flexural strength, and 1-day bonding strength of the prepared rapid repair mortar were 32.5, 9.2, and 2.01 MPa, respectively, indicating excellent early-age mechanical performance. In addition, the 28-day compressive and flexural strengths of the rapid repair mortar reached 71.8 and 17.7 MPa. Finally, a life cycle assessment and economic analysis indicated that this approach achieved environmental-friendly utilization of industrial solid wastes, and cost-effective and energy-saving natures, which supports current trends towards a circular economy and green sustainable development.
Keywords: rapid repair mortar, sulfate-based cements, industrial wastes, recycling, environmental friendliness
INTRODUCTION
Recently, large-scale infrastructure engineering such as railways, highways, bridges, water conservancy, and buildings are developing vigorously in China, and the number of these engineering infrastructures is more than that in foreign countries combined. Statistically, the annual output of concrete has reached more than 2.5 billion m³ in China (Chinaconcretes., 2020). However, the concrete structures can be damaged due to natural disasters, climate change, or continuous load, which affect the safety and normal of the facilities (Han et al., 2015; Song et al., 2018; Feng et al., 2019). Therefore, the maintenance and repair industries of concrete structures and facilities are likely to develop rapidly, and there will be massive demands for rapid repair mortars (RRMs) with properties of fast hardening, high fluidity, and early compressive strength (i.e., ≥ 20 MPa in 2–4 h) (Moffatt and Thomas, 2017). For decades, ordinary Portland cement (OPC) has been commonly used as a cementing material for RRM preparation (Feng et al., 2019; Phoo-ngernkham et al., 2019). However, traditional OPC production consumes massive resources and energy, and contributes up to ∼9% global anthropogenic CO2 emissions and ∼7% primary energy consumption (Huynh et al., 2018; Li et al., 2020). Hence, there are growing demands for replacing OPC with eco-friendly and low-carbon alternatives for the sake of energy and environment sustainability (Gartner and Sui, 2018; Juenger et al., 2019).
Calcium sulfoaluminate (CSA) cement features high early strength, low permeability, rapid setting, and slight expansion properties, which are primarily attributed to the rapid crystallization of ettringite (3CaO Al2O3 3CaSO4 32H2O), produced by the hydration of the key mineral, ye’elimite (3CaO 3Al2O3 CaSO4) (Telesca et al., 2014; Du et al., 2021). Researchers have found that CSA cement is very suitable as the cementing material for RRM preparation (Zhang J. et al., 2018; Long et al., 2019; Yeung et al., 2019). Moffatt and Thomas (2017) prepared RRM by blending 30% CSA cement with 70% OPC as the cementing material, and achieved a compressive strength of 22 MPa at 3 h. Shi et al. (2021) also prepared RRM using CSA cement, and the flexural and compressive strengths at 1 day reached ∼7 and ∼36 MPa. Furthermore, CSA cement is regarded as a green cement category because of its low calcination temperature (∼1,250°C) and low carbon dioxide emissions (Benhelal et al., 2013; Ren et al., 2017a).
However, the annual production of CSA cement is only several million tons worldwide (Ren et al., 2017a). Traditional raw materials to prepare CSA-based cements include high-grade bauxite, natural gypsum, and limestone, which lead to high production costs and significantly restrict its large-scale application (Ren et al., 2017b), in particular, in concrete rapid repair. Researchers tried to use industrial solid wastes as substitute raw materials for CSA cement preparation. Wang et al. (2013) successfully prepared high-performance CSA cement by synergistically using low-priced industrial solid wastes, such as red mud, desulfurization gypsum, aluminum dust, and carbide slag. A comparative life cycle assessment of CSA clinker production derived from industrial solid wastes and natural raw materials by Ren et al. (2017) showed that the total environmental burden could be reduced by 38.62% with the comprehensive waste utilization compared with the traditional process. In addition, the solid waste-based CSA cement (WCSA) exhibited a good immobilization ability on heavy metals introduced from industrial solid wastes (Yao et al., 2020). Collectively, the synergistic utilization of solid waste not only can prepare high-performance CSA cement, but also has great environmental benefits and reduces the production costs. Furthermore, some researchers verified the feasibility of preparing green building materials, i.e., ready-to-use low-density foamed concrete (Yao et al., 2019), construction 3D printing material (Shahzad et al., 2020), lightweight porous concrete (Yang et al., 2021), and foamed concrete for road embankment (Ge et al., 2020). However, there are few studies that have explored the combination of WCSA and RRM preparation.
This paper proposes an innovative, technical approach for RRM preparation with WCSA as the primary cementing material. The WCSA was first prepared by the synergetic–complementary use of four types of bulk industrial solid wastes, and was then mixed with standard sand and four additives to prepare RRM. The compressive and flexural strengths, bonding strength, and fluidity of the prepared RRM were tested. The effects of the four additives on the hydration and mechanical properties of the prepared RRM were studied. Finally, the environmental impact and economics of this approach were assessed by both a life cycle assessment and economic analysis. This paper may provide a promising pathway to realize the preparation of high-performance solid waste-derived RRM and synergetic treatment of industrial solid wastes, which is in line with current trends towards green industrial chain.
MATERIALS AND METHODS
Materials
To prepare WCSA clinker, four kinds of industrial solid wastes were used with complementary matching of their ingredients. Carbide slag was sampled from the Tai’an Jiepu Technology Science and Technology Ltd. (Tai’an, China); aluminum dust was sampled from Xinfa Group (Liaocheng, China); red mud was sampled from Xinfa Group (Liaocheng, China); flue gas desulfurization (FGD) gypsum was sampled from Liaocheng Coal-fired Power Plants (Liaocheng, China). The chemical compositions and x-ray diffraction (XRD) patterns for the raw materials are provided in Supplementary Table S1 and Supplementary Figure S1, respectively. Standard sand was used as the aggregate for RRM. Four kinds of additives, including polycarboxylic acid water reducer, lithium carbonate, boric acid, and dispersible latex powder, were used to adjust the hydration characteristics of RRM, i.e., fluidity, setting time, and mechanical strengths.
Experimental Procedure
The schematic overview of this study is shown in Figure 1. The above-mentioned industrial solid waste materials were proportionally mixed based on the following three modulus values in Eqs 1–3. The three modulus values were set as [image: image], [image: image], and N = [image: image], and the corresponding proportion of solid wastes is provided in Supplementary Table S2. The mixture of solid waste materials was caked and calcined at 1,250°C (holding 30 min) to prepare the WCSA clinker. Then, the clinker was mixed with 5 wt% anhydrous gypsum, ground together, to prepare WCSA.
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[image: Figure 1]FIGURE 1 | The schematic overview of this study.
The prepared WCSA was mixed with standard sand at a weight ratio of 1:1 and then the mixture was blended with water at a water-to-binder ratio (W/B) of 0.28. Different amounts of the four additives were added into the mortar to adjust its hydration characteristics one by one: (i) polycarboxylate superplasticizer was added to adjust the fluidity at a low W/B ratio (Li et al., 2021; Tian et al., 2019), (ii) lithium carbonate was added to improve the early-age compressive and flexural strengths (Zhang Y. et al., 2018), (iii) boric acid was added to adjust the setting time (Cau Dit Coumes et al., 2017a), and (iv) dispersible latex powder was added to improve the bonding strength (Shi et al., 2021). With the optimized amounts of additives, the WCSA-based RRM was successfully prepared.
Analytical Methods
The compressive and flexural strengths of the prepared RRM were tested according to International Standard ISO 679-2009 “Cement - Test methods - Determination of strength”[24]. The prepared RRM was mixed with water at a water-to-binder ratio of 0.28, and then stirred using a mixer. After stirring, the mortar was cast into 40 mm × 40 mm × 160 mm molds and de-molded after 24 h. The de-molded samples were cured at 95% humidity and 20 ± 2°C. The compressive and flexural strengths of the cured samples were tested using an electronic universal testing machine (YAW-300C; Zhongluchang Co., Ltd., China) after 2-h, 1-day, 3-day, and 28-day curing ages. The compressive and flexural strengths (1 day, 3 days, and 28 days) of the prepared WCSA were also tested according to International Standard ISO 679-2009, and the mass ratio of WCSA:standard sand:water was 1: 3: 0.5.
The bonding strength of the prepared RRM was tested according to Chinese Industry standard JC/T 2381-2016 “Repairing mortar, 2016”[25]. A base mortar with dimensions of 70 mm × 70 mm × 20 mm was prepared using OPC and cured at 95% humidity and 20 ± 2°C for 28 days. A forming frame was placed on the base mortar and then the RRM slurry was poured into the forming frame and cured at 95% humidity and 20 ± 2°C. The bonding strength was determined after 1-day curing age.
The fluidity test for the prepared RRM was conducted on the basis of Chinese national standard GB/T 2419-2005 “Test method for fluidity of cement mortar”[26]. The RRM slurry was added to truncated cone dies, where the round die was slowly filled, allowing the slurry to flow undisturbed and freely before it eventually stopped. Then, measurements of the largest diameter of the slurry diffusion and the vertical height were conducted, and the average value was calculated. The slurry was stirred for 6 min and measured again to complete the test.
The initial and final setting times of the prepared RRM were determined according to International Standard ISO 9597-2008 “Cement-Test methods-Determination of setting time and soundness, NEQ”[27]. The mortar was mixed and blended to a workable consistency. A Vicat apparatus was then used to perform needle penetrations at fresh locations for each measurement. The initial and final setting times were taken as the elapsed time required to achieve a penetration of 4 ± 1 and 0.5 mm, respectively.
The chemical compositions of raw materials and WCSA were characterized by x-ray fluorescence spectrometry (XRF; Spectro XEPOS 05C, SPECTRO, Germany). The mineral phases of the raw materials, WCSA clinkers, and RRM hydration products were characterized by x-ray diffraction (XRD; Rigaku Dmax-2500 PC, Rigaku, Japan) using Cu-Ka radiation with 50 kV voltage, 100 mA current, and a scanning speed of 2.4°/min over a range of 5°–65°. The morphologies and structures of RRM samples were characterized with scanning electron microscopy coupled with an energy-dispersive spectrometer (SEM/EDS; Zeiss Supra 55, Carl Zeiss MERLIN Compact, Germany). The hydrated WCSA samples were characterized using a thermogravimetric analysis combined with the differential scanning calorimetry (TGA/DSC; TGA/DSC 1, Mettler Toledo, Switzerland) under nitrogen atmosphere with a heating rate of 10°C/min from 30°C to 400°C.
Life cycle assessment (LCA) was conducted using the SimPro ReCiPe2016 H 1.01 model according to ISO 14040 (ISO, 2006). The goal of this LCA study was to appraise the environmental impact of SCSA, CSA, and OPC clinker production chains, and the boundary considered in this study was from the cradle to the gate of the materials’ production facility. The processes included mainly raw material transportation, raw material preparation, and production of the three cementitious materials. The function unit for the three techniques was established as 1 ton production of clinker. LCA inventory data were collected for each step in each material’s production process. The inventory included mainly inputs of energy and source inputs, and outputs of waste and pollutants. Diesel was used for raw material transportation, and the vehicle used was assumed to be a diesel truck with 28 tons, and the transportation distance of each raw material was assumed to be 50 km from the mining facility or the solid waste facility to the gates of the production facility. Electricity was used mainly for raw material preparation and equipment, and coal was mainly used for material production. Data for raw material consumption, energy consumption, waste, and pollution emission were obtained mainly from industry statistics and literature (Huntzinger and Eatmon, 2009; Li et al., 2014; Li et al., 2019a; Chen et al., 2015; Jeswiet and Szekeres, 2016; Ren et al., 2017b; Ren et al., 2020). Detailed system boundary, function unit, and life cycle inventory are provided in Supplementary Table S3.
RESULTS AND DISCUSSION
Physicochemical and Mechanical Properties of WCSA
The main mineral components of WCSA were ye’elimite (Ca4Al6O12SO4, C4A3Ŝ), dicalcium silicate (C2S, mainly α′-C2S and β-C2S), and anhydrite (CaSO4, CŜ) (Supplementary Figure S2), which were similar to those of ordinary CSA cement (Ren et al., 2020). During the hydration process of WCSA, C4A3Ŝ can quickly react with H2O and CŜ to form ettringite (Eq. 4) (Telesca et al., 2014), which can contribute to much of the early-age mechanical strength. C2S can also react with H2O to form C-S-H gel (Eq. 5) (Li et al., 2019b; Yao et al., 2019), which can contribute to the later strength development. The mechanical properties of the WCSA mortar are shown in Table 1. The prepared WCSA had compressive strengths of 41.9, 59.9, and 73.4 MPa and flexural strengths of 7.2, 8.0, and 9.1 MPa after a curing age of 1 day, 3 days, and 28 days, respectively. The ratio of 3-day compressive strength to 28-day compressive strength was above 0.8, owing to the rapid hydration of the main mineral C4A3Ŝ and the relatively lower hydration reactivity of C2S(Wang et al., 2016; Li et al., 2019b; Yao et al., 2020). The initial and final setting times of the WCSA were only 20 and 28 min, respectively. These results indicated high early strength, high later strength, and fast hardening properties of the WCSA, which were suitable for RRM preparation.
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TABLE 1 | Mechanical properties of the WCSA mortar.
[image: Table 1]Effect of Polycarboxylate Superplasticizer
Polycarboxylate superplasticizer was added into the prepared RRM to adjust its fluidity at a low W/B ratio. The influence of different amounts of polycarboxylate superplasticizer on the fluidity and 2-h strength development of the WCSA-based RRM was studied. As shown in Figure 2A, the fluidity of the RRM increased with the increase of the amount of polycarboxylate superplasticizer added. The SEM images of RRM (Supplementary Figure S3) indicated that the minerals were more dispersed at 0.2% polycarboxylate superplasticizer than those at 0% polycarboxylate superplasticizer, and more needle-like ettringite was observed. Polycarboxylate superplasticizer preferentially could absorb on aluminate phases that have a positively charge surface and modify the fluidity of the fresh mixture by producing electrostatic repulsion between the anhydrous and hydrated cement particles (Tian et al., 2019; Li et al., 2021), which contributed to the increase of fluidity of RRM with polycarboxylate superplasticizer added. A recent study reported that the use of polycarboxylate superplasticizer did not significantly influence the hydration process of ye’elimite after the main hydration period and could reduce expansion after 4 days of curing (Li et al., 2021). With these effects, this work used polycarboxylate superplasticizer to promote the constructability and durability of the RRM.
[image: Figure 2]FIGURE 2 | Effect of polycarboxylate superplasticizer on the (A) fluidity and (B) 2-h strength development of RRM.
