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Abstract

:

Iron ore tailings from iron ore mines pose environmental challenges. However, their reuse could provide significant environmental benefits. This study focused on producing clean concrete using iron ore tailings as crushed stone aggregate (IOTA) and calcium carbonate whiskers (CWs) as reinforcement. Five mixture groups were prepared: normal concrete (NAC) with natural crushed stone aggregate (NA), iron ore tailings concrete (TAC) with IOTA, and CW (10%, 20%, and 30%)-reinforced TAC (TAC-CW). Mechanical properties like the compressive strength (fcu) and splitting tensile strength (fst), as well as sulfate freeze–thaw (F-T) cycle resistance, were thoroughly investigated. Additionally, pore structure and microstructure were characterized using nuclear magnetic resonance (NMR) and scanning electron microscopy (SEM) techniques. The results showed that IOTA’s complete replacement of NA decreased concrete mechanical properties and frost resistance, but incorporating CWs effectively compensated for these losses. Specifically, the fcu and fst of TAC-CW20 with 20% CWs increased by 23.26% and 49.6% compared to TAC and were higher than those of NAC. With increasing F-T cycles, concrete internal pore structure significantly deteriorated, and corrosive products increased significantly, which was further confirmed by SEM. TAC-CW20 significantly optimized pore structure. Overall, the successful application of iron ore tailings as eco-friendly materials enhanced concrete performance and reduced the environmental impact of construction activities.
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1. Introduction


The rapid expansion of manufacturing industries, including electronics, automotive, and civil engineering industries, has resulted in an increasing demand for raw metal materials such as iron, aluminum, and copper. Consequently, mining activities have surged, resulting in a substantial accumulation of metal tailings, unavoidable byproducts of ore flotation. Statistics indicate that China’s metal tailings have exceeded 23.1 billion tons [1], with the stockpile volume growing annually [2,3]. This accumulation consumes vast land and raises significant environmental concerns [4]. Therefore, the large-scale resource utilization of metal tailings is urgent [5].



According to reports, iron ore tailings have the most enormous stockpile volume among various metal tailings, significantly impacting the ecological environment [6,7,8]. Previous research suggests that iron ore tailings could substitute natural aggregate in producing building products due to their comparable composition and relatively stable microstructure and quality [9], and some studies have proposed the utilization of iron ore tailings as aggregates in cleaner concrete production. For example, Zhang et al. [10] demonstrated that substituting 20–40% of iron ore tailings sand in concrete resulted in a notably higher compressive strength (fcu) compared to conventional concrete, albeit a decrease beyond the 40% substitution ratios. Similarly, Liu et al. [11] found that the optimal substitution ratio for iron ore tailings sand in shotcrete was 20%, as complete substitution led to decreased fcu. Xu et al. [12] and Li et al. [13] improved the performance of recycled aggregate concrete by incorporating 30% iron ore tailings sand, resulting in superior mechanical properties. However, exceeding a 50% substitution ratio deteriorated the mechanical properties of recycled aggregate concrete. Zhao et al. [14] observed reduced workability and fcu when preparing ultra-high-performance concrete (UHPC) with 100% iron ore tailings sand substitution. Ma et al. [15] prepared full iron tailings concrete (FITC) beams using iron tailings powder, iron tailings gravel, and sand and investigated the flexural behavior and found that the current design code in China effectively determines the load-carrying capacity of FITC beams. However, modifications are necessary for the deflection calculation formula. Zhao et al. [16] reported that deterioration in fcu was observed with the increase in the iron ore tailings replacement ratio. However, the incorporation of macrosynthetic fiber (MSF) compensated for the reduction in fcu caused by iron ore tailings. Ling et al. [17] studied the damage of iron ore tailings concrete under various conditions using uniaxial compression tests and discrete element modeling and found that the maximum stress during cyclic loading significantly influenced the number of fractures and that increasing the iron ore tailings aggregate content enhanced the concrete’s compressive stress, while reducing the particle size of these tailings helped prevent fracture formation. Furthermore, iron ore tailings have found applications in various building materials, including cement mortar [2], autoclaved aerated concrete [18], and ceramic tiles [19], showcasing their potential to reduce solid waste accumulation and natural aggregate extraction for material conservation and carbon reduction goals. Nonetheless, higher substitution ratios of iron ore tailings aggregates in concrete production may compromise other properties of the resultant concrete [20,21].



