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Abstract

:

As the conventional disposal method for industrial by-products and wastes, landfills can cause environmental pollution and huge economic costs. However, some secondary materials can be effectively used to develop novel underground filling materials. Controlled low-strength material (CLSM) is a highly flowable, controllable, and low-strength filling material. The rational use of coal industry by-products to prepare CLSM is significant in reducing environmental pollution and value-added disposal of solid waste. In this work, five different by-products of the coal industry (bottom ash (BA), fly ash, desulfurized gypsum, gasification slag, and coal gangue) and cement were used as mixtures to prepare multi-component coal industry solid waste-based CLSM. The microstructure and phase composition of the obtained samples were analyzed by scanning electron microscopy and X-ray diffraction. In addition, the particle size/fineness of samples was also measured. The changes in fresh and hardened properties of CLSM were studied using BA after ball milling for 20 min (BAI group) and 45 min (BAII group) that replaced fly ash with four mass ratios (10 wt%, 30 wt%, 50 wt%, and 70 wt%). The results showed that the CLSM mixtures satisfied the limits and requirements of the American Concrete Institute Committee 229 for CLSM. Improving the mass ratio of BA to fly ash and the ball-milling time of the BA significantly reduced the flowability and the bleeding of the CLSM; the flowability was still in the high flowability category, the lowest bleeding BAI70 (i.e., the content of BA in the BAI group was 70 wt%) and BAII70 (i.e., the content of BA in the BAII group was 70 wt%) decreased by 48% and 64%, respectively. Furthermore, the 3 d compressive strengths of BAI70 and BAII70 were increased by 48% and 93%, respectively, compared with the group without BA, which was significantly favorable, whereas the 28 d compressive strength did not change significantly. Moreover, the removability modulus of CLSM was calculated, which was greater than 1, indicating that CLSM was suitable for structural backfilling that requires a certain strength. This study provides a basis for the large-scale utilization of coal industry solid waste in the construction industry and underground coal mine filling.
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1. Introduction


According to the American Concrete Institute (ACI) Committee 229, controlled low-strength material (CLSM) is a self-compacting and self-leveling cementitious material [1], usually consisting of water, Portland cement, fly ash, and fine aggregate. CLSM can be used in areas that are difficult to access and do not require compression because of its high flowability. The compressive strength of CLSM is designable and determined by whether or not excavation is required in the future. When manual excavation is required, the recommended compressive strength is less than 0.3 MPa, and when mechanical excavation is required, the recommended compressive strength is between 0.7 and 1.4 MPa. If excavation is not necessary, the recommended compressive strength is less than 8.3 MPa [2,3]. Due to its low strength requirements, CLSM can be perfectly combined with various wastes and by-products obtained locally, thereby reducing costs and improving filling quality [4]. Therefore, CLSM is widely used in geotechnical engineering, such as coal mine fills, pipeline bedding, void fills, etc. Over the years, CLSM has been tested with numerous solid wastes to replace fine aggregates. These include quarry waste [5], treated oil sands waste [6], coal-fired products [7], desulfurization slag [8], etc. To further reduce material costs, some scholars have considered using ground granulated blast-furnace slag [9], dust from asphalt plants [10], waste glass powder [11], calcium carbide slag [12], wastewater sludge [13], etc. to substitute for cement as cementitious materials when producing CLSM. In addition, additives such as foam particles, air-entraining agents, and water-reducing agents can be added to obtain freshly mixed CLSM with high workability.



With the exploitation, processing, and utilization of coal, China produces a great deal of coal-based wastes, such as bottom ash (BA), coal gangue, gasification slag, fly ash, and desulfurized gypsum [14,15]. However, these coal-based solid wastes are generated, stockpiled, and not effectively utilized, which causes serious ecological damage and environmental pollution [16,17]. In order to address this problem, some researchers have developed a series of coal-based solid wastes resource utilization approaches [18,19,20], including the preparation of functional materials from wastes, coal gangue power generation, agricultural application, valuable element recovery, and so forth. However, as China’s economic development gradually enters the new normal, the demand for traditional building materials such as cement and concrete has decreased in the building materials industry [21]. This makes the comprehensive utilization of coal-based solid waste face severe challenges. If CLSM prepared from multi-component coal-based solid wastes can be applied to underground filling on a large scale, it can not only reduce the threat to the environment but also make reasonable use of solid wastes, resulting in huge economic benefits.



Using solid wastes and improving their comprehensive utilization rate is important in China’s current ecological and environmental protection work. BA is the solid waste discharged from the bottom of a boiler after coal combustion in a power plant. The BA is mainly irregular with smooth edges and corners, mainly composed of SiO2, A12O3, CaO, and Fe2O3, accounting for about 90%, and belongs to silicon-alumina materials [22]. BA has good pozzolanic activity and can be used as a concrete admixture after being optimized by fine grinding or chemical modification [23,24]. For example, Pakawat et al. studied the variation of notch size particles on BA pozzolanic activity, and the results showed that the compressive strength values of mortar prepared with BA were 5% and 14% higher than that of mortar using 100% Portland cement at 28 d and 60 d of curing ages, respectively. The high pozzolanic activity of BA exhibited great potential as a cement substitute [25]. Additionally, Belén et al. used ground ash as a cement additive and compared its performance with that of limestone as an additive. The results showed that the compressive strength of cement with 40 wt% BA was higher than that of standard cement and limestone as additives. Furthermore, cement with 20 wt% BA can save 9% clinker against commercial cement (CEM II/AL 42.5 R), and cement with 40 wt% BA can save 14% clinker against commercial cement (CEM II/BL 32.5 N) [26]. Although BA has been utilized in cement and concrete, the utilization rate of BA and other wastes is not enough in general and needs to be improved.