The existing literature has shown that the adsorption of polycarboxylate superplasticizer on ettringite could inhibit the growth of ettringite crystals and delay the setting time of CSA cement in the early-age hydration period (Sun et al., 2011; Ma et al., 2014; Su et al., 2019; Li et al., 2021), which may affect the early-age strengths of RRM. In this work, the 2-h compressive and flexural strengths of RRM fluctuated with the addition of polycarboxylate superplasticizer, and the maximum values occurred when the addition amount was 0.2% (Figure 2B). However, the overall compressive and flexural strengths of RRM at 2-h hydration age were relatively low and were decreased significantly when the amount of polycarboxylate superplasticizer content was higher than 0.2%. The XRD patterns of hydrated WCSA samples with different amounts of polycarboxylate superplasticizer at 2-h hydration age (Figure 3) showed that the main mineral phases of all samples were ettringite, anhydrite, and ye’elimite. When the polycarboxylate superplasticizer was 0.2%, the ettringite peak was the highest and the anhydrite peak was the lowest, indicating the highest degree of hydration among the samples. The TG/DTG curves (Supplementary Figure S4A) indicated that, with the increasing amounts of added polycarboxylate superplasticizer, the amounts of ettringite first increased and then decreased, which was consistent with the change trend of the 2-h compressive and flexural strengths of RRM.
[image: Figure 3]FIGURE 3 | XRD patterns of hydrated WCSA samples with different amounts of polycarboxylate superplasticizer.
The above results indicated that a small content of polycarboxylate superplasticizer could increase the fluidity of WCSA effectively. However, excessive polycarboxylate superplasticizer would inhibit the hydration of WCSA and the formation of ettringite, thereby reducing the early-age strength of RRM.
Effect of Lithium Carbonate and Boric Acid
When the amount of added polycarboxylate superplasticizer was set at 0.2%, to deal with the decline of the early-age strength of RRM caused by polycarboxylate superplasticizer, lithium carbonate was added. The influence of different amounts of lithium carbonate on the initial setting time and 2-h strength development of the WCSA-based RRM is shown in Figure 4. The 2-h compressive and flexural strengths obviously increased with the addition of lithium carbonate and then dropped when the addition amount was over 0.2% (Figure 4A). Correspondingly, the initial setting time of RRM initially decreased and then increased (Figure 4B). The highest 2-h compressive and flexural strengths reached 36.5 and 8.5 MPa, respectively, which were much higher than those without lithium carbonate addition, indicating that lithium carbonate strongly accelerated the early-age hydration of WCSA in RRM.
[image: Figure 4]FIGURE 4 | (A, B) Effect of lithium carbonate on the initial setting time and 2-h strength development of RRM. (C, D): Effect of boric acid on the initial setting time and 2-h strength development of RRM.
During the hydration process of RRM, Li+ introduced by lithium carbonate would induce a fast precipitation of amorphous Li-containing Al(OH)3 and the consumption of aluminate ions from the solution (Cau Dit Coumes et al., 2017b). Consequently, it would induce a fast dissolution of ye’elimite. Meanwhile, Li-containing Al(OH)3 would provide seeds for the heterogeneous nucleation of amorphous Al(OH)3, leading to massive precipitation of hydrates (mainly ettringite) (Cau Dit Coumes et al., 2017b). Therefore, the early-age WCSA hydration was significantly accelerated and the mechanical strengths were quickly increased. However, the acceleration effect of lithium carbonate was not linear with the addition amount. The XRD patterns and TG/DTG curves of hydrated WCSA samples with different amounts of lithium carbonate at 2-h hydration age (Supplementary Figures S4B, S5A) showed that, the ettringite peak intensity was the highest at 0.2% addition amount, rather than increased with the addition amount of lithium carbonate. As shown in Figure 4A, the compressive and flexural strengths decreased when the addition amount exceeded 0.2%. Cau Dit Coumes et al. (2017a) found that, the duration of period of low thermal activity produced by WCSA hydration tended to decrease at higher lithium additions, indicating the lack of sustainability of the acceleration effect induced by excessive lithium carbonate. Parr et al. (2004) also mentioned that the higher the lithium concentration, the faster the hydration of calcium aluminate cement until a limit above which a plateau effect occurred. These might explain the limited increase in compressive and flexural strengths induced by excessive lithium carbonate.
The above results indicated that small addition of lithium carbonate could effectively increase the early-age mechanical strengths of RRM and reduce the setting time. However, as shown in Figure 4B, the initial setting time was decreased to less than 15 min, which was unfavorable to the actual engineering application of RRM. Borate compound is well known for acting as set retarder during the hardening of cement (Hu et al., 2017; Chen et al., 2019). In this work, boric acid was added to extend the initial setting time of RRM (added 0.2% polycarboxylate superplasticizer and 0.2% lithium carbonate). As shown in Figures 4C,D, the initial setting time of RRM was prolonged with the addition of boric acid, but the compressive and flexural strengths decreased quickly as the addition amount increased.
In Figure 4C, small addition of boric acid (≤0.06%) slightly increased the mechanical strengths of RRM. It might be explained that a small amount of boric acid neutralized OH− and promoted the release of Li+, which accelerated the hydration of RRM. However, a higher amount of boric acid significantly reduced the mechanical strengths of RRM. It has been reported that a poorly crystallized borate compound [ulexite, NaCaB5O6(OH)6A 5H2O] was formed during the CSA cement hydration, which covered the surface of CSA clinker particles and prevented the further dissolution of ye’elimite, producing a strong retarding effect (Champenois et al., 2015; Chen et al., 2019). The SEM images of RRM (Figure 5) showed that, some substances were attached to the surface of the hydration products when 0.16% boric acid was added, indicating the formation of poorly crystallized borate compound. Meanwhile, excessive H+ in boric acid neutralized OH− in Al(OH)3 and inhibited the formation of ettringite. These effects led to the obvious decrease in mechanical strengths of RRM.
[image: Figure 5]FIGURE 5 | SEM images of RRM: (A) 0% boric acid; (B) 0.16% boric acid.
When the addition amount of boric acid was 0.16%, the initial setting time was 28 min, which was close to the requirement of ≤30 min in JC/T 2381-2016 “Repairing mortar, 2016”[25]. Meanwhile, the compressive and flexural strengths still reached 36.1 and 8.5 MPa at 0.16% addition amount, respectively. Therefore, 0.16% addition amount of boric acid might be more suitable for the RRM and was chosen in this study.
Effect of Latex Powder
When the addition amount of polycarboxylate superplasticizer, lithium carbonate, and boric acid added were set at 0.2%, 0.2%, and 0.16%, respectively, latex powder was added to increase the bonding strength of RRM. Redispersible latex powder could increase the flexural strength and bonding strength of the mortar, but it would reduce the compressive strength (Wang Peiming, 2018; Liu et al., 2019; Fan Chengwen, 2020; Lin et al., 2020). In this work, the influencing effects of latex powder on the 1-day bonding strength and 2-h mechanical strengths of RRM were studied (Figure 6). In the presence of an increased amount of latex powder, the bonding strength and flexural strength of the RRM generally increased; however, the 2-h compressive strength showed an overall downward trend. When the addition amount of latex powder exceeded 3%, the compressive strengths significantly decreased and the flexural strengths also decreased slightly.
[image: Figure 6]FIGURE 6 | Effects of latex powder on the 1-day bonding strength and 2-h mechanical strengths of RRM.
The latex powder was able to increase the mortar bonding strength and flexural strength because it could form an emulsion with water and became evenly dispersed in the RRM slurry. The polymer particles distributed in the emulsion then gradually deposited onto the cement particle surfaces during the hydration process. The polymer particles were connected by mutual fusion to form membranes, and they eventually formed a continuous network structure into which the RRM hydrates became intertwined (Wang Peiming, 2018). This process increased the contact area between the internal RRM particles and played a bridging role to decrease the tensile stress, and it was able to effectively absorb and transmit energy (Fan Chengwen, 2020; Wang Peiming, 2018). As a result, the bonding strength and flexural strength of the RRM was increased. However, the XRD patterns of hydrated WCSA samples with different amounts of latex powder added (Supplementary Figure S5B) showed that the anhydrite peak intensity generally increased when the addition amount increased from 1% to 4%, indicating the inhibitory effect of latex powder on the hydration of WCSA. In addition, Zhao et al. (2019) found that there were enlargement effects of redispersible polymer powders on porosity, average pore diameter, and mean pore diameter of pores in cement mortars. These effects probably led to the reduction of the compressive strength.
When the addition amount of latex powder was 2%, the 1-day bonding strength and 2-h compressive and flexural strength were 2.01, 32.5, and 9.2 MPa, respectively, which were much higher than the requirements for rigid repair mortar in JC/T 2381-2016. After curing age of 1 day, 3 days, and 28 days, the compressive strengths of RRM reached 57.2, 58.6, and 71.8 MPa, and the flexural strengths reached 12.6, 15.3, and 17.7 MPa, respectively. These results indicated that a high-performance RRM was successfully prepared via using solid waste-based CSA cement as binding material, standard sand as aggregate, and four additives as performance modifiers. Collectively, the optimal addition amounts of polycarboxylate superplasticizer, lithium carbonate, boric acid, and latex powder were set at 0.2 wt%, 0.2 wt%, 0.16 wt%, and 2 wt%.
Life Cycle Assessment and Economic Analysis
Both CSA cement and OPC are usually used as the cementing materials for RRM. In order to evaluate the potential environmental benefits of using WCSA to prepare RRM, the LCA analysis of the production of WCSA, CSA cement, and OPC was conducted. The LCA results of 18 environmental impact categories are shown in Figure 7A. The LCA results indicated that, the WCSA production had a much lower overall environmental impact than traditional CSA cement and OPC production. It had obvious environmental benefits in the following major categories, i.e., marine ecotoxicity, terrestrial ecotoxicity, freshwater ecotoxicity, human carcinogenic and non-carcinogenic toxicity, and global warming. Previous studies also concluded that the process for preparing WCSA was more environment-friendly than that for producing traditional CSA cement (Ren et al., 2017b; Yao et al., 2019).
[image: Figure 7]FIGURE 7 | (A) Normalized LCA results. (B) Production costs evaluation.
(ME1—Marine ecotoxicity; TE—Terrestrial ecotoxicity; TA—Terrestrial acidification; FE1—Freshwater ecotoxicity; HCT—Human carcinogenic toxicity; HNCT—Human non-carcinogenic toxicity; GW—Global warming; FRS—Fossil resource scarcity; OFTE—Ozone formation, Terrestrial ecosystems; FPMF—Fine particulate matter formation; OFHH—Ozone formation, Human health; FE2—Freshwater eutrophication; SOD—Stratospheric ozone depletion; WC—Water consumption; LU—Land use; IR—Ionizing radiation; MRS—Mineral resource scarcity; ME2—Marine eutrophication.)
The production of WCSA could consume large amounts of industrial solid wastes, reduce the use of high-grade raw materials, and increase the added value of industrial solid wastes. Production costs of WCSA, CSA, and OPC clinkers were also evaluated (Figure 7B), and the total production costs for WCSA, CSA, and OPC clinkers were estimated at 39.33$, 74.78$, and 48.42$, respectively (detailed data are provided in Supplementary Table S4). The use of industrial solid wastes significantly contributed to the cost reduction for WCSA production. In addition, a comparison of the mechanical properties among WCSA, CSA, and OPC (Supplementary Table S5) showed that WCSA had much higher compressive strengths than commercial CSA and OPC with lower cost, especially the early-age strengths of WCSA were two to three times that of OPC. The high early-age strength property of WCSA (i.e., 3-day hydration to achieve 80% of 28-day compressive strength) could effectively reduce the curing time of RRM, thereby improving repair efficiency. Therefore, WCSA obtained better performance at a lower cost and had greater advantages in preparing RRM. These results indicated that the production of WCSA would achieve large-scale utilization of industrial solid wastes and high performance, reducing environmental burden and production cost, which might have the potential to promote the industrial chain development of solid waste-derived high-performance RRM.
CONCLUSION
The prepared RRM exhibited excellent early-age compressive, flexural, and bonding strengths, which were mainly attributed to the high early strength and fast hardening properties of WCSA. In addition, the fluidity, early-age hydration, and mechanical strengths of RRM were well adjusted and optimized using four additives, including polycarboxylate superplasticizer, lithium carbonate, boric acid, and latex powder.
The polycarboxylate superplasticizer could effectively improve the fluidity of RRM, but it also had an adverse effect on the early-age strength development. As a solution to the above problem, a very small amount of lithium carbonate could significantly improve the early-age hydration and strength development of RRM by promoting the dissolution of ye’elimite and the precipitation of hydrates (mainly ettringite). In addition, adding a small amount of boric acid prolonged the too short setting time of RRM caused by lithium carbonate, with ensuring its high early-age compressive and flexural strengths. Finally, the addition of a certain amount of latex powder could effectively increase the mortar bonding and flexural strengths, and only caused a limited and acceptable decrease in compressive strength.
Collectively, the WCSA production can significantly reduce the consumption of natural resources and production costs, which is more environmental-friendly than that for traditional CSA cement and OPC. This work provides an innovative and promising method for the production of high-performance RRM using WCSA, standard sand, and four suitable additives, which is in line with the current trend towards a circular economy and green sustainable development.
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During the thermal recovery of heavy oil thermal recovery wells, improving the mechanical properties and integrity of the cement ring is of great significance for the safe and efficient exploitation of heavy oil resources. This paper studies the relative properties of calcium aluminate cement and three kinds of slags under the conditions of 50°C × 1.01 MPa and 315°C × 20.7 MPa. CAC-slag composite material performance was evaluated using the cement paste compressive strength and permeability tests to study the physical properties of CAC with blast furnace slag. X-ray diffraction analysis, scanning electron microscopy (SEM), and thermal analysis (DSC/TG) were carried out to investigate the mineralogical composition of CAC with blast furnace slag. Results show that adding blast furnace slag did not affect the performance of cement slurry. Moreover, C2ASH8 curing occurred at low temperature, the microstructure of CAC paste was compact, and the permeability resistance was improved, thus improving the low-temperature properties of neat CAC. When cured at a high temperature, the CAC paste was mainly hydrated with C3ASH4 and AlO(OH), which had a well-developed crystal structure. Adding blast furnace slag can improve the CAC resistance to high temperature.