Calcium carbonate whiskers (CWs) offer a renewable and environmentally friendly solution for enhancing concrete performance [22,23]. Compared to alternative fibers and whiskers, CWs offer a cost-efficient manufacturing approach and uncomplicated production processes. Additionally, CWs have the potential to replace expensive commercial fibers, including carbon fiber (CF), polypropylene (PP) fiber, and polyvinyl alcohol (PVA) fiber [24]. Research conducted by Cao et al. [25,26] revealed that incorporating just 10% of calcium carbonate whiskers into cement-based composites effectively inhibited the formation of microcracks at a microscopic level, leading to improvements in the microstructure and overall physical properties of the composites. Similarly, Saulat et al. [27] found that adding calcium carbonate whiskers primarily bolstered compressive, flexural, splitting tensile, and impact strengths; toughness; and compactness in cement-based materials. Furthermore, Guo et al. [28] analyzed the impact of calcium carbonate whiskers on concrete properties alongside basalt fibers and mesh polypropylene fibers, highlighting their role in optimizing concrete porosity and enhancing its strength, toughness, and impact resistance.



In summary, adding CWs to concrete positively impacts its overall performance. However, existing studies primarily focus on the mechanical properties, overlooking aspects of durability and microscopic porosity. To address this gap and fully exploit the potential of incorporating iron ore tailings in concrete, this paper used iron ore tailings crushed stone aggregate (IOTA) to replace natural crushed stone aggregate (NA) completely and CWs as reinforcing materials. It systematically researched the fcu, splitting tensile strength (fst), and sulfate freeze–thaw (F-T) resistance of calcium carbonate whisker-reinforced iron ore tailings concrete. Additionally, pore characteristic and microstructure analyses were conducted using nuclear magnetic resonance (NMR) and scanning electron microscopy (SEM) techniques.




2. Experimental Details


2.1. Raw Materials


2.1.1. Cement and Natural Aggregates


The cement PO 42.5R was used as a cementitious material to prepare concrete. Natural aggregates for concrete mixing in this study, including NA and river sand (RS), were collected from the Ruishi Sand and Gravel Plant in Xi’an, Shaanxi Province, China. The maximum particle size of the crushed stone was chosen to be 31.5 mm, and the apparent density, water absorption, bulk density, mud content, and crushing index of the crushed stone were 2769.5 kg/m3, 0.63%, 1543.5 kg/m3, 2.6%, and 10.3%, respectively. The fineness modulus of the river sand was 2.71; thus, it constituted medium sand according to Chinese National Standard GB/T 14684-2011. The apparent density, water absorption, bulk density, and mud content of the river sand were 2689 kg/m3, 1.05%, 1679 kg/m3, and 2.3%, respectively.




2.1.2. Iron Ore Tailings Aggregate


The IOTA from an iron ore tailings reservoir in Shangluo was collected as coarse aggregate to produce concrete. The apparent density, water absorption, bulk density, mud content, and crushing index of the crushed stone were 2610 kg/m3, 1.66%, 1352.5 kg/m3, 3.1%, and 12.4%, respectively. The chemical compositions of the coarse aggregates, including NA and IOTA, are listed in Table 1. Figure 1 presents the phase composition of IOTA. It is worth noting that the crystalline composition of the IOTA is still dominated by quartz compared to others and that its surface is relatively angular. The grading curves of the aggregate are shown in Figure 2.




2.1.3. Calcium Carbonate Whiskers


CWs were used as a performance-enhancing material in the preparation of the concrete. Their performance parameters are shown in Table 2.