In addition, researchers also selected other coal-based solid wastes for utilization [27]. Kaliyavaradhan et al. reviewed the effects of solid wastes such as circulating fluidized bed combustion ash, ponded ash, slag, and BA on the strength of CLSM and suggested the mixing ratio of the mixed waste in CLSM [28]. Ling et al. outlined the research development and practical application of CLSM in trench backfilling and found through 115 pieces of literature from various countries around the world that the materials used to produce CLSM vary from country to country. This will affect the nature of CLSM production and have significant implications for practical applications in the field [29]. Specifically, Zhang et al. used fly ash and coal gangue as raw materials to study the feasibility of filling. When the mass ratio of coal gangue:fly ash:cement was 14:5:1, the filling body not only had good fluidity but also could meet the requirements of compressive strength and dehydration [30]. With the development of CLSM, more kinds of solid waste are required to be added to the preparation of CLSM. For example, Yang et al. prepared composites using desulfurized gypsum, low-calcium fly ash, slag, and cement as cementitious materials and total tailings as aggregates and conducted a filling test. It is noted that when the fly ash content is high, the prepared composite materials can meet the strength requirements of mine filling [31]. The use of a wider variety of solid wastes is an effective solution to minimize the environmental problems associated with the disposal of these wastes.



At present, although CLSM based on the coal industry by-products has been investigated extensively, the research on the preparation of CLSM aiming at fully utilizing the five kinds of coal-based solid wastes remains scarce. In this work, for the first time, we mixed these five coal-based solid wastes with cement for the purpose of underground filling. In addition, in order to further reduce the bleeding of CLSM and improve the early strength of CLSM, the BA was ground. By changing the grinding time of the BA, we studied the effect of different ball-milling of BA on the flowability, bleeding, compressive strength (3 d, 7 d, and 28 d), fresh density, dry density, setting time, porosity, absorption, and microstructure of CLSM in detail. The preparation of this CLSM can not only reduce the environmental protection tax levied by some enterprises for stacking coal-based solid waste and reduce the burden on enterprises but also solve the current ecological and environmental problems caused by the inability to properly handle coal-based solid wastes. Specifically, in the obtained CLSM, BA, desulfurized gypsum, fly ash, and cement were employed as cementitious materials, and coal gangue and gasification slag were utilized as aggregates. BA with ball-milling times of 20 min and 45 min was used to replace fly ash in different mass ratios (i.e., 10 wt%, 30 wt%, 50 wt%, 70 wt%), and the changes in fresh and hardened properties of CLSM were investigated. The crystallinity and composition of the hydration products were characterized by X-ray diffraction (XRD), and the microstructure of CLSM was characterized by scanning electron microscopy (SEM).




2. Experimental Programs


2.1. Materials


The cement employed in the experiment is the benchmark cement PI 42.5 Portland cement. The chemical compositions of all coal-based solid wastes and cement are shown in Table 1, and their XRD characterizations are provided in Figure 1. The admixture used in the experiment is a powdered polycarboxylate superplasticizer.



BA used in the experiment is from Yuanyang Lake Power Plant in Ningxia, China. It can be seen in Figure 2 that the particle size of the BA changes after ball milling. After 20 min of ball milling, the particle size of the BA basically reaches 100 μm or less. When the ball milling time is increased to 45 min, the coarse BA is further crushed and refined, and the d50 decreases from 26.3 μm to 13.2 μm. It is close to fly ash particle size, but it is still larger than the latter. Further increasing the ball milling time, the proportion of fine particles will continue to increase. However, at the same time, the cost of the ball-milling process will increase exponentially. After comprehensive consideration, the ball-milling times of 20 min and 45 min are used for the pretreatment of BA in the experiment. Figure 3a presents the microstructure and morphology of the BA, which is mainly composed of irregular block particles with large differences in particle size, and the block particles display a porous surface.



Fly ash is the fine ash collected during the purification of flue gas in the second phase at the Yuanyang Lake Power Plant in Ningxia, China. According to Figure 2, the characteristic parameter of fly ash particle size d10, d50, and d90 are 2.51 μm, 13.18 μm, and 69.18 μm, respectively. Figure 3b presents the microstructure and morphology of fly ash, indicative of spherical particles.



The desulfurization gypsum is from the Yuanyang Lake Power Plant in Ningxia, China. It can be seen in Figure 1 that there is no other mineral phase except dihydrate gypsum, and the phase composition is almost single. The gasification slag used in the experiment is the coarse gasification slag from the Ningxia Coal Mine. The sieving results of the gasification slag are shown in Figure 2. The fineness module of the gasification slag is 1.73, and the particles between 0.15–0.6 mm account for 75%, which can be classified as fine sand. The coal gangue used in the experiment is the original gangue from the Renjiazhuang Coal Mine in Ningxia. It is crushed into gangue particles with a maximum particle size of less than 4.75 mm by the secondary jaw crusher. The crushed coal gangue is screened and analyzed, as shown in Figure 2, and it is found that the content of particles larger than 4.75 mm in the crushed coal gangue is only 11.7%. After further sieving analysis of particles smaller than 4.75 mm, it is found that in the crushed coal gangue smaller than 4.75 mm and the content of particles smaller than 0.15 mm reaches 15.3%. The fineness module of coal gangue is 2.83, which can be recognized as medium sand.




2.2. Mixture Proportions


The CLSM mixture proportions are shown in Table 2. Fly ash and two types of BA are used as the main cementitious materials to prepare CLSM mixtures, and the CLSM mixtures are divided into two groups: BAI group (BA with ball milling time of 20 min) and BAII group (BA with ball milling time of 45 min), to investigate the effect of the two types of BA on the CLSM mixture’s performance. According to the recommendation of ACI Committee 229 [1], binder–aggregate ratios are lightly adjusted. The proportion of each aggregate and each cementitious material is determined according to previous research in our laboratory. Firstly, 60 wt% coal gangue (total solid mass of mixture) and 15 wt% gasification slag (total solid mass of mixture) are determined as fine aggregates, the ratio of aggregate to cementitious material is kept at 3:1, and the amounts of cement and desulfurized gypsum are 5 wt% and 1 wt%, respectively. Afterward, 10 wt%, 30 wt%, 50 wt%, and 70 wt% of the fly ash are replaced with BA according to the mass of the fly ash. The mixtures are named Blank, BAI10, BAI30, BAI50, BAI70, BAII10, BAII30, BAII50, and BAII70 according to the type and weight of the added BA, as shown in Table 2.




