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Abstract

:

Waste tires/sand-based autoclaved aerated concrete (SAAC) composites were prepared by mixing waste tires, which have different particle sizes and content. The physical performance, mechanical properties, freeze–thaw resistance, impermeability performance, phase composition, and microstructure of waste tires/sand-based autoclaved aerated concrete composite materials were examined. The results demonstrated that the 750-μm-sized waste tire particles on the surface of the SAAC composite did not agglomerate. Moreover, these particles did not damage the pore structure of the composites. The SAAC composites, with a relatively high compressive strength and low mass-loss rate, were obtained when the contents of waste tire particles ranged from 1.0 to 2.5 wt.%. For composites prepared with 2.0 wt.% of 750-μm-sized waste tire particles, the optimal compressive and flexural strength values were 3.20 and 0.95 MPa, respectively. The increase in the rate of water absorption on SAAC composites was lowest (i.e., 16.3%) when the soaking time was from 24 to 120 h.
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1. Introduction


Large quantities of waste tires from the rapidly growing automobile and rubber industries has caused environmental concerns [1,2]. These concerns are present in multiple countries, and thus the sustainable management of waste tires must be developed [3,4]. A possible solution is to incorporate waste tires into concrete [1,5,6]. The resulting product may be used to replace concrete with mineral aggregates that are used for various purposes. For example, rubberized concrete has received considerable attention as a type of new building material [7,8,9]. The effects of waste tires on the physical properties and durability of ordinary concrete have been performed in multiple studies. Li et al. [10] examined the effects of steel fiber and rubber particles on the mechanical properties and seismic behavior of high-strength concrete. Rubber particles improved the compressive strength and toughness of the concrete. Ganjian et al. [11] demonstrated that rubber was able to decrease the water permeability depth of concrete. The water absorption decreased when the coarse aggregate was replaced by waste tire rubber. Busic et al. [12] demonstrated that rubber-recycled concrete had improved fracture energy and fracture toughness. The improvement was facilitated by the increase in the rubber replacement rate under the condition of a constant replacement rate of the recycled aggregate. The fatigue and impact resistance characteristics of waste rubber-recycled concrete were better than those of recycled concrete. The chloride ion permeability and freeze–thaw resistance of waste rubber- recycled concrete were enhanced by the increase in the rubber particle substitution rate. Yu et al. [13] examined the frost and thawing resistance of waste rubber-recycled concrete. They reported that the frost resistance of waste rubber concrete was better than the control concrete. The frost and thawing resistance improved with the reduction in rubber particle size, and the best substitution ratio for the rubber aggregate was ~10%. Rubberized concrete has been utilized for many years. However, the sustainable management of large quantities of tire wastes is not yet well-developed [14,15,16]. Sand-based autoclaved aerated concrete (SAAC) is a new type of environmentally friendly building material with a porous structure, as well as soundproof and heat-resistant properties. In SAAC production, industrial solid wastes (e.g., waste tires, coal gangue, iron ore tailings, etc.) have been used as substitutes for natural materials. This was done to relieve the pressure of solid waste pollution and depletion of natural resources. However, the durability of SAAC has been reported to be poor compared to ordinary concrete [17,18,19,20]. Studies demonstrated that the carbonization, frost, and permeability resistance of SAAC were lower than that of ordinary concrete. The use of waste tire particles in SAAC composites will reduce natural resource demand in SAAC production and create a sustainable management strategy for waste tires [21,22,23]. Therefore, in this paper, the effect of waste tires with different particle sizes on the physical performance and mechanical properties of SAAC composites was conducted for the first time. The optimal waste tire particle size was determined for composites. The effects of waste tire particles on the freeze–thaw resistance and impermeability of the composites containing different amounts of waste tire particles were analyzed. X-ray diffraction (XRD) was used to determine the phase composition of composites. Scanning electron microscopy (SEM) was used to assess the morphology of the cross-sections of composites.