2.2. Mix Proportions


The mix proportions of the three series (NAC, TAC, and TAC-CW) are listed in Table 3. NAC (the control group) contained 100% NA. To maximize the reuse of industrial byproducts, the replacement ratio of IOTA in TAC was set at 100%. TAC-CW was prepared with 10%, 20%, and 30% CWs [29]. Cubic specimens (100 mm × 100 mm × 100 mm) and prismatic specimens (100 mm × 100 mm × 400 mm) were produced. The preparation process of the concrete specimens, including primary mixing, pouring, and curing, is shown in Figure 3.




2.3. Test Methods


2.3.1. Mechanical Performance


The fcu and fst of the concrete at 28 days were tested using cubic specimens with geometric dimensions of 100 mm × 100 mm × 100 mm according to Chinese National Standard GB/T 50081-2019. The parallel tests were carried out with three cubic specimens for each mixture. The tests were carried out in an MT pressure testing machine, and the loading rate was set to 0.5 MPa/s.




2.3.2. Accelerated Sulfate F-T Cycle


The F-T durability test was executed utilizing a state-of-the-art automatic rapid concrete F-T machine with a 3.5% sodium Na2SO4 solution, following the ASTM C666/C666M-03 standard. The temperatures at the centers of the specimens were maintained within a range of −18.0 ± 1 to 5.0 ± 1 °C. The maximum F-T cycle of the test was set at 300. Before the implementation of the test, 100 mm cubes and prisms of 100 mm × 100 mm × 400 mm were submerged in water for four days, followed by air-drying to conduct initial assessments of their compressive strength, elastic modulus, and mass. Upon completion of the initial testing and collection of necessary data, the specimens were placed inside the automatic rapid concrete freeze–thaw machine to undergo the F-T cycles. The specimens were periodically removed after every 50 cycles, and their compressive strength, mass, and elastic modulus were tested.




2.3.3. Non-Destructive Pore Testing by NMR


As a non-destructive testing technique, NMR has been widely used to analyze the pore structure of porous materials (without magnetically conductive components). The 100 mm concrete specimens underwent NMR analysis using a MacroMR12-150H-I NMR system with a magnetic field strength of 0.5 T and a frequency range of 50–60 Hz. The specimens were positioned within a pressurized saturation device, facilitating complete water penetration before testing to ensure thorough saturation, as shown in Figure 4.



For porous materials, when their pores exclusively contain water and there is no gradient field, the T2 relaxation time is approximately directly proportional to the structural characteristics of the pores, as indicated by Equation (1):


   1   T 2    = ρ (    S p     V p    )  



(1)




where T2 represents the transverse relaxation time of the fluid (ms), Vp represents the pore volume (μm3), ρ represents the transverse surface relaxation strength (μm/s), and Sp represents the pore surface area (μm2).




2.3.4. SEM for Morphology Analysis


Fractured under pressure, concrete samples were cut into 5 mm × 5 mm × 2 mm specimens and ground to achieve a flat surface. These prepared samples underwent immersion in anhydrous ethanol for three days to halt the hydration reaction, followed by drying at 40 °C for 24 h. After the pre-treatment, the samples were affixed to S-4800 cold field emission SEM sample supports using a conductive adhesive and then subjected to gold spraying and vacuuming. SEM observations in this study ranged from 5000× to 20,000× magnification.






3. Results and Discussion


3.1. Mechanical Properties


3.1.1. Compressive Strength


The changes in fcu at 28 days of concrete with different CW contents are provided in Figure 5. It can be observed from the histogram that the fcu of TAC was reduced by 11.68% as compared to NAC. This may be attributed to the high crushing index and water absorption of IOTA, as the level of water absorption reflects to some extent the number of pores within the IOTA. The compressive strength of the concrete exhibited varying degrees of enhancement with 10%, 20%, and 30% CWs, and the trend in strength improvement initially increased with the growing amount of CWs but eventually displayed a rising followed by a decreasing pattern. Specifically, the compressive strengths of TAC-CW10, TAC-CW20, and TAC-CW30 increased by 5.22%, 23.26%, and 14.3%, respectively, compared to TAC. The compressive strength of TAC-CW20, with the best CW level of 3%, exceeded that of NAC by 8.86%. This enhancement is mainly attributed to CWs having good compatibility with cementitious materials and, at the micron scale, being able to play the role of microfine powder to optimize and fill the large-size pores generated within the matrix of iron tailings concrete during the casting process and hydration process. At the same time, CWs dispersed within the matrix can inhibit microcracking, convergence, and expansion [30]. Unfortunately, when the dosage of CWs is high, they will agglomerate inside the matrix, which will lead to the deterioration of the internal microstructure of the matrix (poorly bonded interfaces as well as an increase in porosity), and the corresponding enhancement effect will be reduced [22,31].