2.3. CLSM Preparation and Testing Procedure


All materials used in the experiments were naturally dried before use. Next, CLSM is prepared according to the mixture proportions (Table 2) and the mixing program. The ingredients were mixed for 1 min without adding water in a cement mortar mixer (Shanghai INESA Scientific Instrument, JJ-15 type) to ensure uniform distribution. Thereafter, the mixed water was divided in half. The first half of the mixed water and the polycarboxylate water-reducing agent were gradually added to the mixture while continuing to mix and stir for 1 min. Then, the second half of the mixed water was added, mixed, and stirred for 1 min. After all the mixed water was added, the mixture was allowed to stand for 1 min and then mixed for 2 min. The fresh mortar specimen was introduced into a mold of 70.7 mm × 70.7 mm × 70.7 mm. The mold was removed after 36 h, and the mortar specimen was cured in a standard curing room (SHBY-40B type, Cangzhou Huaxi, temperature 20 ± 1 °C, humidity above 95%) for 3 d, 7 d, and 28 d. All performance test standards are shown in Table 3.




2.4. Microstructure Testing


X-ray diffraction (XRD) was acquired on a Rigaku Mini Flex 600 powder diffractometer using a Cu-Kα target (λ = 1.5406 Å) with a test voltage of 40 kV and a test current of 15 mA. The obtained diffraction pattern was compared with the standard pattern, and the composition of the sample was determined according to the position of the diffraction peak. The particle size/fineness analysis was performed using a Malvern Mastersizer 2000 laser particle size analyzer. The morphology and hydration products of the solid wastes were scanned using a cold field emission scanning electron microscope (ZEISS Gemini 300) at 25 °C with a cold field emission electron source, accelerating voltage of 0.5–30 kV and accelerating current of 10 mA.





3. Results and Discussion


3.1. Flowability


The flowability results for tested CLSM mixtures are shown in Figure 4. The flowability for all mixtures is between 193–280 mm. According to ACI Committee 299 [1], except for BAII70, all CLSM mixtures fall into the high flowability category. Compared with the Blank group, the flowability declines with the rise in both BA contents. This is because the shape of the BA particles is irregular and cannot function as a "ball bearing", which increases the internal friction between the particles [37]. At the same time, the pore volume of BA is larger than that of fly ash, and the rise in BA will cause more water to be absorbed into the inner pores of BA and reduce the flowability [38]. Furthermore, the flowability of the BAII group is slightly lower than that of the BAI group, which is due to the fact that with the rise in ball milling time, the BA particles become finer, which rises the pore volume and specific surface area, resulting in lower flowability [39,40]. This is also confirmed in the bleeding experiment results.




3.2. Bleeding


All bleeding results for the tested CLSM mixtures are shown in Figure 5. It can be confirmed that the CLSM does not exceed the 5% requirement recommended by ACI Committee 229 [1]. The bleeding value of the CLSM mixture declines with the rise in BA content. The bleeding values of BAI10, BAI30, BAI50, and BAI70 are 2.70%, 2.15%, 1.99%, and 1.53%, respectively, whereas the bleeding values of CLSM mixtures of BAII10, BAII30, BAII50, and BAII70 are 2.17%, 1.65%, 1.46%, and 1.05%, respectively, which are lower than 2.92% in the Blank mixture. Especially, BAI70 and BAII70 present a significant decrease of 48% and 64% in bleeding, respectively. There are two reasons for the reduction in bleeding. Firstly, the BA has a large particle size and rough and porous surface, which entitles the BA to a higher water-holding capacity [41], and secondly, the addition of BA reduces the morphological effect and micro-aggregate effect of fly ash. Because the shape of fly ash particles is suitable and the surface is smooth and dense, CLSM can obtain good water reduction. Simultaneously, gaps are formed between particles to prevent agglomeration between particles. However, this results in more permeable water from the CLSM, thus higher bleeding [42].



In addition, when the mass ratio remains unchanged, the bleeding of the mixture of the BAII group is lower than that of the mixture of the BAI group. With the increase in BA ball milling time, finer BA particles result in a larger specific surface area and pore volume, an increase in water holding capacity, and a reduction of water exudation [43]. As a consequence, it can be concluded that the coarse and porous BA can absorb more water during the CLSM mixing process, which will reduce the exudation of water in the CLSM mixture. This phenomenon has also been observed in previous research [7,44,45].




3.3. Density


The density of the fresh and hardened CLSM samples at 28 d is determined, as displayed in Figure 6. The fresh density of CLSM ranges from 1940 kg m−3 to 2023 kg m−3. Compared with the blank group, the fresh density of CLSM with BA is increased or decreased but still within the normal CLSM range (i.e., 1842 kg m−3–2323 kg m−3) reported by the ACI Committee 229 [1]. The BA with a long ball-milling time adsorbs more water. Therefore, with the same mass ratio, the fresh density of the BAII group is higher than that of the BAI group. This is also in line with the measurement results of bleeding.



It can be seen that for all tested CLSM mixtures, the dry density is lower than the fresh density due to the loss of water in the CLSM samples [46]. Moreover, the dry density is consistent with the changing trend of the fresh density. The dry density of CLSM is between 1735 kg m−3 and 1801 kg m−3, which is basically in line with CLSM requirements (i.e., 1762 kg m−3–1890 kg m−3) [1].