2. Materials and Methods


2.1. Materials


The Portland cement (P.O 42.5) used in the experiments was obtained from Tangshan Jidong Cement Co., Ltd., which complies with the regulations of GB 175 “Common Portland cement”. The initial and final setting times of the Portland cement were 170 and 230 min, respectively. Lime used in this study was natural limestone which was ground to required fineness. Calcium oxide meets the requirements of JC/T 621 “Lime for silicate building products”, with an effective content of 74.26%, a curing time of 13 min and a curing temperature of 97.5 °C. Gypsum was purchased from Shaanxi Huadian Pucheng Power Generation Co., Ltd., which complies with the regulations of JC/T 2074-2011 “Flue gas desulfurization gypsum”. Gypsum was mixed with water to form the gypsum slurry. Gypsum slurry has a density of ~1.5 × 103 kg/m3. The sand slurry was mixed with tailings sand (from a glass factory) and tap water. The sand slurry conforms to JC/T 622 “Sand for silicate building products”. The quartz content of the tailings sand was 93%. Waste slurry was prepared by mixing ground SAAC waste blocks and water. The activity of Al powder was 94%, which complies with GB/T 2085.2 “Aluminum powder Part 2: Inflammable fine aluminum powder”. Three different particle sizes of waste tire were used in this study. Figure 1 shows the representative images of waste tires.




2.2. Preparation of the Waste Tires/Sand-Based Autoclaved Aerated Concrete Composites


The SAAC samples were prepared as per GB/T 11968-2020 “Autoclaved aerated concrete blocks” method. As per Table 1, the slurry was prepared by mixing sand, waste, and gypsum slurries. Portland cement, lime, and waste tires were added into the slurry and then stirred for 2 min. An appropriate amount of Al powder was added to the mixed slurry (to make 0.069 wt.% Al powder compared to the slurry). The mixture was stirred for 40 s before pouring into the molds. The SAAC samples were obtained by curing at 190 °C and 1.2 MPa.



The B05 SAAC samples with 1.0 wt.% waste tires were obtained because the ordinary concrete containing 1.0 wt.% waste tire provided better performance than the ordinary concrete without waste tire [24]. Therefore, the samples with the size of 100 mm × 100 mm × 100 mm were prepared in the factory by three different types (waste tire content was 1.0%, and waste tire particle size were 2 mm, 750 μm, 375 μm respectively). Ten samples were prepared for each size of each type of waste tire/sand aerated concrete composite. The performance of SAAC samples prepared with different particle sizes of waste tire was investigated. Table 2 shows the particle sizes (I, II and III) of waste tires in the SAAC samples. The optimal particle size was selected by preparing waste tires with different contents (i.e., 0.5–3.0 wt.% in 0.5 wt.% increments). Ten samples were prepared for each size of each type and the performance of SAAC samples prepared with different content of waste tires was investigated.




2.3. Test Methodology


The compressive and flexural strength of samples were tested by cement mortar flexural compressive tester as per GB/T 11968-2020. The freeze–thaw resistance and impermeability tests were carried out as per GB/T 11968-2020 by using electric heating air-blast drying oven, constant temperature water tank and freezer. The compressive strength values of SAAC samples containing waste tires were analyzed through five freeze–thaw cycles. The mass-loss rate was measured by weighing the samples under thawing conditions. The mass-loss rate of samples was calculated by Equation (1):


   M m  =    M o  −  M S     M o    × 100 %  



(1)




where Mm is the mass-loss rate (%), Mo is the mass of samples before the freeze–thaw test (g), and Ms is the mass of samples after the freeze–thaw test (g). The samples were placed in an impermeable test facility and soaked for 24 h through addition of water to 1/3 height of samples. Moreover, the above procedures were repeatedly performed when the height of added water were 2/3 height of the samples and 30 mm higher than the height of the samples, respectively. The samples were collected and wiped with a damp cloth before they were weighed. The phase composition of the SAAC samples was measured using a Rigaku D/max-IIIA X-ray diffractometer (CuKa wavelength = 1.5406 nm, scanning step = 0.02 at 10°/min from 0° to 90°) from Shimadzu enterprise management [China] Co., Ltd. The microstructures of the samples were examined using SEM (Quanta 200, FEI company, Hillsboro, OR, USA). The cut cuboid samples with the size of 4 mm × 4 mm × 10 mm were dried in an electric blast drying oven. The dried samples were dispersed with anhydride. After spraying gold, the morphology is observed under the scanning electron microscope with different magnification rates. SEM was used to investigate the section morphology of samples.