3.1.2. Splitting Tensile Strength


The test results provided in Figure 6 present the fst results for concrete at 28 days. Figure 6 reveals that the fst of TAC, which includes 100% IOTA, undergoes a 14% decrease compared to NAC. This suggests that the substitution of NA with IOTA results in a deterioration in the fst of the concrete. When CWs are added to TAC, a significant increase in fst results. For example, incorporating 10%, 20%, and 30% CWs led to respective increases of 40.07%, 49.6%, and 51.98% in the fst values of TAC-CW10, TAC-CW20, and TAC-CW30 compared to TAC. Furthermore, the fst values of all three variants exceeded that of NAC. The primary factor contributing to concrete’s heightened splitting tensile capacity lies in the disorderly distribution of CWs adhered to the matrix, which could occur through the formation of tensile knots, bridging links, and fracture of CWs [32].





3.2. Sulfate F-T Cyclic Resistance


3.2.1. Mass Loss


Concrete mass deterioration under the influence of F-T cycles, a primary evaluation criterion, is attributed to the detachment of surface mortar and aggregates. The changes in specimen mass loss (Mc) under different sulfate F-T cycles are demonstrated in Figure 7. It can be generally observed from Figure 7 that the Mc values of individual specimens gradually increase in the early stages with the increase in F-T cycles. However, it should be noted that NAC, TAC-CW10, and TAC-CW20 show increases in Mc after 50 F-T cycles. The TAC specimens experienced notable Mc beyond 100 F-T cycles, which reached the 5% damage criterion after 200 F-T cycles. However, the Mc rate of concrete was considerably mitigated by adding 10%, 20%, and 30% CWs. The Mc values of TAC-CW10, TAC-CW20, and TAC-CW30 decreased rapidly after 250 F-T cycles. When subjected to 300 F-T cycles, the Mc values of TAC-CW10, TAC-CW20, and TAC-CW30 were less than 5% of the damage criterion, and the Mc values of the three were reduced by 44.14%, 55.61%, and 33.92%, respectively, compared to NAC.




3.2.2. RDEM


The test results for RDEM for the calcium carbonate whisker-reinforced iron ore tailings concrete specimens subjected to F-T cycles are presented in Figure 8. It is evident that each specimen follows a similar degradation pattern during the sulfate F-T cycle. Initially, there is an increase in RDEM with F-T cycles, followed by a subsequent decline, particularly after 200 F-T cycles. This indicates sulfate infiltration and crystallization within the matrix, leading to an initial RDEM increase and later decline due to increased pore damage and F-T erosion. For example, after 50 F-T cycles, the RDEM increased by 3.77%, 2.44%, 5.72%, 2.87%, and 3.14% for NAC, TAC, TAC-CW10, TAC-CW20, and TAC-CW30, respectively. However, from 50 to 200 F-T cycles, RDEM decreased by 11.73%, 15.94%, 15.24%, 9.63%, and 12.41%, respectively, without reaching the failure threshold of 60%. By 300 F-T cycles, TAC had failed, whereas NAC exhibited a 38.45% decrease in RDEM but did not fail. Conversely, RDEM for TAC-CW10, TAC-CW20, and TAC-CW30 remained above 70% by 300 F-T cycles, increasing by 15.54%, 25.18%, and 18.63%, respectively, compared to NAC. These results highlight the improved frost resistance of TAC-CW20 due to the appropriate addition of CWs.