3.4. Compressive Strength


Figure 7 exhibits the compressive strength (3 d, 7 d, and 28 d) and removability modulus (RE) of CLSM. It can be seen that the compressive strength does not exceed the upper limit (8.3 MPa) recommended by the ACI Committee 229. When the amount of BA is the same, the compressive strength (3 d) of the CLSM mixture BAII group is higher than that of the BAI group (Figure 7a). Compared with Blank, as the amount of BA rises, the BAI group increases by 4%, 7%, 16%, and 48%, respectively, and the BAII group increases by 8%, 16%, 60%, and 93%, respectively. This can be explained as follows. The water absorption of BA is higher than that of fly ash, and the BA reduces the free water in the freshly mixed CLSM, which is helpful for the improvement of early strength [47]. Meanwhile, the high content of SiO2 in the BA leads to the initial production of many calcium silicate hydrates (C-S-H) [38,48,49], resulting in a high early compressive strength of the CLSM prepared from the BA.



With the rise in curing time, the development speed of strength (7 d) of CLSM with BA decreases and will tend to be consistent with the Blank group, but the trend of BAII > BAI > Blank can still be observed, as shown in Figure 7b. This is because the hydration reaction continues, the structure of the slurry becomes denser, and the non-homogeneity [7] of the CLSM containing BA begins to manifest, resulting in a decline in the speed of strength development. Compared with the BAI group, the BAII group possesses higher strength at 3 d and 7 d because the BAII group has an enhanced specific surface area and pozzolanic activity [26] after a long time of ball milling, and, thus, the formation of C-S-H gel is promoted. The aforementioned changes in compressive strength are consistent with previous studies [50]. In particular, in contrast to the blank group, the compressive strength of the BAI group exhibits a trend of first decreasing and then increasing, and the same trend can be observed in the BAII group. The lowest point of compressive strength in the BAI group appears when the BA content is 10% (BAI10), whereas the lowest value of compressive strength in the BAII group emerges with a BA content of 30% (BAII30). The occurrence of the lowest point moves backward. This is because the increase in the BA ball milling time (i.e., the decrease in bottom ash particle size) makes the non-homogeneity of CLSM only start to appear obvious after the content of BA is increased.



Finally, as shown in Figure 7c, it is observed that the compressive strength of CLSM at 28 d showed a change of Blank > BAI > BAII, and with the rise in BA, the 28 d compressive strength showed a trend of first declining and then rising. The reason for this change is that the pozzolanic activity of BA is not as high as that of fly ash, which contributes less to the compressive strength of CLSM in the later stage of curing, and the non-homogeneity of CLSM has a negative impact on the compressive strength. Therefore, the compressive strength of CLSM with BA is lower. It is worth noting that the mixtures containing 70 wt% BA have a higher 28 d compressive strength, which may be due to the large rise in BA content will lead to the decrease in CLSM non-homogeneity and the increase in CLSM compactness and, thus, the enhancement of compressive strength.



Figure 7d shows the removability modulus (RE) values for all tested CLSM mixtures. RE can be calculated according to Equation (1), based on the 28 d compressive strength (C) (kPa) and dry density (W) (kg m−3). The RE value is used to evaluate the excavatability of CLSM mixtures. Structural filling applications require the CLSM to have sufficient load-carrying capacity. However, for projects that require later excavation, keeping the low strength is a major goal. Some early acceptable mixtures continue to build in strength over time, making future excavations difficult. BA has little effect on the removability modulus, with RE above 1 for all samples. Therefore, the operation of manually excavating these CLSM mixtures is difficult, and it is suitable for structural fills where certain strength is required [6,51].


   RE =    0.619 ×  W 1.5  ×  C 0.5      10  6     



(1)








3.5. Setting Time


For applications such as backfills, void filling, and structural fills, it is necessary to measure the setting time required by the CLSM to allow people or items to move over the CLSM surface. The maximum acceptable limit for the initial setting time of the CLSM mixture is 36 h. As shown in Figure 8, the initial setting time of our prepared CLSM mixture is between 4.35 and 7.48 h, which are all lower than the general CLSM requirements [52]. It is found that the increase on BA content accelerates the initial setting time of CLSM, which is the same as the results of previous studies [53,54]. The ball-milling time of BA exerts no significant effect on the initial setting time. Furthermore, the final setting time also declines significantly with the rise in BA content. The final setting time of BAI70 and BAII70 is reduced by 37% and 36%, respectively. The main reason for this phenomenon is that aluminum, silicon, and calcium can be leached more easily from BA than from fly ash [55], and C-S-H gel can also be formed more quickly, while the C-S-H gel plays a key role in the solidification behavior of CLSM. Therefore, this may be the reason why the initial and final setting time of CLSM decline with the rise in BA content.




3.6. Absorption and Porosity


Absorption and porosity were tested at 28 d, and the data are depicted in Figure 9. The absorptivity of the CLSM mixtures is in the range of 13.5–14.9%, and the porosity is in the range of 11.9–13.0%, both of which increase with the rise in BA content. This is due to the fact that the pozzolanic activity of the BA is less than that of fly ash, resulting in less C-S-H gel produced, which cannot fill the macropores in the CLSM, thus forming an open microstructure [46].




3.7. Microstructure


Figure 10a–f are the SEM images of CLSM at 28 d, showing the micro-interface properties of Blank, BAI30, BAI70, BAII30, and BAII70. It can be observed that unreacted fly ash microspheres are embedded in the gel phase and aggregates since fly ash particles of different sizes are spherical and easy to identify [46]. The existence of unreacted fly ash particles is caused by the excessive silica content in the system, which is further proved by the XRD results.