3. Results and Discussion


3.1. Effect of the Particle Size of Waste Tires on Physical Performance and Mechanical Properties of SAAC


Figure 2 shows the images of the surfaces of SAAC samples with 2 mm, 750 μm, and 375 μm waste tire particles. The 2 mm particles were unevenly dispersed in the samples (Figure 2a). These particles were reported on the surface of the SAAC sample. The 750-μm-sized waste tire particles did not agglomerate and were evenly dispersed on the surface of the SAAC sample (Figure 2b). A large number of empty spots appeared on the surface of the sample with the 375-μm-sized waste tire particles (Figure 2c). This suggested that the 375 μm waste tire particles added to the SAAC sample fill a small part of the pores, resulting in a large number of empty spots on the sample surface.



Figure 3 shows the variation of slump flow, dry density, and compressive strength of the SAAC samples with the different particle sizes of waste tires. The slump flow values of the slurry increased and then decreased with the decreasing of the particle sizes of the waste tires. The effect of 750-μm-sized particles on the slump flow of the slurry was optimal for three types of waste tires, and the slump flow value was 360 mm. The dry density values were not affected by the particle size. The maximum and minimum values were 528 and 499 kg/m3, respectively. These values met the dry density requirements of B05 SAAC in the GB/T 11968-2020 “Autoclaved aerated concrete blocks”.



The compressive strength values of SAAC samples increased first and then decreased with the decrease in the particle size. The optimal compressive strength value of 2.47 MPa was obtained when 750-μm-sized particles were added. According to GB/T 11968-2020 “Autoclaved aerated concrete blocks”, B05 SAAC compressive strength 2.47 MPa meets the grade requirements of B05 SAAC. Since the pore sizes of the SAAC composites ranged from 0.5 to 1.5 mm [24], therefore, the 750-μm-sized particles were suitable for the pore sizes of SAAC composites. This resulted in the improved compressive strength of composites [25]. The 750-μm-sized waste particles filled the pores, thereby protecting the pore structure of the SAAC.




3.2. Effect of 750-μm-Sized Waste Tire Content on the Physical Performance and Mechanical Properties of SAAC


Figure 4 shows the slump flow and dry density of the SAAC samples with different content of 750-μm-sized waste tire particles. The slump flow values of the slurry were unchanged (~350 mm) when the amount of waste tire added to the SAAC sample increased from 0.5 to 3.0 wt.%. The dry density values of the samples were ~500 kg/m3.



Figure 5 shows the compressive strength and flexural strength of the samples with different waste tire contents. In general, the compressive strength of the samples increased and then decreased with the increase of waste tire content. The spacings between the particles changed when the waste tires content was modified in the SAAC composites. The spacings between the particles were wide when the content was low. On the other hand, the spacings were narrow when the content was high [26]. The pore structures of the SAAC were easily destroyed in both cases (low and high content). This led to a decrease in the compressive and flexural strength of the composites [13,27]. Therefore, when the waste tire content was 2.0 wt.%, the compressive strength (3.20 MPa) of the SAAC samples was the highest. The flexural strength values of the samples gradually increased with an increase in the waste tire content. The values then decreased when the waste tire content ranged from 2.0 to 3.0 wt.%. When the waste tire content was 2.0 wt.%, the flexural strength reached the optimal value of 0.95 MPa. However, the flexural strength of the samples that contained >2.0 wt.% of the particles decreased because of the damage of pore structures of the samples [28,29,30].