3.2.3. Relative Compressive Strength


Figure 9 depicts the trends in fcu variations for specimens with diverse CW contents subjected to 0–300 F-T cycles. It is evident from Figure 9 that, as the F-T cycles increase, the fcu values of the concrete initially increase (less than 50 F-T cycles) and subsequently decrease (more than 50 F-T cycles), akin to the deterioration pattern observed in the corresponding RDEM. Primarily, the ingress of SO42− into the matrix occurs through the pores in the initial stages, reacting with cement hydration products to generate gypsum (CaSO4·2H2O) and ettringite (3CaO·Al2O3·CaSO4·31H2O), as depicted in Equations (2) and (3). These compounds serve to occupy and fill the pores. However, as the F-T cycles repeated, more corrosion products accumulated, exerting expansion force on the inner pore wall. The rapid expansion of pores, driven by this force, results in their interconnection and microcrack formation, thereby accelerating the deterioration of concrete [33]. Macroscopically, it is characterized by a decrease in fcu. Compared with NAC, TAC experienced the fastest reduction in fcu during the complete F-T cycle. Following 200 F-T cycles, the fcu values of TAC dropped by 46.75%, exceeding the designated failure threshold of 25%. When adding 10–30% CWs to TAC, the fcu reduction rates for TAC-CW10, TAC-CW20, and TAC-CW30 were notably lower than for NAC. Notably, TAC-CW20 demonstrated only a 22.95% decrease in fcu after 300 F-T cycles, highlighting the potential of CW addition to improve concrete’s F-T resistance, particularly at a 20% dosage.


Na2SO4 + Ca(OH)2 + 2H2O → CaSO4·2H2O + 2Na2OH



(2)






4CaO·Al2O3·12H2O + 3Na2SO4 + 2Ca(OH)2 + 20H2O → 3CaO·Al2O3·CaSO4·31H2O + 6NaOH



(3)









3.3. Pore Characterization from NMR


3.3.1. T2 Spectral Fluid Distribution


Figure 10 depicts the T2 spectral fluid distribution, showcasing the relationship curve between the relaxation time (T2) and the inversion signal intensity for the concrete specimens exposed to different F-T cycles. This graphical representation reveals three prominent signal peaks in the T2 spectrum, aligning from left to right with high, medium, and low peaks, respectively. The signal intensity of the three peaks from high to low are: first peak (high peak) > second peak (medium peak) > third peak (low peak), which indicates that the number of micropores in the concrete specimens is much larger than that of medium and large pores.



As the number of F-T cycles increases, the signal intensities of NAC, TAC, and TAC-CW20 gradually rise. Simultaneously, the peaks shift to the right, indicating an increase in the number of pores and an enlargement of pore size scales. At 250 F-T cycles, TAC surpasses NAC in the values of its three signal peaks, and these peaks notably shift to the right. In contrast, TAC-CW20 exhibits reduced values for its three signal peaks, and the extent of the rightward peak shift is also diminished. This difference is attributed to the addition of CWs, enhancing matrix connectivity from macro- to microlevels and, consequently, providing resistance against more severe F-T damage.




3.3.2. Pore Size Distribution


Based on the NMR T2 spectral distribution results and insights from the literature [34], concrete pores were categorized into four categories according to their radius (r), including harmless pores (r < 0.02 μm), less harmful pores (0.02 μm ≤ r < 0.05 μm), harmful pores (0.05 μm ≤ r < 0.20 μm), and more harmful pores (r ≥ 0.20 μm). Figure 11 presents the pore size distribution of specimens subjected to various F-T cycles. Figure 12 illustrates the evolution of harmless and less harmful pores into harmful and more harmful pores due to the F-T cycles. For example, before the F-T cycles, the percentages of harmless pores for NAC, TAC, and TAC-CW20 specimens were 48.5%, 44.4%, and 40.1%, respectively. However, after 250 F-T cycles, the percentages of more harmful pores increased to 13.6%, 22.5%, and 8.2% for NAC, TAC, and TAC-CW20, respectively. The ingress of SO42− into concrete, primarily facilitated by the F-T process, leads to their interaction with hydration products and the generation of erosion products such as gypsum and AFt. As the number of freeze–thaw cycles increases, the reaction between SO42− and hydration products intensifies, resulting in excess production of gypsum and AFt. The pore walls cannot withstand the expansion pressure from these products, leading to damage. Consequently, initially, harmless pores transform into more harmful ones, exacerbating the overall concrete deterioration. Furthermore, it is evident that compared to NAC, the addition of IOTA negatively impacts the pore size distribution of TAC. Conversely, TAC-CW20, incorporating CWs, exhibits superior pore characteristics compared to NAC. This improvement is primarily attributed to the hydrophilic nature of CWs, enabling the concrete to absorb unfrozen pore solution and free water, thereby reducing the hydrostatic pressure within it. Simultaneously, the “CW network” effectively separates and refines distributed air bubbles, restraining the further development of cracks during F-T cycles due to the bridging effect of CWs.