The presence of a large number of pores can be observed in Figure 10c–f. On the one hand, this is because the BA is a porous microstructure, which gives rise to high water absorption. The higher initial water content will lead to more voids during the hardening stage. On the other hand, this is due to the fact that the pozzolanic activity of BA is not as good as that of fly ash, and the hydration process produces less C-S-H gel, which cannot fill the macropores in CLSM, and finally forms an open microstructure with high porosity [37]. Compared with BAI70 and BAII70, the structures of BAI30 and BAII30 are slightly denser. This is also consistent with the test results of absorption and porosity.



Figure 11 presents the XRD patterns of the CLSM curing age of 28 d, in which diffraction peaks assigned to quartz, ettringite, C-S-H, and dehydrated gypsum can be observed [45,52]. Weak peaks (i.e., low-intensity peaks) for C-S-H and ettringite can be discovered in all CLSM samples. The hydration reaction produces ettringite and C-S-H, while quartz and gypsum crystals still exist as minerals themselves, presumably from fly ash, BA, and desulfurized gypsum. The incompletely reacted cementitious materials (such as fly ash) can also be found in the test blocks. These findings can also be demonstrated by SEM results. The quartz peak at 26.6° is dominant in the CLSM mixture. The quartz diffraction peaks of BAII70 and BAI70 are significantly stronger than that of Blank, BAII30, and BAI30. This is because the SiO2 content in the chemical composition of the BA is higher than that in the fly ash, and the increase in the content of the BA will also lead to a gradual rise in the content of SiO2. The ettringite and C-S-H peak intensities of the CLSM samples with more BA content are lower. This is because the amount of fly ash is negatively correlated with the amount of BA, and the decline in fly ash leads to a decline in the level of hydration reaction that produces C-S-H, resulting in a decrease in the intensity of the C-S-H peak.





4. Conclusions


The present work shows that the use of five different by-products and cement to produce CLSM is very feasible. Furthermore, the effects of increasing the amount of BA and increasing the BA ball milling time on the fresh and hardened properties of CLSM are investigated, respectively. The performance of some CLSM was enhanced by increasing BA content and increasing the BA ball milling time. The conclusions of this study can be summarized as follows.




	(1)

	
The flowability, bleeding, compressive strength, setting time, density, porosity, and absorption of CLSM met the specification and requirements of ACI Committee 229. The flowability and bleeding of CLSM decreased with the increase in BA content and ball milling time. However, the flowability was still in the high flowability range, and the reduction in bleeding was favorable. Bleeding was reduced by 48% and 64% for BAI70 and BAII70, respectively. The density, porosity, and absorption of CLSM did not change significantly with the addition of BA and the change in ball-milling time. With the increase in BA content, the initial setting time and final setting time of CLSM declined significantly, and the final setting time of BAI70 and BAII70 decreased by 37% and 36%, respectively.




	(2)

	
The addition of BA and the increase in ball-milling time improved the 3 d strength of CLSM. Compared with Blank, BAI70 and BAII70 increased by 48% and 93%, respectively, which was favorable for structural fills. With the increase in the mass ratio, the 7 d and 28 d strength showed a trend of first declining and then increasing, but the fluctuation was not remarkable. The RE values of all CLSM mixtures were all greater than 1, which is suitable for structural fills that require a higher strength.




	(3)

	
It was observed in the SEM images that the BA-containing CLSM exhibited an open microstructure with high porosity. As revealed by XRD, with the rise in BA content, the quartz peaks of CLSM samples were enhanced, whereas the intensities of ettringite and C-S-H peaks were reduced.




	(4)

	
The production of CLSM with coal-based solid wastes as raw materials is feasible in terms of engineering performance, cost, and environmental impact. In the future, research on cement-free CLSM for total solid wastes should be strengthened to further reduce costs. Additionally, considering the location, utilization rate, and economy of raw materials, the feasibility of large-scale production and application of the CLSM prepared in this work for underground filling should be discussed.
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Figure 1. XRD patterns of bottom ash, fly ash, desulfurized gypsum, gasification slag, and coal gangue. Components: 1-SiO2, 2-3Al2O3·2SiO2, 3-Al2[SiO4]O, 4-Fe2O3, 5-CaO, 6-CaSO4(H2O)2, 7-Al2Si2O5(OH)4, 8-FeS2. 
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Figure 2. Particle size distributions of bottom ash at different ball-milling times (20 min, 45 min), fly ash, gasification slag, and coal gangue. 
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Figure 3. SEM analysis of (a) bottom ash and (b) fly ash. 
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Figure 4. Flowability of various CLSM mixtures. 
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Figure 5. Bleeding of various CLSM mixtures. 
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Figure 6. Fresh density and dry density test results of CLSM mixtures. 
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Figure 7. Compressive strength of CLSM mixtures at (a) 3 d, (b) 7 d, (c) 28 d, and (d) calculated results of removability modulus (RE). 






Figure 7. Compressive strength of CLSM mixtures at (a) 3 d, (b) 7 d, (c) 28 d, and (d) calculated results of removability modulus (RE).



[image: Sustainability 14 09949 g007]







[image: Sustainability 14 09949 g008 550] 





Figure 8. Initial and final setting time of prepared CLSM mixtures. 
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Figure 9. Absorption and porosity test results of prepared CLSM mixtures. 
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Figure 10. SEM images of prepared CLSM mixtures. (a,b) Blank, (c) BAI30, (d) BAI70, (e) BAII30, (f) BAII70. 
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Figure 11. XRD patterns of prepared CLSM mixtures at 28 d: Blank, BAI30, BAI70, BAII30, and BAII70. 
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Table 1. Chemical compositions of coal-based solid wastes and cement (wt%).
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	Compound
	Cement
	Bottom Ash
	Fly Ash
	Desulfurized Gypsum
	Gasification Slag
	Coal Gangue