Keywords: thermal recovery, blast furnace slag, CAC, high temperature, mechanical properties, phase and microstructure
INTRODUCTION
Steam flooding is a thermal-recovery technique of heavy oil exploitation. During the process of thermal recovery, a cement sheath is used as a supporting casing and isolates the cementing intervals that can withstand steam environments of up to 300–350°C. This is a challenge for cementing materials for heavy oil thermal-recovery wells (Nabih and Chalaturnyk, 2014; Pang et al., 2018; Chai et al., 2022; Ding et al., 2021). However, silicate cement added to sand is often used at high temperatures in hot and humid environments for long periods of heavy oil thermal recovery; the compressive strength declines sharply, causing zonal isolation invalidation and shortening the working life of the oil well (Walker, 1962; Salehpour et al., 2014). Calcium aluminate cement (CAC) is used as refractory material and has characteristics of high strength, rapid hardening, and resistance to high temperatures over a long period of time (Kar et al., 2012; Idrees et al., 2021; Roig-Flores et al., 2021; Abolhasani et al., 2021). Thus, CAC has potential use in heavy oil thermal recovery well cementing. CAC has previously been used as a building or refractory material in simpler environments compared with thermal recovery. The curing temperature of the CAC hydration products and its structure are vital roles. Recent research on CAC have reported (Goberis and Antonovich, 2004; Ukrainczyk and Matusinović, 2010; Kırca et al., 2013; Pacewska et al., 2013) that temperatures used are mostly in the range of 20–70°C and few experiments have been performed on CAC paste curing at 300–350°C. In recent years, research on CAC has mostly focused on hydration characteristics and fracture toughness, using slag as an auxiliary cementing material to improve the mechanical performance of CAC (Amin et al., 2012; Cheng et al., 2019), and often perform collaborative analysis with concrete (Wang et al., 2021a; Wang et al., 2021b; Huang et al., 2021). Therefore, research on the resistance performance of CAC in hot and humid environments at high temperatures has great significance.
[image: Figure 1]FIGURE 1 | XRD pattern of CAC.
Alternately, CAC is sensitive when cured at low temperatures. CAH10 is mainly generated when cured below 20°C, C2AH8, AH3 are generated when cured at 30°C, and C3AH6 and AH3 are mainly generated when cured at more than 45°C. The hydration reaction is as follows (Sakai et al., 2010; Mostafa et al., 2012):
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The hydration products CAH10 and C2AH8 are in the metastable phase, which occurs during the conversion reaction to a product that is more stable. The reaction for cubic C3AH6 compounds at high temperature curing is as follows:
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Based on these reaction results, the strength of CAC at low temperature is unstable, especially when cured at 50–60°C. This unstable strength greatly limits the use of CAC in cementing engineering applications. According to previous reports (Heikal et al., 2005), adding blast furnace slag to CAC can improve the mechanical properties of CAC when cured at low temperature.
This paper aims to explore the influence of the three blast furnace slags on the high temperature resistance of CAC for heavy oil thermal recovery, the physical and microscopic properties of CAC change during the simulated processes of cementing at 50°C × 1.01 MPa and steam drive oil at 315°C × 20.7 MPa.
EXPERIMENTAL
Materials
CAC was produced by the Zhengzhou Xinxing special cement plant, China. The XRD pattern of CAC is shown in Figure 1. Three types of blast furnace slag: FSa, FSb, and FSc are all from Chengdu Hongsheng Technology Co., Ltd., China (Table 1). A filtrate reducer G33S (AMPS/AM/AA terpolymer), a retarder SR (lignin sulfonate and boric acid salt mixture), and tap water (waterworks Chengdu) were also used.
TABLE 1 | Chemical composition and percentage content of slag and CAC.
[image: Table 1]Preparation of Samples
The preparation procedure of the cement slurry is in accordance with the API standard. The neat cement slurry consisted of CAC, 1.5% (relative to the cement weight) filtrate reducer G33S, 0.45% retarder SR, and tap water, mark as Ms. The cement slurry with furnace blast furnace slag consisted of CAC with 30% FSa, FSb, or FSc, 2% filtrate reducer G33S, 0.6% retarder SR, and tap water, marked as Ma, Mb, and Mc respectively. The density of both cement slurries was 1.85 g/cm3. Four CAC formulas were designated with the codes Ms, Ma, Mb, and Mc. The experimental formula is shown in Table 2.
TABLE 2 | Cement slurry formula.
[image: Table 2]The cement slurry was poured into 50.8 × 50.8 × 50.8 mm3 cubic molds and cured in a bath (HH-8; Jintan City Jerry Electric Appliance Co., Ltd., China) at 50°C for 7 days to simulate the thermal recovery process. The cured samples were then moved to a water-cycling, high-temperature, and high-pressure curing reactor (OWC-9390Y; Shenyang Institute of Aviation Industry Application Technology Research Institute, China) and cured at 315°C and 20.7 MPa for 7 days. The cubic molds were maintained in a constant temperature water bath for low-temperature curing and completely immersed in high temperature thickened oil for high-temperature and high-pressure curing.
Testing Methods
The method for the slurry performance test is in accordance with the API standard. Density, fluidity, free fluid, API fluid loss, and thickening time at 100 Bc were evaluated.
The compressive strength of cubic samples was determined using a testing machine (TA300; Beijing Ha Wisdom Technology Co., Ltd., China). Six samples were used to determine the compressive strengths at each specified age. The loading rate is 2000N/s. Permeability was determined on cylindrical samples with a size of Φ 200 mm × 500 mm by using a core permeability measuring instrument (DSK III; Changzhou Yiyong Technology Co., Ltd., China). The rock sample was dried at 60°C for 3 days, and the absolute permeability of the rock sample was measured by the gas method. The results were the arithmetic average of three specimens at the minimum. The hydration products of cement paste were determined by X-ray diffraction (XRD; DX-1000; Dandong Fangyuan Instrument Co., Ltd., China). Samples were prepared by grinding compressive specimens with the test step length at 0.08°, scan rate at 2° per minute, and 2-theta angle range of 5°–70°, The voltage and current of the test equipment are 30 kV and 20 mA respectively. The microstructure morphology of the cement paste was determined using an environmental scanning electron microscope (FEI Quanta450; USA) with a vacuum ion sputtering apparatus (LDM150D type; USA) that coats a layer of Au to all of the samples. The morphology of the cement was then observed through SEM. Resolution: high vacuum mode, 3.0 nm (30 kV); Magnification: 5X-300000X; Accelerating voltage: 0.3–30 kV; Sample stage stroke X = 100 mm and above, Y = 100 mm and above, Z = 100 mm and above; T = 10°–90°; R = 360°.The cement was tested for heat absorption at 25–900°C, with a heating rate of 10°C/min, sensitivity of 0.04 µw, and calorimeter precision of 0.1% in a thermal analyzer (TGA/SDTA85/; Mettler-Toledo, Switzerland). The reaction gas is air with a flow rate of 10 ml/min; the shielding gas is nitrogen with a flow rate of 20 ml/min.
RESULTS AND DISCUSSION
Properties of the CAC Slurry
Table 3 shows the fundamental properties of the CAC slurry. The CAC slurry had a density of 1.85 g/cm3, good liquidity, and less free fluid. API fluid loss was within 50 ml and was reduced when mixed with 30% furnace blast furnace slag. The thickening time of the 100 Bc control was within 2–3 h, which satisfies the Liaohe oilfield blocks Q cementing operation requirements in China.
TABLE 3 | Properties of the CAC slurry.
[image: Table 3]Mechanical Behavior
Early Compressive Strength
This experiment demonstrated the early compressive strength of a CAC paste under low-temperature (50°C) curing in a water bath, as shown in Figure 2. Under this curing condition, the pure aluminate cement compressive strength changed. Moreover, the intensity fluctuation was larger after only 1 day (24 h), and the strength was higher than that of the CAC paste mixed with blast furnace slag. Fentiman et al. (Fentiman et al., 2020) also found that, in the early days, the compressive strength of CAC paste with blast furnace slag is lower than that of pure CAC paste. Compared with pure CAC paste, the compressive strength of CAC paste mixed with blast furnace slag exhibited a larger increase and was relatively stable after 3 days (72 h), and the compressive strength gradually increased with curing time. The compressive strength increased because the hydration reaction produced C2ASH8 (also called stratlingite) instead of C3AH6 (Antonovič et al., 2013).
[image: Figure 2]FIGURE 2 | Influence of admixture on early strength of aluminate cement stone (50°C).
High-Temperature Performance of CAC Paste With Blast Furnace Slag
The permeability and compressive strength of CAC paste cured at 50°C × 1.01 MPa and 315°C × 20.7 MPa are shown in Table 4. The permeability of Ms is larger. However, the relative permeability of Ma, Mb, and Mc was improved substantially compared with Ms. This result indicates that the structure of CAC paste with blast furnace slag was denser and had increased compressive strength. In particular, the resistance of the permeability of Mc was higher than that of Ms by 77.5%, and its compressive strength increased by 74.2% at 50°C curing. This is because the CAC with blast furnace slag hydration reaction produces stratlingite crystal and the pure CAC hydration reaction produces C3AH6. The volume of the C3AH6 crystal phase is smaller. Thus, the apparent porosity increases, thereby weakening permeability resistance and compressive strength (Tseng and Nian, 2004). The anti-permeability property of the CAC paste was reduced by curing at high temperature. However, the anti-permeability of Ma, Mb, and Mc was still higher than that of Ms by at least 22.8%, and the compressive strength of Ma, Mb, and Mc was higher than that of Ms by at least 9.7%. This result indicates that the three types of blast furnace slag can improve the anti-permeability and compressive strength properties of CAC paste at 50 and 315°C.
TABLE 4 | Influence of slag on the high temperature resistance of aluminate cement stone.
[image: Table 4]Hydration Products and Microstructure Testing
XRD Analysis
The hydrated phases formed by Ms, Ma, Mb, and Mc were investigated using XRD. Figure 3A shows the XRD pattern of CAC paste cured at 50°C × 1.01 MPa for 14 days. Figure 3B shows the XRD pattern of CAC paste cured at 50°C × 1.01 MPa for 7 days, followed by curing at 315°C × 20.7 MPa for 7 days. Combining previous research results (Guo et al., 2020), under low curing temperature, the main hydrated phases of Ms were C3AH6, C2AS, Al(OH)3, C3A, and C12A7, and the main hydrated phases of Ma, Mb, and Mc were C2ASH8, C3ASH4, Al(OH)3, and C2AS. Under high curing temperature, the main hydrated phases of Ms were C3ASH4, AlO(OH)and C3A. Meanwhile, the main hydrated phases of Ma, Mb, and Mc were C3ASH4, AlO(OH), hydrated andradite [Ca3(Fe0.87Al0.13)2(SiO4)1.65(OH)5.4], and a small amount of C2S. As shown in Figure 3A, the CAC paste mixed with FSa, FSb, or FSc converted C3AH6 into C2ASH8. This conversion is the reason for the compressive strength of the CAC paste that was stably cured at low temperature. Mostafa et al. showed that the main function of Na2SO4 in CAC with blast furnace slag as an activator is to promote C2ASH8 generation. Comparing Figures 3A,B, the new products of Ms were C3ASH4 and AlO(OH) after curing at high temperature, and the new phases of Ma, Mb, and Mc were C3ASH4, AlO(OH), and andradite (hydrated). C3AH6 or C2ASH8 converted into C3ASH4, and Al(OH)3 converted into AlO(OH) at 315°C × 20.7 MPa. The strength of Ma, Mb, and Mc was reduced after high-temperature curing, but the reduction rate of the compressive strength was within 15%, meeting the cementing requirements (Adolfsson et al., 2011; Li et al., 2014).
[image: Figure 3]FIGURE 3 | XRD patterns of Ms, Ma, Mb, and Mc. (A) curing at low temperature. (B) curing at high temperature.
Scanning Electron Microscopy
The fracture surfaces of CAC paste were studied using SEM. The microstructures of hydrated Ms, Ma, Mb, and Mc cured at 50°C × 1.01 MPa for 14 days, 50°C × 1.01 MPa for 7 days, and 315°C × 20.7 MPa for another 7 days are shown in Figures 4A–H. Figure 4A shows that Ms generated cubic C3AH6, fine particles of C3A, and an amorphous Al(OH)3 gel when cured at low temperature (Ewais et al., 2009). This finding explains the increased quantity of holes and low compression strength of Ms. The micrographs of Ma, Mb, and Mc cured at 50°C (Figures 4B–D) indicate the presence of the thin flaky plate-like morphology of stratlingite (C2ASH8) and small amounts of amorphous Al(OH)3 gel. This observation reveals that the microstructures of CAC mixed with blast furnace slag were more closed and compact. The micrographs of Ms, Ma, Mb, and Mc curing at 315°C are shown in Figures 4E–H. Neat CAC paste and CAC with blast furnace slag mainly generated C3ASH4 and dehydrated Al(OH)3 AlO(OH). With fewer fine particles, C3A filled in the crystal gaps in the high-temperature environment where crystal structures are dense and well developed as well as have high crystallinity and good mechanical properties. Those are the root cause of the high-temperature resistance of CAC paste.
[image: Figure 4]FIGURE 4 | SEM pictures of CAC stone(5,000×). (A) Ms at low temperature. (B) Ma at low temperature. (C) Mb at low temperature. (D) Mc at low temperature. (E) Ms at high temperature. (F) Ma at high temperature. (G) Mb at high temperature. (H) Mc at high temperature.
Thermal Analysis
The types of hydration products in CAC paste composites were investigated using differential scanning calorimetry (DSC) and thermos gravimetric (TG). DSC and TG thermographs of hydrated CAC paste (Ms, Ma, Mb, and Mc) cured at low and high temperatures are shown in Figures 5, 6, respectively. The analysis of Figures 5, 6 revealed that Ms cured at low temperatures; 70–100°C and 278°C, displayed an endothermic peak because of Al(OH)3. Given that Al(OH)3 is a polycrystalline (Mac et al., 2014), a mass loss of approximately 5.4% occurred. At 270–350°C, the endothermic peak was due to C3AH6, and the mass loss was approximately 19.8%. For Ma, Mb, and Mc at 163 and 210°C, the peak was mainly due to C2ASH8(Sitnikov et al., 2009), leading to a mass loss of approximately 16.4, 16.4, and 16.1%, respectively. Heikal et al. found that CAC mixed with 25% air-cooled or water-cooled blast furnace slag can reduce C3AH6 formation by 54.6% when cured at 40°C to ensure the strength of the generated CAC paste. When cured at high temperature and high pressure, the positions of the endothermic peak of Ms, Ma, Mb, and Mc were 300 and 500°C, respectively. This result shows the location of the endothermic peak at higher temperatures. The endothermic peak of Ms was prominent and absorbed more heat, whereas the endothermic peaks of Ma, Mb, and Mc were relatively small. Compared with the TG curve for curing at low and high temperatures, the mass loss rates decreased with an increase in curing temperature. Thus, blast furnace slag added to CAC can lead to more stable hydration products at high temperature and can increase high-temperature resistance performance. XRD results showed that the endothermic peak at 325°C may be attributed to AlO(OH), which causes a loss of crystallized water (Ptáček et al., 2010).
[image: Figure 5]FIGURE 5 | DSC thermograms of CAC pastes.
[image: Figure 6]FIGURE 6 | TG of CAC pastes.
CONCLUSION