3.3.3. Porosity


Figure 12 illustrates the porosities of specimens after different F-T cycles. It is evident that the porosity gradually increases with the number of F-T cycles. Compared to the 0 F-T cycle condition, the porosity of specimens of NAC, TAC, and TAC-CW20 increased by 31.65%, 22.03%, and 26.82% after 100 F-T cycles, respectively, and increased by 161.15%, 162.71%, and 181.09% after 250 F-T cycles, respectively. In addition, compared to NAC, after 250 freeze–thaw cycles, TAC exhibited a 28.1% increase in porosity, whereas TAC-CW20 showed a notable 36.5% decrease. This reinforces the favorable mechanical properties and freeze–thaw resistance of TAC-CW20 from the mesoscopic porosity point of view.





3.4. Micromorphology from SEM


Figure 13 shows the dispersion of CWs inside the matrix, and it can be found that the CWs inside the TAC-CW20 specimen are relatively well dispersed, while the CWs inside the TAC-CW30 specimen appear to be agglomerated. Figure 14 and Figure 15 depict the internal microstructures of the specimens following 100 and 250 F-T cycles. It can be seen in Figure 14a–c and Figure 15a–c that after 100 F-T cycles, the emergence of erosion produces rod-like crystals (gypsum), needle-like crystals (caliche), and fine-grained crystals in the NAC, TAC, and TAC-CW20 specimens. Additionally, distinct microcracks and micropores are visible within individual specimens, although they are not interconnected. Following 250 F-T cycles, a significant increase in erosion products is observed in all specimens, accompanied by a notable expansion in the scale of microcracks due to repeated F-T cycles and crystallization expansion stress. Furthermore, micropores develop into microcracks through connectivity. These findings elucidate the deterioration mechanism of macroscopic properties (mass, compressive strength, and relative dynamic modulus) of concrete specimens under sulfate F-T cycles. Notably, after 250 F-T cycles, the interior of TAC exhibits a looser structure than NAC. At the same time, TAC-CW20 shows a relatively denser interior with fewer erosion products, further validating the superior frost resistance of TAC-CW20.





4. Conclusions


The utilization of IOTA resources has the benefit of reducing the accumulation and dumping of industrial waste. This practice contributes to realizing sustainable development goals for natural resources. Calcium carbonate whisker-reinforced iron ore tailings concrete was prepared by replacing NA with IOTA and incorporating CWs. The mechanical properties, sulfate F-T cycle resistance, pore structure, and microstructure of the calcium carbonate whisker-reinforced iron ore tailings concrete were discussed. Based on the findings of this study, the following conclusions can be drawn.



	(1)

	
When IOTA completely replaced NA, both the fcu and fst of TAC decreased. Upon adding 10–30% CWs to TAC, the fcu and fst of TAC-CW20, incorporating 20% CWs, increased by 23.26% and 49.6% compared to TAC and were higher than those of NAC, demonstrating that incorporating 20% CWs in the TAC had a beneficial effect.




	(2)

	
The F-T damage of concrete initially increases and subsequently decreases during F-T cycles in Na2SO4 solution. When the CWs were added to TAC, TAC-CW20 showed the best frost resistance compared to the other groups of specimens undergoing 300 F-T cycles.