	SiO2
	20.72
	56.37
	52.95
	2.62
	48.07
	48.46



	Al2O3
	4.62
	26.71
	27.55
	0.58
	16.37
	24.13



	CaO
	62.18
	3.41
	4.94
	28.77
	8.95
	0.10



	Fe2O3
	3.26
	6.62
	6.31
	0.43
	8.84
	9.44



	MgO
	3.15
	1.20
	1.92
	2.46
	1.91
	0.47



	Na2O
	0.52
	1.08
	1.52
	0.25
	1.77
	0.25



	K2O
	0.34
	1.58
	1.85
	0.12
	1.48
	1.99



	TiO2
	−
	1.04
	1.28
	0.03
	0.90
	0.86



	SO3
	2.72
	0.47
	1.03
	40.17
	0.61
	0.09



	f-CaO
	0.72
	−
	−
	−
	−
	−



	Cl−
	0.012
	−
	−
	−
	−
	−



	Loss
	1.84
	1.09
	0.19
	24.50
	10.30
	14.03
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Table 2. Experimental scheme of CLSM.






Table 2. Experimental scheme of CLSM.





	
Mixture

	
Aggregate (kg m−3)

	
Cementitious Materials (kg m−3)

	
Water

(kg m−3)

	
Water-Reducing Agent

(kg m−3)




	
Coal Gangue

	
Gasification Slag

	
Cement

	
Fly Ash

	
Bottom Ash

	
Desulfurized Gypsum






	
Blank

	
960

	
240

	
80

	
304

	
0

	
16

	
280

	
0.8




	
BAI10

	
960

	
240

	
80

	
273.6

	
30.4

	
16

	
280

	
0.8




	
BAI30

	
960

	
240

	
80

	
212.8

	
91.2

	
16

	
280

	
0.8




	
BAI50

	
960

	
240

	
80

	
152

	
152

	
16

	
280

	
0.8




	
BAI70

	
960

	
240

	
80

	
91.2

	
212.8

	
16

	
280

	
0.8




	
BAII10

	
960

	
240

	
80

	
273.6

	
30.4

	
16

	
280

	
0.8




	
BAII30

	
960

	
240

	
80

	
212.8

	
91.2

	
16

	
280

	
0.8




	
BAII50

	
960

	
240

	
80

	
152

	
152

	
16

	
280

	
0.8




	
BAII70

	
960

	
240

	
80

	
91.2

	
212.8

	
16

	
280

	
0.8
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Table 3. Standards for the testing methods.
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	Test Procedure
	Standard
	References





	Flowability
	ASTM D6103-17
	[32]



	Bleeding and fresh density
	GB/T 50080-2016
	[33]



	Compressive strength
	GB/T 50081-2019
	[34]



	Setting time
	GB/T 1346-2011
	[35]



	Absorption, porosity, and dry density
	ASTM D6023-16
	[36]







ASTM-American Society for Testing and Materials; GB-China National Standard.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
8. 8
72 SN

()

(a)

Compressive strength (MPa)
Compressive strength (MPa)

epmEl
LSS N 29 70 o

Mixtures.

Compressive strength (MPa)
Removabilty modulus (RE)

3
§AIsSAIsS Al St 8110813084150 4070801 s s Ay

Mixtures





media/file4.png
——Fly ash

40 - Bottom ash-20
Bottom ash-45
Gasification slag
~ Coal gangue
<30 gangu
g g 80 1
g
3 % 60
(_3 20 - ;
> £ ol
£
O 204

0.1 1

1000

Particle size (um)

,000

0.1 1

10

100 1000 10,000

Particle size (um)





media/file18.png
Absorption (%)

18

-
(o))

=
AN

-
N

-
o

B2%] Absorption
—O— Porosity o k13
/O O/ -
/ o
O
NN\
O 5500 RY F 12
XX XK
O] KRy RXM
5O 155 XXX 9. 0.0
RS 4 BSXd  RRY
OCA Pede% OO [XXA
0366 (XN X% R T
95 0204 K KX
00, XN XY XXM
XXX 000 (38 KX
(XXX 50 KRR RS
O D o o
(KA o] K& K 11
OO K XY XXX
(5 s, (S KX
0366 P 0200 T 20 0
[N ® (R KX
0366 5
554 o] KX RXKS
RS S XY 1% |
OO D XY XXM
DA OO DK OO
S e, Y DN
5% &
RS 558 R (XXX
[55 XX G4 KX
%, > %% B e %
30X 00028, R XX F10
0366 B XY PO
55 S
006 (¢ Yo% % I %%
XXX KXX RE&d KXY
Nodels X RN KX
RS 55 XX KXX |
255 pelel R (XXX
o XS 555 XS
KA IRRM RN RRK 9505 4 %%
X0 IXXX X XX KX KXXd XXX KM | 9

8/a, % 84/, 084 /3 08,4 /5 08,4 /> 08,4 / 708,4 //308,4 I 508,4 7,
Mixtures

Porosity (%)





media/file21.jpg
Intensity (a.u.)

—— Blank
——— BAI30
—— BAI70

BAII30 1
AII70

32 ] 1 43

1-Quartz 2-Portlandite
3-Ettringite  4-Gypsum

T T T T

10 20 30 40 50 60
2 theta (degree)





media/file3.jpg
——Fly ash
40 4 —— Bottom ash-20
—— Bottom ash-45
~——— Gasification slag
§30 ] T Coal gangue
. g
£ §”
220{¢"
H
> Fo
£
3.
104
o
(R B AN T
Paricesize (um)
o T T T T
0.1 1 10 100 1000

Particle size (um)

10,000





media/file22.png
Intensity (a.u.)