3.3. Effect of 750 μm Waste Tire Particles Content on the Frost Resistance of SAAC


The relative compressive strength and mass-loss rate of the SAAC samples containing waste tire particles during five freeze–thaw cycles were studied, and the results are shown in Figure 6. When 0.5 wt.% of waste tire particles were added, the relative compressive strength was 59.8%, and the mass-loss rate was 13.2%. The internal open pores of the samples were blocked during the mixing with waste tires particles. The material can then be potentially destroyed by the expansion of gas within the pores, thus affecting the quality of the SAAC [31,32]. When the additive content increased from 1.0 to 2.5 wt.%, the relative compressive strength gradually increased. The relative compressive strength values of these samples were slightly lower than that of samples with 1.0 wt.% particles. This was consistent with a result from the mass-loss rate experiments, particularly when the content of the particles was 1.5 wt.%. Moreover, the mass-loss rate values of the samples containing 750-μm-sized particles were low when the content was from 1.0 to 2.5 wt.%. A certain number of particles could be evenly distributed into the samples. Better stability and performance are achieved when pores in the sample were filled with particles [33]. Moreover, the water content in the abovementioned samples was lower than that in the sample containing 0.5 wt.% particles. The pressure generated during the formation of ice will be lower in these samples [34,35]. Nevertheless, the waste tire particles are the elastic materials, and thus the free water in the B05 SAAC samples froze and the waste tire distributed in the pores deformed to resist the volumetric expansion pressure of ice during the freeze–thaw cycle. Therefore, the addition of waste tire particles could potentially improve the frost resistance of the SAAC samples [36]. However, when the particle content was 3.0 wt.%, the relative compressive strength of the SAAC samples was low. The mass-loss rate value of 10.6% was high. The excess waste tire particles would enter the matrix of the B05 SAAC samples and produce a large number of weak waste tire–sand aerated concrete interface, which destroyed the pore structure of sand aerated concrete, so the relative compressive strength of the samples decreased and the mass-loss rate of the samples increased [37]. Therefore, when the amounts of waste tire particles were from 1.0 to 2.5 wt.%, the frost resistance of the SAAC samples was optimal.




3.4. Effect of 750 μm Waste Tire Particles Content on Impermeability Performance of SAAC


Figure 7 shows the impermeability results for the SAAC samples. The water absorption rate values obtained for the samples containing 0.5, 1.5, and 3.0 wt.% particles were significantly higher than those containing 1.0, 2.0, and 2.5 wt.% particles (24 h soaking time). The value (50.5%) was lowest in the sample containing 2.5 wt.% particles. However, when the soaking time for the 2.0 wt.% sample increased from 24 to 120 h, the rate was extremely low, or 16.3%. When the particles are evenly dispersed in the matrix, blockage of the capillary channels was most likely to occur because of the particles in the samples [34]. Waste tire powder contained a hydrophobic polymer material and could form a layer of hydrophobic membrane on the surface. This powder could be used to decrease the penetration of water and reduce the surface tension of capillary pores [35,38]. Thus, we concluded that the impermeability of the SAAC sample was optimal when the content of the 750-μm-sized waste tire particles was 2.0 wt.%.




3.5. Effect of 750 μm Waste Tires Particles Content on the Microstructure of SAAC


Figure 8 shows the XRD patterns of samples with different waste tire content. Table 3 lists the effect of relative contents on the phase compositions in the XRD patterns. The phases of silicon dioxide, tobermorite, and calcium silicate hydrate were characterized in samples with waste tire content ranging from 0.5 to 3.0 wt.%. Different raw materials were used to prepare the SAAC samples; however, no changes in the chemical composition were observed in these samples. Therefore, the addition of 750-μm-sized waste tire particles had no effect on the phase composition of the SAAC. However, as shown in Table 3, the relative mass percentage of silicon dioxide, tobermorite, and calcium silicate hydrate changed. The content of silicon dioxide and calcium silicate in the SAAC samples gradually decreased; however, the content of tobermorite gradually increased with the increase in the particles’ content. In addition, the increment of tobermorite was higher than the decrement of silicon dioxide. The tobermorite content affected the strength of the SAAC, where the higher content of tobermorite increased the strength of the samples [30]. When the waste tire content was 2.0 wt.%, the relative mass percentage of silicon dioxide and tobermorite was 53 and 36 wt.%, respectively. When the waste tire contents were 2.5 and 3.0 wt.%, the relative mass percentages of tobermorite were 41 and 43 wt.%, respectively. Although the amounts of tobermorite in the samples containing 2.5 and 3.0 wt.% waste tire particles were higher than that of the sample containing 2.0 wt.% waste tire particles, for the formers, the excess particles in the matrix reduced the strength of the SAAC with 2.0% particles. Therefore, the strength of the samples with 2.5 and 3.0 wt.% particles was lower than the samples with 2.0 wt.% particles.