1) The reaction of blast furnace slag and CAC can generate C2ASH8, which can effectively improve its low temperature sensitivity;
2) The compressive strength and permeability resistance of Mc increased by 74.2 and 77.5%, respectively, compared with Ms.
3) The main reason for the high temperature resistance of CAC is C3ASH4 and AlO(OH) produced by hydration under high temperature curing; The addition of blast furnace slag can make the high temperature performance of CAC more stable.
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The clarification of the variation on the strength of the cemented paste backfill (CPB) under the coupling of multi-factor is the foundation of the CPB design of the mine. In this article, the physical and mechanical properties of the CPB under the coupling effect of curing time, solid content, and binder content were experimentally and theoretically investigated. The results show that 1) the increase in binder content can effectively increase the later strength of CPB. 2) A sensitivity parameter considering the span of multi-factor was constructed, indicating that the curing time has the greatest impact on the uniaxial compressive strength (UCS), and the variation in solid content has the least impact on it, which can be verified by the stress–strain curves. 3) Curing time and binder content can effectively change the stress evolution, which is reflected in reducing the strain corresponding to the peak stress, enhancing the characteristics of the peak stress and increasing stress drop. The results of this study aim to explain the essence of the influence of each factor on the mechanical behavior of CPB in the view of stress–strain evolution, which will help to better understand the mechanical characteristics of CPB and quantify the sensitivity of the mechanical properties to various factors.
Keywords: cemented paste backfill, multi-factor, uniaxial compressive strength, sensitivity analysis, stress–strain behavior
INTRODUCTION
With the demands of social development and the rapid economic development, mining activities are becoming more and more active all over the world. As a byproduct in the mining process, tailings are accumulated as solid waste from mining when recovering valuable mineral resources. It is estimated that the global annual discharged tailings is between 5 and 7 billion tons (Edraki et al., 2014). However, China’s annual discharged tailings exceed 1 billion tons, with the total emission amounting to 10 billion tons (Rong et al., 2017). These massively discharged tailings will inevitably pose a serious threat to the environmental protection and safe production of mines.
Therefore, the safe and effective disposal of tailings under severe background is a mining engineering problem that needs to be solved urgently. The mine backfill method, a safe, environmentally friendly, and efficient method, has been widely used in underground mines (Yilmaz, 2011; Gorakhki and Bareither, 2017). Generally, the cemented paste backfill (CPB) is an engineered mixture of tailings, water, and hydraulic binders (2–9% by weight). It contains typically between 65 and 85% solids (Ercikdi et al., 2014; Cao et al., 2021). In mine production, goaf management, mine environmental protection, and mine economic benefits, it has multiple advantages such as supporting goafs, increasing ore recovery rate, controlling surface subsidence, reducing tailings accumulation, and reducing tailings recovery costs (Wu et al., 2015; Sun et al., 2018). Therefore, it is widely used in mining and management of mines all over the world (Ding et al., 2018; Jiang et al., 2018; Mu et al., 2019). However, the prerequisite for the successful application of filling mining method in mines is the reasonable setting of CPB strength (Deng et al., 2017; Cao et al., 2018).
The uniaxial compressive strength is considered to be one of the important parameters in the design of underground mine operations, so scholars have carried out research on it. Deng et al. (2021) carried out the uniaxial compressive strength test and porosity determination test, which showed that the total porosity decreased and the CPB strength increased with the curing time. Li et al. (2020) designed the uniaxial compression test that considers the solid content of 65, 67, and 69% and cement–tailing ratio of 1:4, 1:10, and 1:20, and the result showed that the UCS increases with the increase in solid content and cement–tailing ratio. Ghirian and Fall (2016) showed that the curing stress can significantly affect the strength of CPB, for which the UCS of CPB was increased with the curing stress within a certain range. Hou et al. (2020) investigated the influence of curing time on the damage characteristics and energy dissipation of CPB. The results show that the prolongation of curing time can effectively hinder the initiation and expansion of cracks in the specimen to improve the UCS of the CPB. The strain energy and energy storage limit required for the deformation and failure of the CPB increase with the longer curing time. Hou et al. (2018) used fiber Bragg gratings to monitor the temperature and internal strain evolution of the after 7-day cured cemented tailings backfill (CTB) specimens. The results show that the binder content has a significant effect on the temperature and internal strain. CTB with a high binder content takes less time to reach the skeleton formation stage. Ghirian and Fall (2014) studied the evolution of coupled thermal, hydraulic, mechanical, and chemical properties of underground CPB by the insulated-undrained high column test. The results have demonstrated that the UCS values significantly increase with time due to the cement hydration process and suction development. Chen et al. (2021) showed that the increase in curing stress and curing temperature will increase cement hydration products to enhance UCS. Kesimal et al. (2005) showed that the binder mixtures can effectively increase the strength of CPB produced from sulphide rich tailings. Wu et al. (2020) indicated that increasing the curing humidity helps the hydration cycle, thereby generating more products to enhance the strength of CPB. Li et al. (2020) showed that a 2% increase in solid content (65, 67 and 69 wt%) results in a 55–88% increase in yield stress. Xu et al. (2018) constructed the relationship between UCS and electrical resistivity of CPB. UCS and electrical resistivity increased with increasing cement-to-tailing ratio, solid content, and curing time.
To sum up, the scholars used indoor tests to analyze the effects of single or two factors on the strength of the CPB. However, the mine condition in different regions has obvious differences and particularities. Therefore, it is extremely important to consider the coupling of multiple internal factors in the process of designing backfill that meet the needs of different mines according to the mine situation. However, the current research status is relatively lacking. For this reason, combining the shortcomings of the above research fields, the investigation of the strength variation of the CPB were carried out under multi-factor coupling in the time domain, which can provide a reference for the design of the strength of CPB under different conditions.
This article is to consider multi-factors and adopt multiple methods to explore the evolution mechanism of the CPB in the strength. XRD technology was used to analyze the formation mechanism of the CPB strength by consideration of curing time, solid content, and binder content, and the uniaxial compression test was carried out to measure the UCS of CPB. The influence of multi-factor on strength was quantitatively analyzed by introducing sensitivity parameter S. Meanwhile, the stress–strain curves were used to analyze the difference of the stress evolution under the influence of multi-factor, and the essence of the influence of multi-factor on the mechanical properties of the CPB was clarified.
EXPERIMENTAL PROGRAM
Materials
Tailings
This article selects synthetic silica tailings (ST) as the test aggregate to achieve the test purposes: 1) The simplicity of the mineral composition and chemical elements of ST can avoid the differential process of cement hydration so that the test results are reasonably explained. 2) Because of the long duration of the test, it can avoid the difference in chemical stability and mechanical properties of the CPB caused by the different pouring time. The particle size distribution with finer particle sizes of the tailing was selected according to the engineering application (Xincheng Gold in Shandong province, China) as shown in Figure 1. The main chemical compositions of tailings determined by x-ray fluorescence spectroscopy were listed in Table 1.
[image: Figure 1]FIGURE 1 | Particle size distribution of tailings.
TABLE 1 | The main chemical composition of tailings.
[image: Table 1]Hydraulic Binder
Portland cement Type I was used as the binder. The main chemical composition is shown in Table 2.
TABLE 2 | Main chemical composition of PCI-I.
[image: Table 2]Mixing Water
Deionized water was used as the mixing water to prepare the slurry to ensure that the components in the mixing water would not affect the test results.
Testing Procedures
Specimen Preparation
Considering the solid content (68, 72, and 76%), binder content (3, 5, 7, and 9%), and curing time (1, 3, 7, 14, and 28 days) as influencing factors, the specimen preparation was carried out as follows: the required tailings, cement, and deionized water were calculated and weighed. After mixing the tailings and cement evenly, pour into deionized water and stir for 7 min. The slurry was poured into a cylindrical standard mold with a diameter of 50 mm and a height of 100 mm for uniaxial compression tests. Specimens were removed from molds after 24 h and were placed in a standard curing chamber at 20°C. In addition, the specimens were sealed before being placed in the chamber to prevent the influence of moisture in the curing chamber on the hydration reaction, and then the specimens were taken out to carry out the test when it reaches the specified curing time.
Testing and Analysis Method
To obtain the physical and mechanical properties of specimens under different test conditions in the time domain, XRD component analysis test and uniaxial compression test were carried out.
XRD test was carried out by used Bruker D8 Advance x-ray powder diffractometer, which uses a copper target with a wavelength of 0.15418 nm. The composition analysis of the cement paste that had reached the designated curing time was carried out. The samples were crushed first, and the hydration reaction of the cement paste was terminated with ethanol, then dried, and sieved to prepare the samples for XRD component analysis. The continuous scanning time was 2o/min, and the scanning angle range was 5°–50°.
When the specified curing time was reached, the cylindrical specimen was taken out to be tested from the chamber. The uniaxial compression tests were carried out according to ASTM C39. Additionally, three specimens were tested at each condition. A mechanical loading system was used to conduct uniaxial tests to evaluate the mechanical properties of the CPB specimen, and the loading rate was 0.3 mm/min. The displacement and pressure were monitored by the laser displacement sensor and the pressure sensor during loading. The axial strain and stress of the specimen during the uniaxial compression process were calculated, and the stress–strains curves of different conditions were shown.
In order to explore the sensitivity of UCS to curing time, solid content, and binder content, the parameter Ni was introduced to normalize the range of factors. Then, the parameter S was introduced to calculate the sensitivity coefficient when factors change and to quantify the sensitivity of the UCS to each factor.
RESULTS AND DISCUSSION
Characteristics of Hydration Products on CPB
It can be seen from Figure 2 that the hydration products changes with the curing time. In the early curing time, gypsum and cement clinker are disintegrated, dispersed, and suspended in the liquid under the action of higher moisture content and dissolved to produce SO42-, Ca2+, OH−, and Al (OH)-, which provide an ionic foundation for the production of Aft (Ettringite). In the early hydration, the hydration reaction of C3A (3CaOAl2O3) is relatively active. Therefore, it is conducive to the production of AFt. With the continuous dissolution of the components in the cement, the increase in ion concentration, and the continuous progress of the hydration reaction, Ca(OH)2 reaches a larger value when the curing time is 3 days after the unsaturated, saturated, and supersaturated stages. Then, its content declined as the curing time increased (Ma et al., 2019). The hydration reaction of C3S generates C-S-H gel and CH after the first hydration reaction of C3A. Therefore, the C3S content decreases as the hydration reaction deepens, and the C-S-H gel content increases as the curing time increases (Cui and Fall 2016).
[image: Figure 2]FIGURE 2 | XRD patterns of hydration products on CPB.
Variation of UCS Under the Multi-Factor Coupling
Variation of Curing Time on UCS
According to the curve between the curing time and UCS from Figure 3, it can be seen that UCS shows the same increasing trend with curing time, that is, it shows a parabolic shape, and the growth rate of UCS increases with curing time, as shown in Table 3. The growth of UCS increases at the highest rate from 1 to 3 days, and the value can reach up to 39.32%, which corresponds to a 68% solid content and 9% binder content. After that, the growth rate of UCS decreases gradually when the curing time increases.
[image: Figure 3]FIGURE 3 | The value of UCS corresponding to curing times under different solid content. (A) 68% solid content (B) 72% solid content (C) 76% solid content.
TABLE 3 | The growth rate of UCS with curing time.
[image: Table 3]The essence of curing time reflects the degree and process of the hydration reaction. In the early hydration process of CPB, the space filling effect of AFt crystals is the main reason for the early strength of CPB (Xu et al., 2013). However, flocculent C-S-H gel, needle-shaped AFt crystals, and cement particles have not fully participated in the hydration reaction, and discrete tailings particles form a loose structure, which makes the early strength of CPB lower. With the increase in hydration degree, the AFt crystals are formed in large quantities and distributed in clusters, and contact points are formed with the increasing quantities of C-S-H gels (Zhang et al., 2018). The water-filled space is constantly being filled and the gap is reduced by hydration products, and the strength of CPB is continuously increasing; when the curing time at 28 days, the hydration process is gradually complete, a large amount of C-S-H gel is formed in CPB, and meanwhile, AFt crystals and Ca(OH)2 crystals are completely formed. The hydration products are evenly distributed, interconnected, and intertwined (Hu et al., 2018). Hydration products, hydration particles, and tailings are complexly combined in the space to form a dense and stable multilayer network structure, which makes the CPB have long-term strength and sufficient resistance to external loads (Hu et al., 2018). The binder content increases as the solid content and binder content increase, and the cement particles that can participate in the hydration reaction increase. The hydration products generated by the hydration reaction develop into a denser and stable bearing structure, which strengthens the densification of the structure and has a stronger compressive strength.
Variation of Binder Content on UCS
The value of UCS increases with the increase in the binder content and the increase rate is significantly affected by the curing time from Figure 4. In the early period of the hydration reaction, the content of hydration products is low and a stable supporting framework structure has not yet formed. At the same time, sufficient water in the pores increases the lubrication between tailings particle, hydration products, and hydration raw materials. Therefore, when the curing time is 1 day, the increase in UCS caused by the increase in binder content is relatively small. With the increase in the curing time, higher initial binder content increases the amount of the hydration product, and the generated hydration products fill the water-filled space between the pores. The well-connected pore network gradually transforms into a dense supporting framework formed by the interlacing of hydration products, which made the CPB to have higher strength with the increase in binder content. When the curing time is 28 days, it can be observed that UCS exhibits a relatively obvious increasing trend under the influence of binder content. That is, with the hydration reaction gradually becoming integrity, the influence of the binder content on UCS gradually appears, indicating that the increase in the binder content can effectively increase the advanced age of strength.
[image: Figure 4]FIGURE 4 | The value of UCS corresponding to binder content under different solid content. (A) 68% solid content (B) 72% solid content (C) 76% solid content.
Variation of Solid Content on UCS
The UCS shows an increasing trend as the solid content from Figure 5. At the early curing time, the volume of air and free water in the pores of the CPB sample is relatively small as the solid content, which effectively reduces the connection and penetration of the pores, and forms an effective contact framework between tailings particles, hydration products, and unhydrated cement particles (Liu et al., 2020). The CPB with higher solid content has more particles (Liu et al., 2021). The load-bearing framework formed between the tailings particles and the unhydrated cement particles to form an effective lap between the solid particles. With the gradual advancement of the hydration process, the amount of hydration products produced in CPB with higher solids content increases and the degree of development is improved. The self-desiccation of CPB in the hydration process not only reduces the water-filled space in the pores but also provides development space for the generation and development of hydration products. The spatial distribution of hydration products greatly improves the framework structure of CPB, which fills the pore space and creates bonds between the particles (Ercikdi et al., 2014). The complex, dense, and stable load-bearing system is formed that combines a gel network composed of hydration products and a solid particle structure dominated by tailings. In other words, the enhancement of cohesion of structure effectively improves the later mechanical strength.
[image: Figure 5]FIGURE 5 | The value of UCS corresponding to binder content under different cutting time.
Sensitivity Analysis of Multi-Factor on UCS
It can be seen from the above results that the curing time, binder content, and solid content can all affect the value of UCS. In order to describe the effect of the three on the UCS, the three-dimensional coordinate system is constructed with the binder content (X axis), solid content (Y axis), and curing time (Z axis) as the coordinate axis and color to distinguish the value of the UCS under different conditions, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | The value of UCS corresponding to different conditions.
According to the value of UCS under different conditions, 68%, 72%, and 76% solid content are indicated by circles, squares, and triangles, respectively. It can be known from the color distribution of the spheres that the smaller values of UCS are mainly concentrated in the lower left area, and the color change difference is small along the Y axis, which means that the smaller UCS is determined by the shorter curing time and the lower binder content, and the increase in the solid content contributes relatively little to the increase in the UCS. The sphere color shows an obvious difference when the spheres are along the X-axis or Z-axis, and the color difference of the spheres are more obvious along the direction of the Y-axis and the Z-axis. The larger values of UCS are concentrated in the upper right area and reach the maximum UCS in this area.
In order to quantify and evaluate the variation in UCS which shows the sensitivity of UCS to the factors due to changes in curing time, binder content, and solid content, the sensitivity of UCS to the three is evaluated by defining the sensitivity coefficient S. Since the value ranges and spans of the curing time (1–28 days), binder content (3–9%), and solid content (68–72%) are not within the same scale, the normalized parameter Ni was introduced to quantify the sensitivity of the three subsequently,
[image: image]
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where the subscript i is the influencing factors; the values 1, 2, and 3 indicate that the factors are curing time, binder content, and solid content, respectively; and j represents the conditions of each factor. The representative condition of mij is shown in Eq. 2. mi1 is the value of the reference condition; ∆mij represents the difference between the changed value and the reference value,
[image: image]
where S represents the sensitivity of factors, R is the value of UCS after the change, and R0 is UCS of the reference conditions.
When the sensitivity of factors (curing time, solid content, and binder content) was analyzed, the UCS values were selected as solid content 76%,binder content 9%, curing time 1 day; the binder content 9%, curing time 28 days, solid content 68%; and solid content 76%, curing time 28 days, binder content 3% for reference conditions. Among them, the relative variation ∆R/R0 can better represent the change in UCS due to the variable value of different factors, and S is used to represent the influence of ∆m to quantify the difference of UCS caused by the variation of different variable value.
As shown in Table 4, the relative variation ∆R/R0 shows different degrees of growth as the variable value increases under different factors. The sensitivity analysis based on the value of the sensitivity parameter shows that the value of S is small and it increases from 0.009 to 0.012 when the solid content increases to 72 and 76%, which indicates that the increase in the solid content causes a small variation in UCS, that is, UCS is weakly sensitive to solid content.
TABLE 4 | Sensitivity parameter values of factors.
[image: Table 4]The maximum S appears when the curing time is 3 days, which UCS has the most significant variation in the curing time indicating the strongest sensitivity. The value of S is big, but it gradually decreases with the increase in curing time, indicating that the early strength is more sensitive to the curing time. S gradually increases with binder content, indicating that the sensitivity of UCS gradually increases as the cement binder increases.
Stress Evolution
The stress–strain curve can be divided into four stages according to the characteristics of the curve from Figure 7. Pore compaction stage (Stage Ⅰ): the curve is of “superior fovea” shape; CPB is a heterogeneous material, in which there are more uneven “sponge” structures with pores; under the action of a small load, the “spongy” structure with pores is easy to be compressed; and the pores are tightly closed under the action of the load, which makes the CPB produce greater deformation. Elastic deformation stage (Stage Ⅱ): the curve is linear in this stage, and the pores in the CPB are further compacted as the stress continues to increase. Plastic deformation stage (Stage Ⅲ): In this stage, the curve is of “inferior fovea” shape, the slope of the curve gradually slows down, and the stress reaches the peak. Meanwhile, new micro-cracks sprout in the CPB, and the continuous increase in stress leads to the expansion of old cracks and the development of new cracks. Damage and failure stage (Stage Ⅳ): the curve shows obvious “softening” characteristics. The internal structure of the specimen is constantly destroyed, and the existing cracks continue to expand, gradually intersect, and merge, causing the isolated cracks to gradually penetrate, forming a macroscopic failure zone, and leading to stress drop.