—— Blank

— BAI30
—— BAI70
—— BAII30
— BAII70

1-Quartz
3—Ettringite

1

2—Portlandite
4-Gypsum

. . ' . '
' . . . . '
vt ' . ' L
. . . . .
! . . ' . M N
A T g ™
! 2 P X1 ! o . Y ™ ’
.
L. . . .
. . . . . . .
.t . . * LI
.t ‘ LI
Y ST Y
0 . s . "I'"L A _'_-‘ -IL"-—A: M ‘,._:'_____
. . N ' T
L . L]

30 40
2 theta (degree)





media/file19.jpg





media/file7.jpg
bility
Flowal
|

50 k 5 Vi 7
84715 5475, 54 B
: 54//30
8 1205407 /50
5 84, x:es
' 54/7054130 Mixtu
B/al”r





media/file10.png
Bleeding (%)
R

—
1

| I Bleeding

o
1

Blany BA170541395A15058A1 7084017 413 515517,

Mixtures





media/file14.png
Blang 5A115A13PA15PA L BAI SAU SAIs 5 A,
Mixtures

—
o
~—

7d
\Q
§
I

Blany BA170841305A1505A17084171 SAnsFAns SAu,
Mixtures

| mmre

T T T T T T T T T T T T T T

o0} (e} < ™ N -~
(34) sninpow Ayjiqerowsy

“““““““‘
100000 %0 %000 20 %070 %0 %4 %0 %020 202 %0 20 %0 %4 %% 20 %
0000000000707 502020200 20 20202020 20 2% %0 %0 %
00000000 202070 2070202020 265620 20 %6220 %6 % %

LAAAANA AN A AN AN AANAANAANAANAAARAAAAAN/
JTOTOTOTOTOTOTOTOTOTOTO O O OO OO O O O O 6%
00700 %0 2070 200 %00 20 %0 2420 %420 %0 24 %0 %% % %o %
020000 %0 0 %070 %0 20 %0 %0 20 %0 20 %0 %0 20 %0 %0 % %0 % e %

LANAAANAA NN N AN AN A AN AR AAAL
10000 00700 %0 0 20 %0 20 2020 20 %0 %0 20 0 %0 2000 20 % e 20 %
0200 0 0% 020707076 %026%6 %0265 %% %%
0202000 %0 %0 %0 50 %0 %0 %0 % %0 %0 2024 %0 %0 %0 %% %0 e %!
PO 0000000000000 0.0.0.0.09

)

*
*

NN\ Yy vV VYV V. V.V

)
SRR R RHXHLHLHRRHRKRRHRRRX
P00 %0 %0700 %0 %0244 %0 %0 2024 %0 %0 242 %0 %0 20 %% %

SN2
000000.

Mixtures

LAAAANAAA NN N AN A AN AN AR A AN/
RRRRRRRRRRRRRARRAIRRARARRR
0207050765 %0 %0 %0 %0 %026 %6 %6205 % % %0 %0 % % % %%
P00 00 %0 %0 0 %000 %0 %0 %0 20 0 %0 20 %0 20 20 %0 0 %0 e 2o %o %
LS00 00000000000 0.000. 0000,

NN N\
0‘ v
4
4
4

O

AN ANAANAANAANAAAAARAAARAAN/

— RN
2552525852528

P00 %020 %0 %0 %0 %0 % %0 %070 %0 %0 %4 %4 %0 %0 %4 247 %0 % 4 % %%

p—— LSS0 00000500000 0.0.0.0.0.0.00.9,

Blany BA11584135A1505A1 7341 §ANs§Aus 5415,

k2%%9 28d

77 3d

L

] M 1 M ]

1 v I v I v 1 v 1

© =t o~ mw oo nb Aﬂ 04 nu
(edN) yibuass aaissaidwo) (edIN) yibuaJis aaissaidwo)

0

E”ank£34/nf34kﬁf34kﬂf34ﬁqf34ﬂ7534”3534”5534”70
Mixtures





media/file11.jpg
[EE58 Fresh

1 X\Yory

lang 8114 4/3034/5 4174

A1y, 54//30 A5, 54//70

Mixtures





media/file6.png





media/file15.jpg
N

Y

Setting time (h)
®

N

o

=)

o

IS

Initial

B2 Final

N

Blany Bar1 8413 B A1 BA1BA §AnsSAIs Al
Mixtures





nav.xhtml


  sustainability-14-09949


  
    		
      sustainability-14-09949
    


  




  





media/file16.png
AR
PO O 00,0, 0.0.0.0.0.0.0.0.0.000000000000

PNININININININININININININININININININININININININININ

_ AMMINMMINN

et tetatettatitotetatetatetitotibet

— [POOOOOOOOOOOOOOOOTN]

POOOOOOOOOOOOOOOOOOOOOOOOOOOOO]

PAISISININNINNININININISISINISISISISISISISISISISISINININ I

| MMM

K 00 0000 0‘ 00 000000 00 00 0000 000000 00 00 QO 00 00 00 00 00 00 0000 06 00 00 0000 0‘ o
vQOO' v"‘ 000000 0000 0000000000000000 000000 00 0000 0000 0000 00 00 00 OOQOOA
PS40 000,000,000, 00000600 00.0600000000

PNPNINANINININININININININININININININININININININININININININININ

| AMMMIIIIDININSN

v“.‘.”.’.“.’&00.000.00000‘000.000’0’000000000’000.00000000000‘00‘00’000‘”
* 000 * 00'00000000000000 .0000000000000000000000000000000000‘000000000.
DOOOOOOL) SO0 00 000,00, 0. 0.0 0. 0.0 WAV

‘-""'r."’)”D"’P’}"P-}""'-'-"’

MMMMHIIHITITITINININ

v 00 00 00 00 00 00 00 00 00 00 00 00 0" 00 0‘ 00 00 00 00 00 00 00 00 00 00 00

MMM

R R R R R R RRIRES

AMMMMIMININ

o [ —
)
)
)
)
»
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

*
*
*
*
*
*
&
-
)
*
*
*
*
*
*
*
&
*
*
&
*
*
*
*
*
*
*
*
*
J

—

POCOOOOOOOOOOOOUOOOUUOOUUOUUOOOOUUOUOUO
) 00 00 00 00 ’0 QQ '0 00 '0 0‘ 0’0‘ 0. 00 0‘ 0.00 00 00 00 00 00 00 00 00 0000 0000 '0 00 00 00 00 0.