Figure 9 shows the SEM images of SAAC samples mixed with 750-μm-sized waste tire particles. Figure 9a,b,d,e show the pore sizes in the section of the SAAC samples mixed with 0.5, 1.0, 2.0, and 2.5 wt.% of 750-μm-sized, respectively. The pore size of each sample was ~1.0 mm. The images show integrated smooth pores and dense pore walls. It was observed that the tobermorite crystals in these pores were evenly distributed. The crystals have fine and regular needle-like morphology (see 2000× magnification in the figures). The water absorption of SAAC samples was related to the distribution uniformity, size, and connectivity of pores [39,40]. Thus, the composites demonstrated poor water absorption and high impermeability characteristics. The pore structure and inherent physical characteristics of the tobermorite crystals have a significant influence on the strength and mass-loss of SAAC [41]. These favor the frost resistance of the SAAC composites [26]. However, the measured pore size for the samples containing 1.5 and 3.0 wt.% particles was 2.0 mm (see Figure 9c,f). From the 2000× magnification results shown in Figure 9c,f, the diameter of the inner walls of the pores were large, and the crystals were rough and disorderly. Therefore, the impermeability and frost resistance of the samples were poor when 1.5 and 3.0 wt.% particles were added. Based on these results, the optimal content was 2.0 wt.% particles.





4. Conclusions


In this study, the waste tire particles with the size of 750 μm were evenly distributed on the surface of SAAC composite. The pore structure damage of SAAC composite was low. Particles do not agglomerate, and the pores of the composite were filled by particles, so 750-μm-sized waste tire particles were the optimal particle size of SAAC composite. The influence of different content of 750 μm waste tire particles on SAAC composite was studied. It was found that the compressive strength and flexural strength were optimal when the waste tire particle content was 2.0 wt.%. The values of strength were 3.20 MPa and 0.95 MPa, respectively. The pore sizes of the SAAC composites with 2.0 wt.% of 750-μm-sized waste tire particles were ~1.0 mm. The tobermorite crystals were evenly distributed and had a fine and regular needle-like morphology. Thus, the water absorption was lowered, and the impermeability of the materials was improved. The pore structure and physical characteristics of tobermorite crystals have a considerable influence on the strength and mass-loss of composites. These crystals favored the frost resistance of SAAC composites.
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Figure 1. Representative images of the waste tires having different particle sizes ((a) 2 mm, (b) 750 μm, and (c) 375 μm). 
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Figure 2. (a–c) are samples with 2 mm, 750 μm, and 375 μm waste tire powder, respectively. 
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Figure 3. Slump flow, dry density, and compressive strength of the SAAC samples with different particle sizes of waste tires. I, II, III samples were 2 mm, 750 μm, 375 μm, respectively. 
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Figure 4. Slump flow and dry density of the SAAC samples with different content of 750 μm waste tire particles. 
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Figure 5. Compressive strength and flexural strength of the SAAC samples with different content of waste tire particles. 
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Figure 6. Relative compressive strength and mass-loss rate of the SAAC samples with different content of 750 μm waste tire particles. 
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Figure 7. Water absorption of the SAAC samples with different content of 750 μm waste tire particles. 
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Figure 8. XRD patterns of SAACs that contained different amounts of 750 mm waste tire particles. 
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Figure 9. SEM images of SAAC with different amounts of 750-μm-sized waste tire particles. (a–f) were obtained from 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 wt.% particles, respectively. 
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Table 1. The mixing ratio of B05 SAAC samples.
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	Raw Materials
	Sand Slurry
	Waste Slurry
	Gypsum Slurry
	Portland Cement
	Lime





	Content/wt.%
	47.00
	20.00
	3.00
	17.00
	13.00
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Table 2. The particle sizes of waste tires used in the SAAC samples.
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	Samples
	Particle Sizes of Waste Tires
	Waste Tire Content





	I
	2 mm
	



	II
	750 μm
	1.0 wt.%



	III
	375 μm
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Table 3. Specific content of phase composition in the XRD pattern of SAAC samples.






Table 3. Specific content of phase composition in the XRD pattern of SAAC samples.





	Waste Tire Content/wt.%
	0.5
	1.0
	1.5
	2.0
	2.5
	3.0





	silicon dioxide/wt.%
	58
	54
	53
	53
	52
	48



	tobermolite/wt.%
	16
	25
	33
	36
	41
	43



	calcium silicate hydrate/wt.%
	26
	21
	14
	11
	7
	9
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