[image: Figure 7]FIGURE 7 | The stress–strain curve of uniaxial compression.
The stress–strain curve of the curing time is 1, 3, 7, 14, and 28 days, for which the corresponding solid content is 76% and the binder content is 9%, which are selected to analyze the effect of curing age on the stress–strain curve in Figure 8. The curing time is taken as a variable. From the stress–strain curves, it can be seen that the stress–strain curves have obvious differences under different curing times, which are mainly reflected in the following three aspects: 1) The strain corresponding to UCS decreases with curing time. The strain value decreased from 2.715 to 2.225% when the curing time increases from 1 to 7 days, indicating that the deformation ability of the CPB against external loads is enhanced. When the curing age is 1 and 3 days, the phenomenon of compression swelling can be observed during the test, and it is extremely significant when the curing age is 1 day. The phenomenon can also be derived from the trend of the stress–strain curve. It can be seen that the curve appears smooth when the curing time is 1 and 3 days, and the increase in stress is small with strain. 2) The peak stress characteristics of the stress–strain curve become more obvious. With the increase in the curing time, the stress value corresponding to the later curing period increases and also the growth rate increases accordingly under the same strain condition. In the curve at the early curing period, the strain in a certain range corresponding to the peak stress is basically the same as the peak stress. When the curing time increases to 7 days, this range is significantly reduced, and the peak stress can be clearly observed. It is mainly due to an increase in the degree of binder hydration and the precipitation of a larger amount of hydration products, as well as suction increase within the CTB specimen with curing time (Xu et al., 2019). 3) The post-peak characteristics show obvious differences with the change in curing time. The stress drop caused by the internal damage of the sample increases, which can be intuitively observed from the curve shape; the smooth shape in the early curing period turns into the steep peak shape in the later curing period. Therefore, the steeper change in the post-peak response of CPB with the curing time indicates the development of CPB brittleness (Libos and Cui, 2020).
[image: Figure 8]FIGURE 8 | The stress–strain curve of multi-factor. (A) Curves of different curing time. (B) Curves of different binder content. (C) Curves of different soild content.
It can be seen from Figure 8B that with the increase in the binder content, the stress–strain curve shows obvious differences. The strain corresponding to the peak stress decreases from 4.31 to 2.225% when the binder content increases from 3 to 5% and is similar to the effect of curing time on the stress evolution, that is, the change in the binder content can enhance the peak stress characteristics and also increase the stress drop. The hydration products increase with binder content. The hydration product combines individual particles to form a skeleton structure, and the strength is derived from the cohesion and friction between the particles (Jiang et al., 2017).
From the sensitivity analysis in Sensitivity Analysis of Multi-Factor on UCS, it can be seen that the sensitivity of UCS to solid content is the weakest. This conclusion can be confirmed by the curves in Figure 8C. The curves of different solid content all show the obvious peak stress characteristics, and the difference caused by the variation of solid content is small.
CONCLUSION
In this article, a series of experiments and theoretical analysis were carried out to explore the law of the strength difference of the CPB under multi-factor coupling, quantify the sensitivity of the strength to multi-factor, and clarify the variation of stress evolution. The main conclusions are as follows:
(1) Compared with the early strength, the increase in the binder content has a greater impact on the later strength of CPB. Under the same binder content, as the increased solid content enhances the particle density inside the CPB, the UCS also increases.
(2) The sensitivity parameter was constructed considering the effect of multi-factor. The maximum values of the sensitivity parameters given by the curing time, solid content, and binder content are 0.202, 0.01, and 0.1, respectively, showing that the sensitivity of UCS to multi-factor is curing time > binder content > solid content.
(3) The curing time and binder content can effectively change the stress–strain evolution referred to three aspects: reducing the strain corresponding to the peak stress, enhancing the peak stress characteristics, and increasing the stress drop.
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In this study, we investigated the impact of aluminium ion (Al3+) incorporation on the microstructure and the phase transformation of the magnesium silicate hydrate system. The magnesium silicate hydrate system with aluminium was prepared by mixing magnesium oxide and silica fume with different aluminium ion contents (the Al/Si molar ratios of 0.01, 0.02, 0.05, 0.1, 0.2) at room temperature. The high degree of polymerization of the magnesium silicate hydrate phases resulted in the limited incorporation of aluminium in the structure of magnesium silicate hydrate. The silicon-oxygen tetrahedra sites of magnesium silicate hydrate layers, however, were unable to substitute for silicon sites through inverted silicon-oxygen linkages. The increase in aluminium ion content raised the degree of polymerization of the magnesium silicate hydrate phases from 0.84 to 0.92. A solid solution was formed from residual aluminum-amorphous phases such as hydroxyl-aluminum and magnesium silicate hydrate phases. X-ray diffraction (XRD), field emission scanning electron microscope (F-SEM), and 29Si and 27Al MAS NMR data showed that the addition of Al3+ promotes the hydration process of MgO and has an obvious effect on the appearance of M-S-H gel. The gel with low aluminum content is fluffy, while the gel with high aluminum content has irregular flakes. The amount of Al3+ that enters the M-S-H gel increased with the increase of Al3+ content, but there was a threshold: the highest Al/Si molar ratio of M-S-H gel can be maintained at about 0.006.
Keywords: magnesium silicate hydrate system, hydroxyl-aluminum, phase transformation, microstructure, aluminium ion content
INTRODUCTION
As we all know, the hydration product of CaO-SiO2-H2O system is calcium silicate hydrate (C-S-H) gel, like C-S-H, at normal temperatures and pressures, and the main hydration product of MgO-SiO2-H2O system is magnesium silicate hydrate (M-S-H)gel(Li et al., 2014; Jia et al., 2017a). The molecular structures of magnesium silicate hydrate (M-S-H) and calcium silicate hydrate (C-S-H) phases are significantly different. The former is an amorphous precursor of talc or sepiolite with layered silica structure (Lothenbach et al., 2015; Bernard et al., 2019), while the latter is a silica-deficient solid solution and is a precursor of two crystalline phases, tobernorite and jennite (Maruyama et al., 2014; Li et al., 2020a). Various studies show that the system has many excellent properties, such as excellent adsorptive properties, especially for heavy metal ions like Cu, Ni (Jia et al., 2016). The M-S-H has a similar structure with sepiolite: it has a large specific surface area and there are unique nano-scale pores in molecular structure, and it has the ability to adsorb heavy metals (Ji et al., 2014; Jia et al., 2017b; Jia et al., 2019; Liu et al., 2021). Magnesium silicate hydrate (M-S-H) phases can be considered as a potential cementitious material for nuclear waste immobilization (Walling et al., 2015) owing to its moderate pH value (varying from ∼9.5 to ∼10.5) and the Radionuclide (Cs, Sr) sorption potential (Li et al., 2014; Zhang et al., 2020).
The interface region between cement-based material and clay can be observed in the generation of M-S-H, the main components of clay are SiO2 and Al2O3 (Bonen and Cohen, 1992; Santhanam et al., 2020). This study aims to understand the influence of Al3+ content on the phase transformation and the structural change of M-S-H. However, the impact of Al3+ on the reaction processes during the hydration of M-S-H is poorly investigated. On the contrary, in the presence of Al3+, the molecular structure of C-S-H will change (Song et al., 2021). According to Richardson et al.(Richardson, 1999) the incorporation of aluminium ions (Al3+) could change the molecular structure of the C-S-H phase. For example, tetrahedrally coordinated Al3+ [Al (Bernard et al., 2019), Al for tetra-coordination] can substitute for silicon sites in the structure of tobermorite, occupying the bridging tetrahedra sites of C-S-H chains (Bernard et al., 2020; Li et al., 2020b). Magnesium silicate hydrate is formed by reacting MgO with silica fume (SF) and MgO dissolved in water, with one part disassociating with Mg2+ and the other part hydrated with water to form Mg(OH)2, and at the same time the SiO2 dissociates in water to form H2SiO42−, and finally the Mg(OH)2, SiO2, and H2SiO42− react to form M-S-H (Li et al., 2014; Tang and Chen, 2020). The MgO dissolves slowly in water and forms a poorly soluble weak electrolyte, and the Mg(OH)2 is incomplete, which leads to a decrease in the hydration rate of M-S-H (Bernard et al., 2017). The hydration rate of M-S-H can be increased by adding Al3+ and thereby can increase the early strength of M-S-H (Li et al., 2019). The M-S-H hydration product was prepared by mixing the reactive MgO, silica fume (SF) and Al(NO3)3, and the synthesized solids were characterized after 300 days. Advanced testing methods were used to characterize the M-S-H phases prepared under different Al3+ contents.
MATERIALS AND METHODS
Materials
Light burned technical grade MgO (Martin Marietta Magnesia Specialties, United States) and SF (Elkem, China) were used to synthesize M-S-H phase. Aluminium nitrate (Al(NO3)3, (Chempur, China) was used as the aluminium salt. The chemical composition data of the raw materials as reported by the manufacturers are presented in Table 1. The median particle sizes of the MgO and silica fume were 3.5 and 0.5 μm respectively.
TABLE 1 | Chemical composition of the raw materials.
[image: Table 1]Experiment Method and Analytical Techniques
The aluminium magnesium silicate hydrate (AMSH) specimens were prepared by mixing the aqueous solutions of MgO, SF, and Al(NO3)3 at Mg/Si molar ratio of 1:1 and Al/Si molar ratios of 0.01, 0.02, 0.05, 0.1, and 0.2 were presented in Table 2. Complete hydration was obtained by adopting a water/solids (W/S) ratio of 10, where S was the total mass of MgO and SF.
TABLE 2 | Mix proportion.
[image: Table 2]In order to speed up the reaction process and make sure the samples were homogenized, the prepared samples were placed in a horizontal oscillator to oscillate for 7 days, and then the solutions were stored at room temperature (25 ± 1 C) in 250 ml sealed polyethylene bottles for up to 300 days. After 300 days the granular residue was separated by filtration and the collected solids were soaked in absolute ethyl alcohol for 24 h to inhibit further hydration, and then dried at 40°C for 48 h. The specimens were characterized using multiple techniques, such as X-ray diffraction analysis (XRD D/Max 2400 V diffractometer with Cu Kα radiation at a scan rate of 0.5 2θ min−1), thermo-gravimetric and derivative thermo-gravimetric analysis (TGA/DTG, alumina crucibles were used and sample were heated in a nitrogen atmosphere between 50°C and 1,000°C at 10°C/min), and field emission scanning electron microscopy (F-SEM: NOVA Nano-SEM 450) on gold coated samples that had been sputter coated for 2 min using 15 mA and 30 Pa pressure and 29Si/27Al nuclear magnetic resonance spectroscopy (NMR).
RESULTS AND DISCUSSION
Figure 1 shows the phases transformation in the MgO-SiO2-H2O system with different Al3+ content curing for 1 day and 300 days. Curing for 1 day it is obvious that with the increase of the dosage of Al (NO3)3, the content of residual MgO in the system decreases greatly, while the content of Mg (OH)2 increases gradually, which indicates that the addition of Al3+ promotes the hydration of MgO and the formation of Mg (OH)2 (Figure 1A). At the same time, a dispersion peak appears around 2θ about ∼10.6o and it is gradually obvious with the increase of Al3+ content, it indicates that there was the formation of a new phase and amorphous type of micro-crystalline hydroxy aluminium. By the later stage of hydration (300 days), the crystalline phases were completely transformed to the amorphous phases due to the reaction of MgO and Mg (OH)2 with silica fume (SF) (Figure 1B). The cementitious system is all amorphous phase; and the characteristic peak of M-S-H gel at the broad diffraction at 22–30° becomes weaker with the increase of the dosage of Al3+, which may be the result of the change of molecular structure. The broad diffraction at 20–28°, 33–40° and 58–62° ranges are attributable to the M-S-H phases (Zhang et al., 2014; Jia et al., 2016) (Figure 1B) while the diffraction peak between 8° and 12° represents the Al-amorphous phases (Figures 1A,B).
[image: Figure 1]FIGURE 1 | The XRD patterns of magnesium silicate hydrate (M-S-H) samples with different Al3+ contents after curing for (A) 1 day and (B) 300 days.
Three weight loss stages occurred during the curing of M-S-H for 300 days (Figure 2). The first weight loss occurred in the temperature range from 50 to 200°C and is attributed to the removal of free/bound water. The second and third weight losses in the 200–320°C and 320–700°C ranges are attributed to the removal of constitutional water in aluminum hydroxide (Al-amorphous phases) and M-S-H phase respectively (Jia et al., 2016; Nied et al., 2016) (Figure 2A). As the dosage of Al3+ increases, the weight loss of the phase in the cementitious system increases gradually in the weight loss range of 200°C–400°C, and the weight loss phase in this range may be amorphous or microcrystalline hydroxyl aluminum. According to the weight loss data, the contents of free water and bound water in different samples are basically consistent, indicating that the addition of Al3+ did not affect the generation of M-S-H gel when the curing age is long enough and the initial ratio of Al/Si is less than 0.20. As the mass of free and bonding water depends on the porous channel in the MgO-SiO2-H2O system but not on the aluminium incorporated, the original structure of the M-S-H phase was unaffected by the incorporated aluminium (Figure 2B). The mass percents of various components in AMSH samples after curing for 300 days were shown in Table 3.
[image: Figure 2]FIGURE 2 | (A) Thermo-gravimetric (TG) and (B) Derivative thermo-gravimetric (DTG) data for MSH samples with different Al3+ contents after curing for 300 days.
TABLE 3 | Mass percents of various components in AMSH samples after curing for 300 days.
[image: Table 3]The molecular structure of the solid solution which included aluminum-amorphous phases (hydroxyl-aluminum) and M-S-H phases was characterized using the NMR. The coordination of the spectrum of 29Si NMR is usually expressed by Qn, where n represents the bridge oxygen number between each silicon-oxygen tetrahedral unit and other Si atoms. The chemical migration of 29Si in silicate minerals ranges from -60 to -120 ppm and according to different coordination, it can be divided into the following four intervals: -60 to -70 ppm represents a single free island silicate (Q0); -70 to -83 ppm represents the endpoint of p-silicate or chain silicate (Q1); -83 to -90 ppm represents the silicon-oxygen tetrahedron in the chain silicate (Q2); -90 to -100 ppm represents the silicon-oxygen tetrahedron in the chain silicate (Q3); -100 to -120 ppm represents the silicon-oxygen tetrahedron in the three-dimensional reticular silicate (Q4) (Wei et al., 2006; Wei et al., 2011). The transformation of the microstructure of the M-S-H phase is indicated by the peaks at -85.5 ppm (Q3-a) and -92.9 to -95.1 ppm (Q3-b) (Figure 3A). In Figure 3A, Q3-a indicates the Si unit via inverted Si-O-Si linkages, while Q3-b reflects the Si unit in the Si-O tetrahedral layer (Tonelli et al., 2016). Figure 3B shows that the coordination of a few Al3+ that entered the structure of the M-S-H phase and changed to the tetrahedral coordination [Al (Bernard et al., 2019)]. The chemical shift from -92.9 to -95.1 ppm suggests that Al3+ only occupied the Q3-b tetrahedra sites of the M-S-H layers and did not substitute for the Si4+ via inverted Si-O-Si linkages (Q3-a). Although the initial structure of the M-S-H phases was remained unchanged the average condensation degree was increased from 0.84 to 0.92 after the incorporation of Al3+ (Figure 3C).
[image: Figure 3]FIGURE 3 | 29Si NMR chemical shifts of MSH samples with different Al3+ contents after curing for 300 days (A) silica (B) aluminum (C) changes of the average condensation degree.
Using the deconvolution technique to fit the data of the NMR Test curve, we can figure out the percentage of Si and Al with different coordinations, and the specific data are shown in Table 4. After curing for 300 days, the polymerization average degree of M-S-H and Al/Si molar ratio [image: image] in M-S-H can be computed by formula 1 and formula 2.
[image: image]
[image: image]
Where n is the initial Al/Si molar ratio in M-S-H, I(AlIV) is the percentage of moles of tetrahedral-Al.
TABLE 4 | 29Si NMR chemical shifts (ppm) and relative intensities (%) from de-convolution of the29Si/27Al NMR spectra for the AMSH-2 ∼ 5 samples after curing for 300 days.
[image: Table 4]According to Figure 3C, with the increase of Al3+ incorporation, the polymerization average degree of M-S-H increase from 0.85 to 0.93, but obviously the adding amount of Al3+ is still low. When the initial Al/Si molar ratio exceeds 0.1, both the adding amount of Al3+ and the polymerization average degree of M-S-H remain at a constant value. The adding of Al3+ plays a filling role, as it connects the silicon oxygen tetrahedron chains together and increases the degree of polymerization of the stratified structure. The molecular structure of M-S-H was already highly aggregated, which limits the adding amount of Al3+. It also shows that the number of Si sites in the silicon oxygen tetrahedral chain replaced by Al3+ is not large, and that the main function is to connect.
The F-SEM data show that the M-S-H phase has honeycomb morphology and grown on the surface of the SF particles extending to the gaps (Figure 4A). The Mg/Si molar ratio of pure M-S-H phases was 0.95. After the incorporation of Al3+, the Mg/Si molar ratio remained unchanged in the M-S-H phases grown on the surface of SF particles, however, increased to 1.24 in M-S-H phases grown in the gaps (Figures 4A,B). After curing for 300 days, samples AMSH-1 and AMSH-5 both A and B had only amorphous specimens. The amorphous substance in sample AMSH-1 was still M-S-H gel with villous shape, the villi size was about 10–20 nm and there were a lot of nano-scale pores between the villi. Aluminium incorporation changed the morphology of M-S-H phases from honeycomb to petaline shape (Figure 4B).
[image: Figure 4]FIGURE 4 | Field emission scanning electron microscope (F-SEM) images of samples with different Al/Si molar ratios after curing for 300 days: (A) 0 and (B) 0.2.
CONCLUSION
The hydration process of MgO in the magnesium silicate hydrate system was accelerated by the addition of Al3+, and the rate of conversion from MgO to Mg(OH)2 increases with the increase of Al3+ content. However, it does not influence the formation of hydration products (M-S-H phases) and it slows down the M-S-H generation. According to TGA/DTG we know that Mg(OH)2 crystals with amorphous hydroxy aluminum are mixed together, which led to the position of weight loss peak being offset, and the increase of the weight loss range from 200°C to 300°C proved that there is a new phase formation in the M-S-H.
Irrespective of the amount of Al3+ doped, a limited amount of Al3+ entered the structure of the M-S-H phase, consequently, the initial molecular structure of the M-S-H remained unchanged. Aluminium ions occupied the Q3-b tetrahedra sites of the M-S-H layers and did not substitute for Si4+ via inverted Si-O-Si linkages (Q3-a). The average condensation degree and the Mg:Si molar ratio of the M-S-H phase raised with the increase of Al3+ content. Hydroxyl-aluminum, a residual aluminium amorphous phase, and the M-S-H phases formed a solid solution. The addition of Al3+ morphology of the M-S-H phase from honeycomb-like to petal-like.
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Lack and quality decrease of supplementary cementing materials (SCMs) such as fly ash and granulated blast-furnace slag is increasingly prominent in China. Thus, the use of coal gangue (CG) and coal gasification slag (CGS) as SCMs in concrete attracted more researcher’s attention. This paper investigated the mechanical strength, porosity, and durability of CG-and CGS-added concrete. Experimental results showed that the activity of the treated CG and CGS is better than that of ordinary mineral SCMs, indicating that CG and CGS concrete can satisfy the requirements of ordinary construction under reasonable processing technology. Both CG-added and CGS-added concrete illustrated better chloride penetration resistance. The aluminum element contained in CG and CGS causes the C3S hydration to generate ettringite which is an erosion product under sulfate erosion, and it will intensify the damage of sulfate erosion. After 125th freeze-thaw cycles, the CGS-added concrete has no obvious failure which indicates that CGS-added concrete has great capacity in the frost resistance.
Keywords: coal gangue, durability, coal gasification slag, compressive strength, supplementary cementitous material
INTRODUCTION
Concrete is the most used material in construction and building engineering. Supplementary cementing materials (SCMs) such as fly ash (FA) and granulated blast-furnace slag (GGBS) are also used in the concrete systems to reduce the use dosage of cement (Kaur et al., 2012; Cyr, 2013), and durability of concrete is increased when high-quality SCMs were used in suitable dosage (Borosnyói, 2016; Lollini et al., 2016; Rahla et al., 2019).
In recent years, lack and quality decrease of SCMs such as fly ash and granulated blast-furnace slag are increasingly prominent, which directly affected the performance of concrete (Purebase, 2021). Low-quality SCMs in cement-based materials would lead to the slow strength development, weak durability, and service life of concrete (National Precast Concrete Association, 2010). The permeability will increase due to the slow pozzolanic reactivity and insufficient curing time of SCM-added cementitious materials, which promoted the diffusion of the harmful ions and thus aggravated the durability problems. The study by Gao et al. showed the larger water-soluble SO42- content in concrete under sulfate attack because of the high content of porosity and defects (Gao et al., 2017). Thus, research and development of other new SCMs was needed in the concrete area.