	(3)

	
NMR results showed that concrete’s internal pore size and porosity gradually increase with increasing numbers of F-T cycles. After different F-T cycles, TAC-CW20 had a lower porosity and a larger number of harmful pores than NAC. The incorporation of 20% CWs is beneficial for the development of internal pore structure in TAC.




	(4)

	
Based on the results of SEM, as the number of F-T cycles increased, the formation of corrosion products in concrete increased the number of pores and cracks. After 250 F-T cycles, TAC-CW20 showed a relatively denser interior with fewer erosion products than NAC. This further confirms that the inclusion of 20% CWs could enhance the performance of TAC.




	(5)

	
The macroscopic and microscopic results indicated that incorporating 20% CWs into TAC in producing concrete led to superior performance, including mechanical properties, frost resistance, pore structure, and microstructure, compared to ordinary concrete.
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Abbreviations




	CWs
	Calcium carbonate whiskers



	F-T
	Freeze–thaw



	IOTA
	Iron ore tailings as crushed stone aggregate



	NA
	Natural crushed stone aggregate



	NAC
	Normal concrete



	NMR
	Nuclear magnetic resonance



	RDEM
	Relative dynamic elastic modulus



	RS
	River sand



	SEM
	Scanning electron microscopy



	TAC
	Iron ore tailings concrete



	TAC-CW
	Calcium carbonate whisker-reinforced iron ore tailings concrete



	fcu
	Compressive strength



	fst
	Splitting tensile strength



	Mc
	Mass loss
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Figure 1. Diffraction pattern of IOTA. 
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Figure 2. Grading curves of the aggregates. (a) RS. (b) NA and IOTA. 
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Figure 3. Preparation process of the specimens. 






Figure 3. Preparation process of the specimens.



[image: Buildings 14 01004 g003]







[image: Buildings 14 01004 g004] 





Figure 4. Specimens for NMR pore testing. (a) Specimen saturation. (b) Specimen testing. 
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Figure 5. Test results for fcu. 
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Figure 6. Test results for fst. 
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Figure 7. Test results for Mc after different F-T cycles. 
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Figure 8. Test results for REDM after different F-T cycles. 
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Figure 9. Test results for fcu after different F-T cycles. 
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Figure 10. Test results represented by T2 spectral fluid distribution curves after different F-T cycles. (a) NAC. (b) TAC. (c) TAC-CW20. 
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Figure 11. Test results for pore size distributions after different F-T cycles. (a) NAC. (b) TAC. (c) TAC-CW20. 
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Figure 12. Test results for porosities after different F-T cycles. 
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Figure 13. SEM images of concrete specimens. (a) TAC-CW20. (b) TAC-CW30. 
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Figure 14. SEM images of concrete specimens after 100 F-T cycles. (a) NAC. (b) TAC. (c) TAC-CW20. 
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Figure 15. SEM images of concrete specimens after 250 F-T cycles. (a) NAC. (b) TAC. (c) TAC-CW20. 
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Table 1. Main chemical compositions of NA and IOTA (wt. %).
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	Component
	NA
	IOTA





	SiO2
	88.21
	70.26



	Al2O3
	9.02
	6.42



	Fe2O3
	6.44
	13.75



	MgO
	0.14
	2.85



	CaO
	0.32
	4.21



	SO3
	0.02
	0.24



	Na2O
	0.16
	1.22



	Loss
	0.006
	0.014










 





Table 2. Characteristic parameters of CWs.
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Length

(μm)

	
Diameter

(μm)

	
Density

(g/cm3)

	
Tensile Strength

(MPa)

	
Elastic Modulus (GPa)
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CWs

	
20–30

	
0.5–1.0

	
2.8

	
3000–6000

	
410–710











 





Table 3. Mix proportions.
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	No.
	C

(kg/m3)
	RS

(kg/m3)
	IOTA

(kg/m3)
	NA

(kg/m3)
	W

(kg/m3)
	CWs

(%)
	Slump

(mm)