*
v‘ 00 00 00 00 00. * 00 00 00 00 '0 0‘ 0’ 00 00 0’ 00 0’ 00 00 00 00 ’0 00 00 00 ‘0 00 00 00 00 0’ 00 00 00 0.

PAPNININININPNINININININININININININININININT NI NI

| AN

"0"0"0”0"0"0"‘"0”0n0”0”0“‘"0"0"0”0"0"0"000”0"0"9"0"0”0"0"0"0"0”0"0”0"0"0"0"0"0”0"0”0”0
v’.000000.“00.000000’00.‘000000000‘.00. 0000.000‘.00000000..000000‘000.000.“00000’00

NN N N N N N N N NN NN NN NN NI NI NI NI NI NI NN NINININININININININININININININT Y

A MMINIIIINININ

v 00 00 0000 0000 00 00 ¥ 0000 2] 000 oY 00 00 00 00 0000 0000 00 0000 00 00 00 00 00 0000 0000 0000 0000 0000 000;
) 00 0000 00 0000 00 00 00 00 00 00 00 00 00 0000 00 00 00 00 00 0000 000000 00 00 00 0000 00 00 00 00 00 00 0000 00 0.
PO 00,000, 0.0.0.00.0 05000000000 050.0000006000000000

PNPNINININININININININT RPN NINININININININININI NI NI NININININININININININININININININ

AN

14

| 772 Initial

55 & Final

r - fF T I =& T =13
0 8 6 4 2 0

(y) swiy Bumes

B/a, " 84, 034/3084/5084/7084// 708'4//308 '4//508 Allzg

Mixtures





media/file2.png
Intensity (a.u.)

1
1 Bottom ash
23 .L__JL. 22 31 11
Fly ash
23 d 25131 24 25

ooy

6
6 Desulfurized gypsum
6 J 6

Adn i ~ . P

w Gasification slag

Coal gangue

10 20 30 40 50 60 70
2 theta (degree)





media/file20.png





media/file5.jpg





media/file1.jpg
Bottom ash

23 | 22 431 1 1
1
Fly ash
23 | 22 131 24 25
6

Desulfurized gypsum
6

Intensity (a.u.)

7,

1

Gasification slag

Coal gangue

10

20

30

40

50

2 theta (degree)

60 70





media/file12.png
7 7

ettt ettt et ta et atetetotetatorstaresstoretatobetatorstats
vO.OOOOOO000000000000000000000000000000000000000000000000000000‘0000000000000000

PAAAARRARANRNAANANANANINANARNNNARNANRNANRNNNANRNNNANANNNN

77, %

R R R R I RIAR,
v‘ 0000 00 00.0 00 00 00 000. 00 00 0000 00 00 000000 00 00 0000 00 0000 00 00 00 0000 00 00 0000 00 00.

AANRNARRNRANRNRANNARINNRARRNNNRARNANRNINIANNRINNNININN

77/

B s
*
1) DOO0000000000‘0000000‘000000000000000000000000’0‘0000000‘00000000'000000‘000‘.

PSRN ARNANRRNNRNRRINANINNNNRNNRNRRNANRNINNNINININ

7 %

R R R R R KRR R AR R R R R R RRRRRERRRRRER
?00000000000000000000000000000000‘0000000000000000000000000000000000000000000;

PAININANARANAANRARINARNANNINANINININNININANNININININININININININININ

g 7

0”0MOM0"0”0”0M0"0”0M0”0"OHQMOMQMONQMQMQNOWQMONQ 0MO"O”QMOMOMOMQMOMOMOMOMQWQ
M 20250525¢5¢5¢925¢5¢5¢52525¢5¢5.250525250525¢050505 0505050525050 525252555

PN NN NN NN NN NG NPT NI NINT NN NI NN NPT NPT NI

W 7

-000o00000o0o0000000o00000000000000000’000000000000000000000000000000000
v00000000000000000000000000’0000000000000000000000000000000"00000’00000
DOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO0)

AAANRARRANRARANRNINARAARNRNANRNANARNRNRNRANNNARNNNN

W 7

R NN ARARK
v00000000000000000000000000‘00000000000'0000000000000000000000000 00000.

PAPNINININININININININININININININININININININININININININININININININD

77 7

PR R R R AR
v’ 00 ‘0 0.0000 Q’ 0. 00 0‘ ‘0 '0 00 0. 00 00 0000 00 00 0‘0’ 00 00 00 0‘ 00 0’ ‘0 0‘0‘ 00 000.

PANARANRRANRNRANRARNARRINNRRRNANRRNRNNRRNINNN

77 %

v v -

v -

7

OO OO
1200000002220 e e %%’

OOOOOOOOOOOOOOOOOOOOOOOS
* 0000000 * * OO0 (7 * 00
OSSOSO OOOOOOEK X S 3

”00"00000000000000000000.
a0 0000000000 00000,

2200

1600 -
1500 -

B/ank BA/ 7 084/308’4 /508’4/ 708’4// 7 08'4 //308’4//508’4 // 70

Mixtures





media/file9.jpg
[ Bleeding

Bleeding (%)
PRI B

o
I

Blany, BA170/8413084150/541 78411, SAu3 SAus S,
Mixtures





media/file0.png





media/file8.png
Flowability (mm
S 3

200 ~

(9))
o
L

| ] Flowability

]
}
1
1
I

Blany BA11,5413,8415,8417,84117

Mixtures

All3p 4//5084//70





media/file17.jpg
(%) Ausosod

< o~ o ©

(%) uondiosqy