Coal gangue (CG) and coal gasification slag (CGS) contain a large amount of siliceous and aluminous minerals and have certain pozzolanic reactivity. In recent years, the use of CG and CGS as SCMs in concrete attracted more researcher’s attention. Wang et al. studied the effects of CG with different fineness (200, 325, 500, 1250, and 2000 mesh) on the mechanical properties, frost resistance, and chloride penetration resistance of concrete (Wang et al., 2020). Zhou using CG powder partially replaces Portland cement (PC) at 10, 20, 30, and 40% by weight for the blended cement paste mixes, and observes the degree of reaction of calcined coal gangue powder (Zhou, 2009). Pomykala proved the possibility of using slag from gasification of coal as a component of concrete and binding mixtures (Pomykała, 2014). Luo et al. investigated the influence of CGS on the fluidity of cement mortar as the admixture, which shows conducive to the fluidity (Luo et al., 2021).
At present, most of the research is mainly focused on the mechanical properties of coal gangue and coal gasification slag powder; for its application in cement-based materials, there are few studies on its impact on durability. As we all know, when concrete is used in engineering, it needs to meet not only mechanical properties, but also durability. Therefore, in order to make up for the lack of scientific research on the durability of coal gangue and coal gasification slag and promote the application of coal gangue and coal gasification slag in concrete, this paper studies the chloride ion penetration, freeze-thaw cycle, carbonation, and sulfate resistance of concrete mixed with CG/CGS, and comprehensively discusses the influence of CG/CGS on the durability of concrete. It is expected to provide the research foundation and theoretical support for CG/CGS as SCM. However, this study only analyzed the concrete with the replacement rate of SCMs of 30%, and the test work of other additives needs to be carried out further.
MATERIALS AND METHODS
Materials
Following four types of supplementary cementitious materials and ordinary Portland cement were selected in this study: 1) Low-calcium CG: calcined at 800°C; 2) CGS: grinded for 50 min and sieved to a particle size below 200 mesh size; 3) FA: from Yibin City, Sichuan Province; 4) GGBS: obtained from Chongqing municipality; 5) C: Ordinary Portland cement, CEM I 42.5. The morphology was determined using a scanning electron microscope (SEM), as illustrated in Figure 1. CGS particles have several shapes such as platy and prismatic, and most of them were agglomerated with the dense smooth surface with few pores on the exterior surface. The structure of CG turns to irregular and porous at 800°C heating temperature, which may be caused by the dehydroxylation of kaolinite and phase change to metakaolin. The XRD spectra of CG, CGS, GGBS, and FA are shown in Figure 2. There are obvious characteristic peaks of crystalline SiO2 in CG. GGBS and FA contain a small amount of crystalline SiO2. There is no obvious characteristic peak of crystalline phase in CGS, indicating that most of them are amorphous phase. GGBS contains more alumina phase.
[image: Figure 1]FIGURE 1 | SEM image of raw materials.
[image: Figure 2]FIGURE 2 | XRD spectra of CG, CGS, GGBS and FA.
The chemical composition results and the activity of the cementitious materials were determined (Figure 3; Table 1). It can be seen from the table that CG and CGS have similar contents of SiO2 and Al2O3, which are lower than FA and higher than GGBS. CGS has a higher content of CaO than CG, which indicates that the hydraulic activity of cementitious materials is influenced by its chemical composition.
[image: Figure 3]FIGURE 3 | Activity of raw materials.
TABLE 1 | Chemical composition of cement CG, CGS, FA, and GGBS (wt%).
[image: Table 1]Preparation of Samples
Concrete specimens were cast at a water to cement ratio of 0.37. Aggregates smaller than 4.75 mm and up to 0.075 mm are considered fine aggregate. The total amount of cementing material was 450 kg, and the other samples except C were replaced by CG, CGS, and FA at the contents of 30% by the mass of cement, respectively. Coarse aggregate, cementite, fine aggregate, and water were added in a standard mixer after all the ingredients were prepared, and blend for 2 min until smooth. After that, the performance of concrete mixture was inspected according to the Chinese standard GBT50080-2016. Table 2 lists the different SCMs used in the concrete mixes that influence the workability of concrete. The effect of FA, GGBS, and CGS enhanced the slump; on the other hand, CG shows a reduction in workability compared to the C. The reason is that CG particles are porous and loose, which will absorb part of the water and affect fluidity.
TABLE 2 | Proportion of concrete samples (kg/m3).
[image: Table 2]METHODS
Mechanical Properties
The compressive strength testing of the samples has been started at the age of 28 days. Concrete cubes 100 mm × 100 mm × 100 mm in size were cast according to Chinese standard GB/T 50,081. The loading rate is 3 kN/s, and the average value of three samples was used for the determination of compressive strength values. The compressive strength was calculated by following formula.
[image: image]
fcc: compressive strength of concrete cube sample, MPa;
[image: image]: sample failure loads, kN/s;
A: sample bearing pressure area, mm;
λ: dimensional conversion factor, herein is 0.95.
Pore Structure Parameters
In this paper, mercury intrusion porosimetry is used to determine the pore structure parameters of concrete. For the sample preparation, core-drilling is the core sampling method that was adopted for the consideration of protecting the original pore structure of samples. After that, the samples were dried in a 50-degree vacuum oven for 48 h to remove free water before the test. The instrument uses the American PM60GT-18 mercury porosimeter, in which the maximum pressure of the instrument is 325 Mpa, and the range of pore size is 3 nm to 950 μm. The porosity tests were made on the evenly corroded cement paste samples of 2 mm thick, which ensured the reproducibility of the measurements.
Chloride Penetration Resistance
The tests for chloride ion penetration were in accordance with Chinese standard GB/T 50,082.
The method of electric flux was as follows: 1) Cylinder specimens with diameter of (100 ± 1) mm and height of (50 ± 2) mm were cured for 28 days; 2) Silica gel or resin sealing material was applied to brush the cylinder side of the specimen, and the specimen was vacuum-saturated; 3) 0.3 mol/L NaOH solution and 3% NaCl solution were placed in the testing cells on two sides of the sample, respectively, and connected to the power supply; 4) the DC power was switched on 60 ± 0.1V, record the results each 30 min.
Freezing and Thawing Resistance
After curing for 24 days, the prismatic specimens of 100 mm × 100 mm × 400 mm were toked out and immersed in water with a temperature of (20 ± 2)°C for 4 days, and the initial value of fundamental frequency and weight of the specimens was measured. Then, put the specimens into the freeze–thaw testing machine. Each cycle of freezing and thawing was completed within 2–4 h; the transverse fundamental frequency and the quality of the specimen should be measured every 25 freeze-thaw cycles.
Sulfate Attack Resistance
For sulfate attack resistance test, concrete specimens of 100 mm × 100 mm × 100 mm cube were prepared. The test as following procedure: 1) specimens were initially placed in an oven to be dried at (80 ± 5)°C for 48 h and cool down to room temperature; 2) immersed the specimens in 5% sodium sulfate solution. The solution was replaced each month. One cycle included 15 h of soaking time and 5.5 h of drying time which was maintaining at the temperature of 80 ± 5°C, then cooling after drying. Each cycle lasted for about (24 ± 2) h. Also, it is worth noting that according to GB/T 50,082 standard, the test can be stopped when the corrosion resistance coefficient of compressive strength reaches 75%.
Carbonation Resistance
Prism specimens were cast and left in the cast area and demolded 24 h after casting. After demolding, the specimens were cured in standard curing room for 26 days. Subsequently, take out the test piece and bake it at 60° for 48 h. The specimens were moved to a carbonization chamber with carbon dioxide concentration, relative humidity and temperature of (20 ± 3)% (70 ± 5)% and (20 ± 2)%, respectively, for carbonization test. On days 3, 7, 14, and 28, split the samples and spray 1% phenolphthalein ethanol solution (the ethanol solution contains 20% distilled water) to measure the carbonization depth.
RESULTS
Mechanical Properties
The compressive strength and strength ratio of CG-, CGS-, FA-, and GGBS-added concrete is shown in Figure 4. It could be known that the strength of all samples was increased with a curing time increase of 3–56 days. C samples showed the highest strength as 100% cement was used.
[image: Figure 4]FIGURE 4 | Compressive strength and compressive strength ratio of concrete samples.
Both CG and CGS samples suggested that the strength development trend is better than FA and GGBS. The strength is higher than that of C45 concrete after 28 days of curing, which fully meets the construction requirements. CG samples showed peak strength when compared with CGS-, FA-, and GGBS-added samples before 14 days curing time. It indicated that CG has higher activity at the early age compared with CGS, FA, and GGBS. The highest strength about 63 MPa was shown by CG sample when curing age up to 56 days. CGS-added concrete revealed higher strength than FA-added samples. Strength of concrete with CG, CGS, FA, and GGBS-added (CG, CGS, GGBS, FA for short) was inconsistent with the activity results of CG, CGS, FA, and GGBS. It may be related to the powder fineness and the accumulation state in the concrete system (Martin et al., 2006; Berodier and Scrivener, 2014; Zunino and Lopez, 2016; Hemalatha and Santhanam, 2018).
Porosity and Pore Diameter
It has been well accepted that the addition of supplementary materials modifies the microstructure of cement paste. The total porosity of cement-based materials with SCMs can be affected by chemical (pozzolanic reaction) and physical (compactness) influences (Cyr, 2013). The structure of cement mortar is complex, and the size of the internal pores has a large span. Bout et al. roughly divide the pore size into four categories and give the impact of each level of pores on the performance: the gel pore, with pore size of less than 20 nm (harmless pore); the transition pore, with diameter in the range of 10–100 nm (less harmful pores); the capillary pore, with diameter in the range of 100–1000 nm (harmful pores); and the macro pores, with pore size of greater than 1000 nm (Long et al., 2017). Figures 5–7 exhibit the pore structure of concrete at different ages. The concrete addition of SCMs has larger porosity, and the size of pores owing to a smaller quantity of hydrates is formed in the paste at the early age. At this time, the pozzolanic reaction has hardly occurred to produce calcium silicate hydrate, and the concrete mixed with SCMs will generally last for several days (when the amount of SCMs is added, the time may be prolonged; however, when the activity of SCMs is high, the time may be shortened, depending on the situation).
[image: Figure 5]FIGURE 5 | Pore size distribution of concrete samples.
[image: Figure 6]FIGURE 6 | Porosity of concrete samples.
[image: Figure 7]FIGURE 7 | Pore volume of concrete samples.
It can be found that the samples cured for 7 days with CG illustrated more pores, which is because the SCMs have lower activity at the early age and the structure is relatively loose at the early of hydration; Wang et al. published the same results (Wang et al., 2012). All specimens except CGS (it should be noted that the porosity of CGS concrete increases significantly with the hydration process, considering that the test operation may cause errors in the results; however, the reasons for this phenomenon need further study) showed the same trend that the hydration products C-S-H gel filled the pores and reduced the porosity with the hydration proceeding after curing for 14 days. The 5.63% porosity of CG is similar to C (5.25%), and less than FA (7.13%) at the curing age of 28 days.
Chloride Penetration Resistance
Mineral admixtures can effectively improve the internal pore structure and interface area of concrete, and to a large extent hinder the chloride ion erosion of concrete, which is one of the effective measures to improve the chloride ion erosion resistance of concrete. The reasons that mineral admixtures is able to improve the resistance of concrete to chloride ion erosion mainly include the following two aspects: first, the addition of mineral admixtures can effectively optimize the internal microstructure of concrete, thus improving its diffusion resistance to chloride ion infiltration; second, the secondary hydration reaction of cement after the addition of mineral admixtures generates low-alkaline C-S-H gel, which can enhance the chemical binding ability and physical adsorption ability of concrete to chloride ions. The following contents will summarize and analyze the influence of various mineral admixtures on the chloride ion resistance of concrete.
The results of electric flux and penetration depth of concrete are summarized in Figure 8. It can be obviously seen that the electric flux of C is larger than CGS and CG, which indicates that CGS and CG significantly reduced the electric flux of concrete. CGS has the best effect, and CG is similar to FA.
[image: Figure 8]FIGURE 8 | Chloride resistance of concrete.
The penetration depth of chloride ions is consistent with the electrical flux. The penetration depth of chloride ions in the C was the largest at 10.8 mm, and the smallest of CGS at 1.8 mm. The CG was lower than GGBS at 7.8 mm. Such a phenomenon perhaps due to high amounts of alumina contents exhibited a much better resistance to chloride ion penetration (Mucteba et al., 2012).
Freeze-Thaw Resistance
At present, the evaluation indexes of concrete freeze-thaw damage include relative dynamic elastic modulus change, mass loss rate, compressive strength loss rate, and damage layer thickness. The relative dynamic elastic modulus change is used as the evaluation index in this study.
Figure 9 shows that the relative dynamic elasticity modulus of CG is always lower than other concrete, which is less than 35% after 25th freeze-thaw cycle. According to the GB/T50082 standard, it is stipulated that the test needs to be stopped when the freeze-thaw cycle has reached the specified number of times, the relative dynamic elastic modulus has dropped to 60% (≤60%), or the mass loss rate has reached 5%. The relative dynamic elastic modulus of the CG has been low as 30.3%, indicating that it has been destroyed, which proved the CG has little resistance to freeze-thaw damage. The reason why the CG specimens were first frozen and damaged may also be due to the good water absorption of the CG after calcination (Wang et al., 2021; Zhang et al.,. 2021), and the previous slump results also confirmed this view. The external water is more likely to enter the interior of the concrete. After freezing at low temperature, frost heave pressure will be generated, which will promote the development of cracks. Accelerate the frost heave and fall off of the outer layer of the specimen. The freeze-thaw resistance grade of the FA and GGBS is F50. With the freeze-thaw cycle reaching 150 times, no obvious damage was found in the concrete mixed with CGS. It illustrates that the CGS has excellent resistance to freeze-thaw damage.
[image: Figure 9]FIGURE 9 | Relatively dynamic elastic modulus of concrete under different freezing and thawing cycles.
The apparent quality of the freeze-thaw cycle of concrete is shown in Figure 10. When the freeze-thaw cycle reaches 25 cycles, no distinct cracks appeared. As the freeze-thaw cycle reaches 50 cycles, micro-cracks appear on the surface of CG; meanwhile, the internal freeze-thaw water flows out through the cracks, which indicates that its internal structure has been significantly damaged. The other samples showed no obvious damage except for the upper and lower surfaces. When 75 cycles of freezing and thawing were done, a large amount of aggregate fell off and broken during the sampling process of one of the CG specimens; similarly, the FA and GGBS specimens also appeared evident damage.
[image: Figure 10]FIGURE 10 | Freezing and thawing resistance of concrete (A) Concrete samples after 25 freeze-thaw cycles (B) Concrete samples after 50 freeze-thaw cycles (C) Visual appearance of deteriorated prisms after 75 freeze-thaw cycles.
Sulfate Attack Resistance
There are two main reasons for the influence of Na2SO4 solution on the quality of concrete under the combined action of dry and wet cycles: on the one hand, the SO42− that enter the concrete reacted with the hydration products and generated the erosion products which fill and accumulate in the pores of the concrete, temporarily increasing the quality of concrete; on the other hand, the corrosion products are expansive. Under the combined action of dry and wet cycles, the expansion stress will cause the concrete to crack and peel, reducing the quality.
The mass change ratio and the compressive strength ratio of all specimens after 30 cycles of immersion were recorded and illustrated in Figures 11, 12. It can be found that each specimen presented a decline in mass. Compared with ordinary concrete, concrete mixed with SCMs shows weak resistance to sulfate erosion. The reason is that there are many hydration products that can participate in chemical reactions in ordinary concrete, and the amount of corrosion products generated is large, which improves the compactness. However, the degradation of CG mass (-2.7%) is the most obvious among all the specimens. Meanwhile, the compressive strength ratio (41.5%) of CG is also the highest loss (Figure 12). Not only CG, but also CGS showed a similar trend. Therefore, in certain sense, the change ratio of mass also reflects the change ratio of compressive strength. The aluminum element contained in CG and CGS causes the C3S hydration to generate ettringite which is an erosion product under sulfate erosion, and it will intensify the damage of sulfate erosion (Wang et al., 2018). The reason for this phenomenon may be due to the fact that the aluminum phase in CG combines with other elements to form another compound. Therefore, Al2O3 was not founded in CG.
[image: Figure 11]FIGURE 11 | Mass change ratio of concrete.
[image: Figure 12]FIGURE 12 | Compressive strength ratio of concrete under 10 wt.% Na2SO4 solution (wetting-drying) 30 days.
Carbonation Resistance
Figure 13 shows the carbonation depth of the samples using CG and CGS after 28 days of the accelerated carbonation test. A carbonation phenomenon of all the samples was not observed at the first 3 days, and the carbonation depth increases gradually with an increase in exposure time. It is not difficult to see that C showed a lower carbonation depth than other groups at 28 days of curing, about 5 mm, and the carbonization depth of concrete mixed with CG was the largest, about 7.9 mm, followed by CGS, about 7.6 mm.
[image: Figure 13]FIGURE 13 | Carbonation depth and visual appearance of concrete with different time.
Although many researchers have done comparative experiments on concrete carbonization with and without SCMs, generalizations remain difficult. The overall trend found in the literature is that the depth of carbonation increases with the use of pozzolan in concretes (Shi et al., 2009). The author considers that there are two reasons that lead to this carbonization experiment results: the first one, the pozzolanic reaction consumes Ca(OH)2, which implies that a smaller amount of CO2 is required to carbonate the remaining hydrates; when the amount of Ca(OH)2 present is lower, the carbonization depth is larger. This view is consistent with the conclusion drawn by (Bier, 1986). The second one, a large SCM content weakens the accumulation effect of SCM particle, and the increases of the capillary pore content of the specimen will accelerate the carbonization depth. Although concretes containing SCMs are sometimes considered as less resistant to carbonation (especially in accelerated tests) due to their low portlandite content, this property should not be considered alone regarding the risk of corrosion since the SCMs can sometimes reduce the permeability of the concrete (Bouikni et al., 2009). Moreover, it has been shown that many concrete with SCMs have very low probabilities of corrosion after several tenths of years (due to lower permeability), meaning that in the whole life cycle of concrete, the influence of carbonization effect at the early stage is insignificant (Ciaran and Emma, 2012).
DISCUSSION
From the observed relationship between SCM activity and 28 days compressive strength, it can be seen that activity is positively correlated with compressive strength. The higher the activity, the greater the compressive strength. From the results of concrete electric flux, it can be seen that the permeability resistance performance of CG and CGS is better than that of C. In addition, a comparative analysis of porosity and electric flux results shows that CG has lower porosity but poorer permeability, which may be due to better connectivity of pore structure. The better the pore connectivity, the easier it is for external material to enter the concrete and reduce durability. However, CGS has high porosity but poor interconnectivity, resulting in strong impermeability and good durability. Therefore, we consider that there is no strong correlation between concrete durability and porosity. Moreover, the pore distribution results show that CGS concrete has a large porosity and is easier to form gel pores during the hydration process, but considering the reason of insufficient sample quantity in this study, there may be errors in the results, and future investigations are necessary to validate the kinds of conclusions. Besides, since this study only discussed the concrete performance of CG and CGS with 30% content, the durability of concrete with 40 and 50% content of CG and CGS will be studied (Osborne believes that when 60% gasification slag is used instead of Portland cement to produce concrete, the resistance to sulfate attack and chloride invasion is not obvious (Osborne, 1994); therefore, the future work mainly studies the durability of concrete with CG and CGS content less than 60%), and the influence of the content on its durability will be analyzed in the future work.
CONCLUSION
Overall, CG and CGS can affect the durability of concrete. The chief conclusions of this study can be drawn as follows:
1) The strength of the concrete with CG and CGS added after curing for 56 days can reach more than 60 Mpa, indicating that CG and CGS concrete can satisfy the requirements of ordinary construction under reasonable processing technology.
2) Both CG-added and CGS-added concrete illustrated great chloride penetration resistance. If it is used in a chloride salt environment, it shows a strong advantage by adding CGS.
3) CG and CGS concrete have weak sulfate attack resistance compared to ordinary Portland cement. The aluminum element contained in CG and CGS will intensify the damage of sulfate erosion.
4) CGS-added concrete has great capacity in the freeze-thaw resistance. On the contrary, CG has little resistance to freeze-thaw damage.
5) The results for the use of CG and CGS revealed that the two SCMs could not effectively contribute to a better performance in carbonation resistance.
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Formula