	NAC
	545
	617
	1085
	0
	217
	0
	135



	TAC
	545
	617
	0
	1085
	217
	0
	110



	TAC-CW1
	545
	617
	1085
	0
	217
	10
	85



	TAC-CW3
	545
	617
	1085
	0
	217
	20
	85



	TAC-CW5
	545
	617
	1085
	0
	217
	30
	80
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 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/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file30.png





media/file26.jpg





media/file8.jpg
Jeu (MPa)

)
S

104






media/file27.png
= 3

- &.lr.
B
..f,.
LA
! -





media/file13.png
M, (Vo)

6 ﬁ|5/| ‘
5 ;
/

4 4T . NAC / /,/

—e— TAC V% /
3 4 —a—TAC-CWI10 / ; /

—+— TAC-CW20 A /
2 i /' - A

TAC-CW3V
0 _;/1. //‘
0 50 100 150 200 250

300





media/file31.png





media/file12.jpg
M, (%)

——TAC
37 —=—Tac-cwio)
[ TAC-CW20)
21+ rAac-cw3()

0 50 100

150 200 250 300
F-T cycles





media/file18.jpg
0.
K e K AN ||
i
|
i A
i
it
@ (b)
©
s0- 20k gl
EX0
230 £
£ i
E 2 1
Eaf |

Tams)
©





media/file9.png
50

40

Joy MPa)

10_ .......

20_ ........






media/file14.jpg
[-=- NAC
[——TAC

I TAC-CW10]
f—— TAC-CW20]

|+ TAC-CW30)

0 50 100 150
F-T cycles

200 250

300





media/file20.jpg
(9 womnqustp 371 a0

e ¢ =

2 3 2 &
(o) vomnauastp 971 3u0g

©





media/file23.png
T | )

Porosity (%)





media/file5.png
Calcium carbonate whisker

Sand % Iron ore tailings

Cement

Crushed stone

(1) Dry stirring 60s (1) Pouring and vibrating

(2) Stirring 120s add water (2) Demoulding after 24h of
and superplasticizer hardening

(1) Standard curing 28d






media/file15.png
110
- 0- NAC
P\ —e—TAC
100+ NS —— TAC-CW10
\~- = —— TAC-CW20
RN TAC-CW30
—_ 90 ~ 5
= 80 \
aa N \1
70 |:60‘V \ M
60 ]‘ N
50
0 50 100 150 200 250 300

F-T cycles





media/file19.png
—=— (0 F-T cycle
—e— 100 F-T cycles
50 —+— 250 F-T cycles

—a— (0 F-T cycle
—o— 100 F-T cycles
—4— 250 F-T cycles

|

ey

. ;—b—»’y

o] 4

Amplitude (a.u.)
=

Amplitude (a.u.)

100 1000 10000 0.01 0.1 1 10

100 1000 10000

_ | — O. F-T cycle
—e— 100 F-T cycles
50 +— 250 F-T cycles

Amplitude (a.u.)
(U8
o

10 100 1000 10000
To(ms)

(c)





media/file28.jpg





media/file2.jpg
H
g
3

o = Coner ]
= Fiom
< [—~a
T « Uppe i
= = Lower fimi ' faw
[—Na Y x 3
& Upper i o\ | 2w
[20] 1\ #(7s] LR
: bs
S S
*ioo) 100100/ 100}
T4 3 3 1 ¢ 0 3 w5t 5

Sercening size (mm)

(@)

size (mm)






nav.xhtml


  buildings-14-01004


  
    		
      buildings-14-01004
    


  




  





media/file11.png
4

3 ................................................................

2 d...B B.....Ooo.o- B B.. . .»B B. . ...>J 32 B.....1N B....

1_ ..................................................................................................................................

S ¢ d 3 3

)
RO C’CQ@/ cfﬂ@
N2 N2 N2





media/file6.jpg
(b)

ld





media/file24.jpg





media/file29.png





media/file1.png
. o-Quartz
=-Anorthite
»-Rankinite
o-White Mica






media/file10.jpg
?>
<

K N N
o o,o"” C,o"‘“