Ms
Ma
Mb
Mc

Permeability (mD)

50'C

0.0498
0.0280
0.0200
00112

315°C

0.0446
0.0344
0.0341
0.0338

Compressive
strength (MPa)
50C 315C
11.06 15.10
17.82 16.56
23.10 19.70
26.96 25.49
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Age/kind 1d 3d 7d
Total Cr cr Ca? Total Cr crt ca? Total Cr o™ Ca®t

AAS 2.267 2.035 164 2253 2241 085 2.357 2.301 0.475
AAS + Cr 9635.58 7,125.65 23 7,056.616 6,023.65 14 6,245.069 4,952.26 0.775
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Factor

Curing time

Solid content

Binder content

Variable value (m;)

3d
7d
14d
28d
72%
76%
5%
7%
9%

AR/R,

37.58%
84.92%
161.35%
205.49%
12.24%
31.28%
53.41%
176.10%
320.14%

Sensitivity parameter (S)

0.188
0.142
0.116
0.076
0.009
0.012
0.059
0.098
0.119





OPS/images/fmats-08-754463/fmats-08-754463-t004.jpg
Hydration process - AAS AAS +1% Cré+

Acceleration stage Time 15.80-32.5 38.44-54.35
N 195 1.36
K 171 x10° 321x10°
Deceleration stage Time 32.53-50.4 54.35-89.18
N 201 1.37
K 251 x10° 337 x10°
Attenuation stage Time 59.43-100 89.18-100
N 222 201

K TAT107 112 x 107
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Soild content (%)

Binder content
(%)

68

72

76

X1X2

1d-3d

3d-7d
7d-14d
14d-28d

1d-8d

3d-7d
7d-14d
14d-28d

1d-3d

3d-7d
7d-14d
14d-28d

3 (%)

10.34
0.59
1.38
0.83

11.05
3.13
0.05
1.24

1213
277
0.88
0.42

5(%)

27.76
6.40
123
0.98

2213
3.64
215
0.58

13.80
3.22
0.49
0.60

7(%)

34.64
10.61
1.86
0.96

33.60
297
2.08
1.56

35.03
231
121
1.34

9 (%)

39.32
3.68
298
0.86

32.32
7.10
1.86
1.60

18.79
573
276
0.80

Note: r = {225 ris growth rate of UCS, UCS; s the sirength after the change, UCS,
is the strength of the reference condition, and x,-x» is shown in Table 3.
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No. Water/ Na;0 (%)  Modulus  NazCrzO, content (%)

cement of water glass
1 0.30 50 15 00
2 05
3 1.0
4 15
5 20
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Material Chemical composition

PCI-l (%) Ca0 Si0, Al,O5 Fe;,0;  MgO 803 K0
43648 33930 12.381 3.266 2655 1.674 1516
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Index Si0/% Na0/% Baume degree Modulus Density/g-cm= Moisture content/%

Value 28.52 12.18 46 242 1.46 52.18
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Material Composition

Tailings Si0, Al,O5 KO TiO, Fe;05 Ca0 P;0s.
93214 4984 1.271 0245 0227 0022 0016
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Chemical
component

wit%

Ca0

36.18

sio,

32.61

ALO,

14.44

Mgo

9.39

Fe;0,

1.03

Na,0

0.40

K0

0.42

S0y

027

MnO

072

Loss

047
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3C,AHg — 20CAH, + AH, + 9H
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Group  Content of

iron tailings
powder/%

AD 0

A30 30

AS0 50

ATO 70

A100 100

BO 0

B30 30

B50 50

B70 70

B100 100

A

1.26
1.19
1.22
0.878
0.729
111
1.15
1.02
0.932
1.01

5.54
6.37
7.42
6.22
5.28
5.33
5.51
5.10
5.21
6.30

[

0.911
0.879
0.898
0.711
0.579
0.906
0.871
0.826
0.758
0.852

Correlation coefficient

R

0.948
0.969
0.964
0.934
0.937
0.950
0.967
0.973
0977
0.945

The content ofiron tailing powder is the mass percentage of ron tailing powder in mineral
admixtures, and the coefficients retain three sigrificant figures.
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Group

ATO
A100
BO
B30
B50
B70
B100

The content of iron iaiing powder is the mass percentage of ion taling powder in mineral admidure.

Iron tailing
powder
content/%

0
30
50
70
100

0
30
50
70
100

3d

0.41
0.31
0.28
0.21
0.15
0.35
0.34
0.31
0.29
017

7d

0.81
0.74
0.69
0.58
0.61
0.70
0.76
0.70
0.64
0.63

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

90d

1.28
1.21
1.23
1.04
1.06
1.05
1.20
112
1.09
1.06

180d

1.30
1.24
1.25
1.05
1.08
1.10
1.23
1.13
1.13
113

360d

33

32

27
17
24
20

28

22

7
14

540d

135
1.34
131
122
1.26
124
1.30
123
124
113

720d

1.42
1.36
1.38
1.28
1.27
1.27
1.33
1.25
1.25
117

1080d

1.47
1.39
1.45
1.32
1.30
1.28
1.37
1.26
126
1.19
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Group Iron tailing 3d 7d 28d 90d 180d 360d 540d 720d 1080d

powder
content/%

A0 0 14.4 287 365 455 463 472 481 505 521
A3D 30 1.3 268 363 438 451 478 486 492 505
ASO 50 96 239 348 429 436 441 455 481 503
ATO 70 69 19.1 329 342 347 386 402 424 435
A100 100 42 17.4 26 304 31 355 359 364 373
B0 0 249 50.2 714 75.1 783 856 882 %05 911
B30 30 221 487 64.4 770 793 825 834 8.6 882
B50 50 19.8 449 64.1 75 722 784 9.1 799 807
B70 70 16.7 345 538 584 60.6 628 666 67 675
B100 100 8.1 209 473 50.2 533 538 535 5.2 56.1

The content of iron iaiing powder is the mass percentage of ion taling powder in mineral admidure.
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Group

AO

ATO
A100

Slump Dispersion
Initial After 1 h Initial After 1h
215 155 450 300
220 170 500 390
230 180 515 420
230 190 525 450
225 170 510 410

Group

B30
B50
B70
B100

Slump Dispersion
Initial After 1h Initial After 1h
200 160 445 375
210 170 525 405
225 185 550 440
230 200 550 470
215 180 510 435
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Cement Iron Slag
tailings powder
powder

c30 E0 151 0 226
E30 151 68 158
E50 151 13 113
E70 151 158 68
E100 151 226 0

C50 FO 239 0 239
F30 239 72 167
F50 239 120 120
F70 239 167 72
F100 239 239 0

W/B: Water-binder ratio, mass ratio of water to cementitious material.

Sand

840
840
840
840
840

725
725
725
725
725

Stone

1,018
1,018
1,018
1,018
1,018

1,071
1,071
1,071
1,071
1,071

Water

151
147
143
140
136

139
134
129
124
119

wB

0.40
0.39
0.38
0.37
0.36

0.29
0.28
027
0.26
0.25

PC
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Cement

C30 A0 13
A30 13
AS0 13
A70 13
A100 113
C50 BO 191
B30 191
B50 191
B70 191
B100 191

W/B: Water-binder ratio, mass ratio of water to cementitious material.

powder

9

132
185
264

0
86
144
201
287

slag
powder

264
185
132
79

287
201
144

Sand

840
840
840
840
840

725
725
725
725
725

Stone

1,018
1,018
1,018
1,018
1,018

1,071
1,071
1,071
1,071
1,071

Water

151
147
143
140
136

139
134
129
124
19

wB

0.40
039
0.38
037
0.36

029
0.28
027
0.26
025
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oo 0

Regression models

6us = 13.5672-27.984y:-35.916xz+13.6323:+23.9700x2x2+36.9638 2
6or = 0.55438-36.8325-1.6721 2+29.2287 yuy+ 1 64595 x2xz+49.5529 1z
Gan = 4.19585-84.865y1-10.510y7+62.3888 1+7.83846xaxz+112.936 2
Geo = 36.3514-117.77x1-98.950x2+124.100xx1+70.757 7xzxe+141.086x1x:
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Fineness modulus  Apparent density/kg-m-3  Bulk density/kgm-3  Porosity/ Mud content/%  Crushing index/% Needle
% and flake content/%

Coarse - 2,743 1,669 428 1.0 5.2 55
Fine g 2,595 1,534 39.0 16 = “
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Regression analysis

Muttiple R

R

Adjusted R
Standard error
Observed value

Gos

0.996592

0.993196

0.986393

0.027637
4

Gor

0.995982

0.991981

0.983962

0.073348
1

[

0.986532

0.973245

0.946489

0.276656
1

G0

0.989930

0.979961

0.959922

0.355912
1
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Compressive Flexural Setting time/min Specific surface Fineness/mm Water requirement Stability
strength/MPa strength/MPa area/m?kg ' of normal

3d 28d 3d 28d Initial Final conaiztency/%

28.3 532 55 10.3 156 215 347 05 272 Qualified
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No. Water/cement Cement/tailings Water/(cement +
tailings)
1 1.714 0.333 0.428
2 1.555 0.333 0.389
3 1.408 0.333 0.351
4 2.142 0.250 0.428
5 1.944 0.250 0.389
6 1.766 0.250 0.351
7 3.000 0.167 0.428
8 2722 0.167 0.389
] 2.459 0.167 0.351
10 3.867 0.125 0.428
" 3.500 0.125 0.389

12 3.162 0.125 0.351

Bulk density
(/m°)

1.876
1.924
1.975
1.874
1.922
1.972
1.871
1919
1.969
1.870
1917
1.968

Material consumption (kg/m°)

Water

563
539
513
562
538
513
561
537
512
561
537
512

Tailings

985
1,039
1,096
1,049
1,107
1,168
1,123
1,184
1,249
1,163
1,227
1,294

Cement

328
346
365
262
217
292
187
197
208
145
153
162
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Chemical composition Si0: Ca0 Fe:0s ALOs MgOo Cuo ZnO

Mass fraction 67.69 4.02 10.88 4.57 1.18 0.23 0.1
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Density Loose bulk Compacted bulk Maximum porosity Minimum porosity Angle of
density (Vm°) density (/m°) (%) (%) repose ()

3.132 1.298 1.785 58.55 43.01 39.7
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Density Loose bulk Compacted bulk Maximum porosity Minimum porosity Angle of
density (Vm°) density (/m°) (%) (%) repose ()

2.963 1.298 1.695 56.19 42.79 389
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Group 28d 90d 180d 360d 540d 720d 1080d

EO Real 453 567 592 601 610 618 62.5
Calculated . 583 604 615 619 621 62.3
E30 Real 433 536 65665 6573 682 585 58.7
Calculated H 539 6562 574 578 580 58.2
E50 Real 409 498 535 543 548 551 555
Calculated & 506 530 542 547 549 55.1
E70 Real 360 416 429 435 438 440 44.4
Calculated » 402 422 433 437 439 44.1
E100 Real 305 342 369 375 378 382 382
Calculated = 346 364 374 377 379 38.0
FO Real 654 795 871 884 896 911 91.5
Calculated 2 748 774 787 792 794 9.7
F30 Real 69.7 831 885 901 905 908 91.3
Calculated ® 855 886 903 909 912 914
F50 Real 634 732 755 767 775 781 785
Calculated £ 728 754 768 773 776 778
F70 Real 583 658 678 694 703 708 75
Calculated - 66.1 688 702 707 709 7.2
F100 Real 524 568 6589 601 608 61.1 61.3

Calculated - 571 595 608 612 614 617





OPS/images/fmats-08-720915/fmats-08-720915-g012.gif





OPS/images/fmats-08-810535/inline_1.gif





OPS/images/fmats-08-720915/fmats-08-720915-g011.gif





OPS/images/fmats-08-810535/fmats-08-810535-t004.jpg
Sample
ID

AMSH-2
AMSH-3
AMSH-4
AMSH-5

Q' @ AV AV
Center Area Center Area Center Area Center Area Center Area
(ppm) (%) (Ppm) (%) (ppm) (%) (ppm) %) (ppm) (%)

-79.6 (p) 10.8 -85.3 (p) 24.7 -92.9 (p/Q*-a) 64.6 93 (p) 89.3 64.4 (p) 10.7

-79.2 (p) 58 -85.3 (p) 27.9 -93.1 (p/Q%-a) 66.3 97 (p) 91.4 67.0 (o) 86

-80.2 (p) 46 -85.5 (p) 174 -94.0 (p/Q*-a) 783 99 (p) 94.1 66.0 (p) 59

-783 () 23 -85.5 (p) 18.1 -95.1 (p/Q*-2) 79.6 99 (p) 97.0 65.0 (p) 30

Key: p—peak, sh—shoulder. Q' —Q'(30H), Q°—Q2(20H), Q%-a—Q°(OH) as continuous layer silicates, Q°-b—Q3(OH) as inverted silicates, Q°-SF—Q°(OH) in SF.
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300 days

(wt.%)

AMSH-1
AMSH-2
AMSH-3
AMSH-4
AMSH-5

Free and bound water

Mg (OH) (Mg-OH)

AM1

12.85
13.08
13.90
12.37
11.81

AM2

gel (Al-OH/Si-OH/Mg-OH)
AM3

7.49
7.22
8.32
1022
13.95
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Sample D Mg:Si(molar ratio) ~ SiO,(g)  Al:Si(molar ratio)  wrc

AMSH-1 11 6.0 0.01:1 10
AMSH-2 11 8.0 0.02:1 10
AMSH-3 11 8.0 0.05:1 10
AMSH-4 11 6.0 0.10:1 10

AMSH-5 11 8.0 0.20:1 10
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% sio, Mgo ALO, ca0 Fe,0, K0 Na,0 P,0s S0, Others

SF 94.9 1.1 03 0.8 0.2 16 03 0.4 0.4 0.08
MgO = 98.5 = 0.02 <0.01 <0.01 0.05 <0.01 0.02 1.85
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C/T ratio

Observation value

2.36
3.36
4.42
4.86
1.67
217
293
344

Regression value

2.4091
3.3925
4.197
5.0015
1.6083
2.3008
2.8672
3.4337

Residual error

-0.0491
-0.0325
0.223
-0.1415
0.0617
-0.1308
0.0628
0.0063

Standardized residual error

-0.2564
-0.1697
1.1656
-0.7395
0.553
-1.1723
0.5628
0.0566
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C/T ratio

Equation type

Linear
Logarithrric
s

Inverse
Power
Linear
Logarithrric
s

Inverse
Power

Expression

P=25448+0.0927T
P= 11339+ 11607 In T
o olhass- 29
P=49413-8169%
P = 1.7068703%27
P=16615+0.0685T

P=07105+08172InT

pe e(\.2368 =a)

P=33535-54924}
P =1.1583703%%

0.909
0.99

0.986
0.968
0.981
0.957
0.993
0.957
0.927
0.994

R?

0.826
0.981
0.973
0.936
0.962
0917
0.987
0915
0.859
0.989

ADJ R?

0.739
0.971
0.960
0.904
0.943
0.874
0.980
0.873
0.788
0.984

F

9.5153
100.8506
72.1308
29.3922
51.0318
21.9546
147.1173
21.6065
12.1806
187.3661

0.091
0.0098
0.0136
0.0324

0.019
0.0427
0.0067

0.0433

0.0732
0.0053
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Number Mass concentration (%) C/T ratio Tailings Curing age (d) UCS/MPa

1 70 1:4 ur 3 236
2 70 1:4 ut 7 3.36
3 70 1:4 ut 14 4.42
4 70 1:4 ut 28 4.86
5 70 16 ur 3 1.67
6 70 16 ut 4 247
7 70 16 ut 14 293
8 70 16 ut 28 3.44
9 70 14 cT 3 1.32
10 70 1:4 CcT 7 223
1 70 14 [o13 14 2.74
12 70 1:4 CcT 28 3.20
13 70 16 cT 3 0.86
14 70 16 cT 7 1.35
15 70 16 [o13 14 1.69

16 70 16 CcT 28 2.02





OPS/images/fmats-08-767031/math_2.gif





OPS/images/fmats-08-723878/fmats-08-723878-t001.jpg
Characteristics

Chemical composition

Physical properties

S0,

MgO

CaO

ALO;

Fe:03

S0s

Total Fe

Total

Akalinity coefficient

Quality coeficient

Activity coefficient

Effective grain size (do/um)
Median grain size (dso/um)
Control grain size (dgo/um)
Cosfficient of uniformity (Cu)
Coefficient of curvature (Cc)

The ultra-fine tailings

67.58%
5.60%
4.04%
7.30%

6.00%
90.52%
013
0.25
0.068
3.52
14.97
20.7
5.88
1.10

The classified tailings

74.24%
3.34%
2.96%
7.65%

4.29%
92.48%
0.08
0.19
0.04
52.62
190.78
269.5
512
0.86

Binder

20.8%
3.23%
56.2%
10.0%
4.4%

2.49%

97.12

1.55
144

173
11.16
113
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Sample

FA
GGBS
CG
CGS

W/e

0.37
0.37
0.37
0.37
0.37

Cement/kg

450
315
315
3156
315

FA/kg

135

GGBS/kg

CG/kg

CGS/kg

Sand/kg

795
795
795
795
795

Gravel/kg

1,000
1,000
1,000
1,000
1,000

Slump/kg

12.0
22.0
24.0
1.5
21.0

Air content/%

1.25
1.60
1.25
1.20
0.95
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Training sample/MPa

Predicted value/MPa

Relative error/%

3 days

0.184
0.161
0.188
0.175
0.147
0.173
0.193
0.343
0.368
0.324
0.276
0.365
0.348
0317
0.454
0.406

7 days

0.272
0.27

0.361
0.245
0.369
0.396
0.345
0.621
0.764
0.583
0571
0.971
0.601
0.643
0.809
0.582

28 days

0.254
0.31
0.35

0.261

0.448

0.604

0.411

0.796

0.626

0.704

0.433
1723

0.616

0.697

0.839

0.574

3 days

0.184071657
0.160392243
0.188221329
0.174891347
0.149428932
0.173030869
0.193019851
0.343120889
0.365257374
0.324107366
0.276281022
0.36465307

0.363147038
0.362841108
0.337911612
0.34257626

7 days

0.271676
0.271525
0.360484
0251718
0.368958
0.396149
0.345267
0.621032
0.764429
0.583084
0571502
0.968911
0.385663
0.674051
0.592709
0.930597

28 days

0.266955
0.304933
0.350406
0.261637
0.448361
0.604181
0.411082
0.796219
0.626038
0.704275
0.433244
1715123
0.286349
0.39525
0.564493
1.585512

3days

0.038944
0.377489
0.117728
0.062087
1.662335
0.017843
0.010285
0.035245
0.745279
0.033138
0.10182
0.095049
4.352507
14.46092
25.57013
15.62161

7 days

0.1192
0.564856
0.143045
2.742047
0.011319
0.037714

0.07745
0.005078
0.056097
0.014345
0.087912
0.215088
35.82076
4.829079
26.73558
50.89647

28 days

5.10047
1.634526
0.115964
0.243983
0.080494
0.030044
0.019952
0.027552
0.006131
0.039103
0.056465
0.457157
53.51477
43.29265
32.71838
176.2215
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Cement
cG
CGS
FA
GGBS

Si0,

21.39
412
45.44
0.39
34.64

Al205

5.156
23.98
26.37
27.49
13.96

Ca0O

61.04
6.36
12.30
447
33.10

Fe20;

3.86
14.76
9.29
8.47
251

K20

0.62
1.48
1.28
2.03
0.79

Mgo

2.82
1.48
111
0.95
5.68

Tio2

0.85
4.26
1.04
2.92
6.14

Na20

0.64
1.09
091
0.1.41
1.42

MnO

0.19
0.37

S03

3.10
1.71
017
1.16

f-Ca0

28
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Number of hidden Average relative error/%

layer neurons 3-days UCS 7-days UCS 28-days UCS
2 7.207781 16.93408 37.81255
3 5.026197 14.04447 29.14075
4 4506087 1157161 20.00382
5 6.75147 12.54053 2681211
6 4.668387 18.38517 27.68315
7 3.87042 11.80098 24.66333
8 7.376976 9197673 23.80781
9 8618736 9572023 15.31264
10 5.504761 7.986225 2374556
1 3956781 8210314 19.59745

12 2.952257 8.844902 23.51462
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Group number Factor UCS/MPa Bleeding rate/%

A B c D 3 days 7 days 28 days
St 1 1 1 1 0.184 0272 0.254 1.98
s2 1 2 2 2 0.161 027 0.31 2.39
S3o 1 3 3 3 0.188 0.361 0.35 2.42
S4 1 4 4 4 0.175 0.245 0.261 4.76
S5 2 1 2 3 0.147 0.369 0.448 2.78
S6 2 2 1 4 0.173 0.396 0.604 3.16
s7 ] 3 4 1 0.193 0.345 0.411 1.22
S8 2 4 3 2 0.343 0.621 0.796 1.15
S9 3 3 3 4 0.368 0.764 0.626 128
$10 3 2 1 3 0.324 0583 0.704 201
s11 3 3 4 - 0276 0.571 0.433 1.49
s12 3 4 2 1 0365 0971 1.728 05
S13 4 1 4 4 0.348 0.601 0.616 4.89
S14 4 2 3 1 0317 0.643 0.697 0.55
S15 4 3 2 4 0.454 0.809 0.839 1.08
$16 4 4 1 3 0.406 0.582 0574 0.53
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Level

L1

L3
L4

A (Concentration/%)

74
76
78
80

B (Ash-to-gangue ratio)

03
04
05
06

Factor
C (Gasification slag:Bottom
slag)
02
025
03

0.35

tion slag:Desulfurization
gypsum)

0.1
0.15
02
0.25
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Group

EO
E30
ES0
E70
E100
FO
F30
F50
F70
F100

Content of iron
tailings powder/%

0
30
50
70
100

0
30
50
70
100

90d

282
0.56
161
337
147
591
289
055
0.46
0.53

180d

203
0.53
0.93
1.63
1.36
1.1
0.1
0.13
147
1.02

360d

233
017
0.18
0.46
027
109
0.22
0.13
115
1.16

540d

1.48
0.69
0.18
0.23
0.26
1ns
0.44
0.26
057
0.66

720d

0.49
0.85
0.36
0.23
0.79
12.8
0.44
0.64
0.14
0.49

1080d

0.32
0.85
072
0.68
0.52
129
011
0.89
042
065
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Target No Labelled
FA

Reference
GCSW: influence of binder proportions

0 cocsw [
1 1015% (0% 900
2 4115%(0%) 720
3 2115%(0% 600
4 1:115%(0%) 450
GCSW: Influence of activators and different siicon sources 5 1:110% (0%) 450
6 1:1 15% (0%)
7 1:120% (0%)
8 1:125% (0%)
9 1:125% (2.5%)
0 1:125% (5%)
1 1:115% (10%)

0
0
180
300
450
450

Binders (g)
BFS OPC

900

CSW (g)

900 (water to soiid ratio = 1:1)

Activator (%)

sc

9%

6%

9%

12%
15%
15%
15%
15%

SM  SF
6% 0%
4%

6%
8%

0% 0%
75%  25%
5% 5%
0% 10%

CSW-concrete slurry waste; FA-fly ash; BFS-slag; OPC-cement; SC-sodium carbonate; SM-sodium metasilcate pentahydrate; SF-silica fume; CCSW-“Cement + CSW" for reference;

GCSW-“Geopolymer + CSW".

“Labelled explanations of GCSW: for example, “1:1 15% (0%)" means: FA: BFS = 1:1, content of total activators = 15%, SF incorporation rate = 0%

1.5:1, CSW: binder = 1:1.





OPS/images/fmats-08-719563/fmats-08-719563-g005.gif





OPS/images/fmats-08-751585/fmats-08-751585-t001.jpg
Main chemical
oxides

SO,
Al,O3
CaO
MgO
Fe:03
Na:O
K0
MnO
SO;
Lol

BFS (%)

32.80
14.30

39.50
9.20
0.88
0.20
0.63
0.07
1.32

1.1

FA (%)

57.53

31.30
273
0.81
5.04
0.08
1.33
0.03
0.45
07

SF (%)

95.5
1.15
0.4
0.75
072
12
0.6

0.65

Cement (%)

23.35
5.42
61.18
2.64
2.78
0.07
0.69
242
145

CSW (%)

39.35
10.09
23.11
174
6.29
0.33
1.54
0.10
1412
16.38
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Test types Cement content (%) Curing age (day) Curing temperature (‘C) Specimen number

Uniaxial compression 7% 7 20 45
10% 14 25
30

Triaxial compression 25% 28 35 60
40

45
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Compressive strength (MPa) Flexural strength (MPa) Setting time (min)

1 day 3 days 28 days 1 day 3 days 28 days Initial Final

41.9 59.9 734 7.2 8.0 91 20 28
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The name of the
mineral

Cryoite
Cryolithionite
Elpasoite
Others

Total

Mineral
content

60.25
10.10
8.41
21.24
100.00

The allocation of Na in a
mineral

19.76
1.88
0.80

22.44

The distribution rate of Na in
minerals

88.06
8.38
3.56

100.00
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The name of the
mineral

Cryolite
Cryolithionite
Elpasoiite

Alurrinium oxide
Magnesium aluminate
Others

Total

Mineral
content

60.25
10.10
8.41
1.49
228
17.47
100.00

The allocation of Al in a
mineral

E i
1.46
0.94
0.79
0.87

1.77

The distribution rate of Al in
minerals

66.51
12.40
799
6.71
7.39

100.00
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The name of the
mineral

Cryolite
Cryolithionite
Elpasolite
Fluorite
Others

Total

Mineral content

60.25
10.10
8.41
212
19.12

100.00

The allocation of Fin a
mineral

32,09
6.19
396
1.03

43.27

The distribution rate of F in
a mineral

74.16
14.31
9.15
238

100.00





OPS/images/fmats-08-792299/fmats-08-792299-g001.gif





OPS/images/fmats-08-792299/crossmark.jpg
©

|





OPS/images/fmats-08-792299/inline_2.gif





OPS/images/fmats-08-719563/fmats-08-719563-t003.jpg
The name of the Mineral The allocation of C in  The distribution rate

mineral content the mineral of C in minerals
Graphite 14.35 14.16 100.00
Others 85.65 - -

Total 100.00 14.16 100.00
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Mineral name

Cryoite
Cryolthionite
Elpasoite
Fluorite
Auminium oxide
Graphite
Polydymite
Pyite

Sphalerite
Magnetite

Barite
Pentiandite
Magnesium aluminate
Apatite:

‘Chemical formula

NagAFs

Nag (LigAlF 12)
K (NaAF)
CaF,

AOs

c

NigSs

FeS,

Zns

Fes04

BasO,

(Fe.Ni) (Fe,NieSs
MgALO,

Cas [POJ5(F.0H)

Content (%)

6025
10.10
841
212
1.49
14.35
0.18
022
Very few
043
Very few
0.14
228
003
100.00
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Chemical element F

Content 4327
Chemical element si
Content <0.50

“LOI" means loss on ignition in bold.

11.77

Fe

0.58

Na

22.44

Crotal

14.16

2.77

Corganic

12.28

s Ca
0.42 168
Ni Lol
700 'C
0.23 16.53

Mg
0.39

Lol
1,000 °C

31.00





OPS/images/fmats-08-792682/math_2.gif
| m(Ca0) + m(MgO) + m(ALO;)}/ [m(SiO,) + m(MnO)
+m(TiO) 231

(2)





OPS/images/fmats-08-719563/fmats-08-719563-g015.gif





OPS/images/fmats-08-792682/math_1.gif





OPS/images/fmats-08-719563/fmats-08-719563-g014.gif





OPS/images/fmats-08-792682/fmats-08-792682-t002.jpg
Number S$S/% BFS/% DG/%

A 5 80 16
B 10 75 15
c 15 70 15
D 20 65 15
E 25 60 15
F 35 55 15
G 40 50 15





OPS/images/fmats-08-719563/fmats-08-719563-g013.gif





OPS/images/fmats-08-792682/fmats-08-792682-t001.jpg
Raw material
(%)

S
BFS
DG

Sio,

11.944
24.895
1614

Al0;

292
10.868
0.5

Fe20,

29.365
8.038
2.365

CaO

46.122
44.778
46.738

3682
5.447
0573

K0

0.05
0.445
0.098

Na0

0.104
0.363
0.062

TiO, S0, 05
1235 0.542 1.996
1123 2.263 0.735
0104 47471 0.237

MnO

1525
0.431
0.107





OPS/images/fmats-08-719563/fmats-08-719563-g012.gif





OPS/images/fmats-08-792682/fmats-08-792682-g005.gif





OPS/images/fmats-08-719563/fmats-08-719563-g011.gif





OPS/images/fmats-08-792682/fmats-08-792682-g004.gif
—3d
1
— 28d
2

WWJJM

R R R





OPS/images/fmats-08-719563/fmats-08-719563-g010.gif





OPS/images/fmats-08-792682/fmats-08-792682-g003.gif





OPS/images/fmats-08-719563/fmats-08-719563-g009.gif





OPS/images/fmats-08-792682/fmats-08-792682-g002.gif





OPS/images/fmats-08-792682/fmats-08-792682-g001.gif
% .
bl
e w e w e

LJL@&L






OPS/images/fmats-08-727925/fmats-08-727925-t001.jpg
Property
indexes

Value

Porosity
(vol%)

53.87

Specific
gravity

297

Specific
surface
area
(m?/kg)

184.4

Content
<20 pm
(wt%)

31.5

Content
<74pm
(wt%)

484

Dio
(um)

6.03

(um)

68.41

(um)

226.651

pt

1





OPS/images/fmats-08-727925/fmats-08-727925-g012.gif





OPS/images/fmats-08-727925/fmats-08-727925-g011.gif





OPS/images/fmats-08-727925/fmats-08-727925-g010.gif





OPS/images/fmats-08-727925/fmats-08-727925-g009.gif





OPS/images/fmats-08-727925/fmats-08-727925-g008.gif





OPS/images/fmats-08-727925/fmats-08-727925-g007.gif
Temteeanitn






OPS/images/fmats-08-727925/fmats-08-727925-g006.gif





OPS/images/fmats-08-727925/fmats-08-727925-g005.gif





OPS/images/fmats-08-727925/fmats-08-727925-t003.jpg
Compositions Ca0 Si0, Al,05 Fe;03 MgOo SO, Na,0 Other

wit% 63.66 21.26 45 28 1.66 2.58 0.18 3.36





OPS/images/fmats-08-727925/fmats-08-727925-t002.jpg
Composition/% Si0, Ca0 Mgo Al;05 Fex03 SO2 PbO, MnO, K0 P20s Cuo

Content 33.02 15.68 1.82 256 10.37 4.55 0.0095 0.085 037 0.049 0.065





OPS/images/fmats-08-727925/fmats-08-727925-g003.gif
ARS dontent! (4%





OPS/images/fmats-08-727925/fmats-08-727925-g002.gif





OPS/images/fmats-08-807596/fmats-08-807596-g002.gif





OPS/images/fmats-08-727925/fmats-08-727925-g001.gif





OPS/images/fmats-08-807596/fmats-08-807596-g001.gif
b ——CAC

2 Theta(doprees)





OPS/images/fmats-08-727925/crossmark.jpg
©

|





OPS/images/fmats-08-807596/crossmark.jpg
©

|





OPS/images/fmats-08-748833/fmats-08-748833-t002.jpg
Sample

BFNS-M0.5
BFNS-M1.0
BFNS-M1.5
BFNS-M2.0

BFNS

400
400
400
400

Coarse aggregate

1,000
1,000
1,000
1,000

Fine aggregate

800
800
800
800

Concentration (%)

10
10
10
10

Modulus

05
10
15
20

Water/binder

05
05
05
05





OPS/images/fmats-08-792299/math_5.gif
20,5 + nH0 — xC,5-vH + (2

(3)





OPS/images/fmats-08-748833/fmats-08-748833-t001.jpg
Sio, AlL,O;5 Ca0 MgOo Cry05 MnO Fe 0, TiO, S0; NiO

BFNS 29.95 26.31 25.19 8.93 2.30 225 1.65 1.18 0.90 0.01





OPS/images/fmats-08-792299/math_4.gif
CsA:S+2CS +38H - C;A-3CS-32H + 2AH; (4)





OPS/images/fmats-08-748833/fmats-08-748833-g010.gif





OPS/images/fmats-08-792299/math_3.gif
i T
=50,

&





OPS/images/fmats-08-748833/fmats-08-748833-g009.gif





OPS/images/fmats-08-792299/math_2.gif
@





OPS/images/fmats-08-748833/fmats-08-748833-g008.gif





OPS/images/fmats-08-792299/math_1.gif
(a0 - 0.7110;
187510, 4 0.73 (ALO. - 0.64Fe,0.) + L40Fe,0.

Cm [0





OPS/images/fmats-08-748833/fmats-08-748833-g007.gif





OPS/images/fmats-08-792299/inline_3.gif





OPS/images/fmats-08-727925/fmats-08-727925-g004.gif





