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Abstract

:

Iron tailings powder (ITP) is a kind of solid waste, which pollutes the environment, without any treatment. The application of ITP in cement concrete is a good choice. In this study, the influence of ITP on the flowability, compressive strength, chloride ion permeability and the attenuation of the performance of cement concrete during freeze–thaw cycle (F-T) damage are investigated. An X-ray diffraction, an analysis of the pores and a scanning electron microscope (SEM) are obtained to analyze the mechanism of cement concrete’s performance. The results show that the addition of ITP can decrease the flowability of fresh cement concrete. Cement concrete with a 7% ITP to mass ratio of the total aggregate shows the highest compressive strength and the minimum chloride ion permeability. The relative dynamic modulus of the elasticity of the specimens with 7% ITP during the F-T is the highest. The corresponding mass loss rate is the lowest. The mercury intrusion analysis results show that the pore volume of the specimens with 7% ITP is the lowest. The SEM results confirm that the specimens with 7% ITP show the densest microstructures.
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1. Introduction


With the progress of industrialization worldwide, a large amount of metal tailings continuously accumulate in the environment [1,2]. Tailings storage not only occupies land resources and pollutes the environment, but also has potential safety hazards [3,4,5]. The main minerals in metal tailings are silicate minerals (quartz and feldspar), whose chemical components are mainly SiO2, Al2O3 and Fe2O3 [6,7,8].



Cement-based materials have been used in engineering for several years. The manufacturing of cement can require a large amount of energy and resources [9]. The mass production and use of cement not only consumes a large amount of energy and resources, but also causes ecological damage and environmental pollution [10,11,12]. Aimed at these issues, new cementitious materials need to be used to replace cement materials.



Young et al. [3] have reported that iron tailings can replace a part of clay raw material components. The presence of silicon and aluminum components in iron tailings has been shown to enhance the burnability of raw materials. This results in a reduction in the firing temperature of clinker minerals, which in turn leads to an improvement in the firing quality and hydration performance of clinker. Almada et al. [13,14] point out that can iron tailings optimize the pore structure of mortar, leading to improving the compactness of cement mortar, thus improving the corresponding mechanical strengths and durability. Pu [15] has prepared the iron tailings with a pozzolanic effect, and the iron tailings can promote the secondary hydration of aluminates in cement and significantly improve the gelling activity. The application of iron tailings in cement concrete can effectively increase the mechanical strength of cement concrete [16,17]. Additionally, the permeability and frost resistance of cement concrete can be improved by mixing with the iron tailings [18,19]. Moreover, as reported in [20,21], iron tailings powder (ITP) can increase the amount of hydration products and optimize the pore size of concrete samples.



The fineness of the iron tailings can affect the mechanical strength and long-term performance. In order to solve the above problems, it is necessary to grind the iron tailings so the chemical treatment can be carried out. Mechanical grinding not only reduces particle size of the iron tailings, but also increases their specific surface area. Ultrafine iron tailings powder (ITP) may be advantageous in improving the properties of cement concrete [22,23]. However, few researchers have been attracted to the influence of ultrafine iron tailings on the fluidity, the mechanical performance and the durability of cement concrete.



In this study, the compressive strength, the chloride ion permeability and the freeze–thaw cycles (F-T) of cement concrete with ultrafine iron tailings are studied. The SEM photos, the XRD curves and the mercury intrusion curves have been obtained to reveal the mechanism of concrete performance with iron tailings.




2. Materials and Methods


2.1. Raw Materials


The applied cement in this research is ordinary Portland cement, provided by Beijing Jinyu Group Co., Ltd., Beijing, China. The compressive strength grade is 42.5 MPa. The grade II fly ash made by Beijing Jingyeda New Building Materials Co., Ltd., Beijing, China, and S95 blast furnace slag powder offered by Jintaicheng Technology Group Co., Ltd., Xingtai, China, are used as mineral admixtures. ITP was produced by grinding and sieving iron tailings mother rock. The iron tailings mother rock was supplied by the China Railway Shanghai Engineering Bureau in Shanghai, China. The ITP is shown in Figure 1.



Table 1, Table 2 and Table 3 show the chemical composition, particle passing percentage and technical index of cementitious material, respectively.




2.2. Test Apparatus


The vibratory ultra-micro crushing and grinding mixer, the HJW-60 concrete mixer and the slump bucket were produced by Jinan Henglongda Electromechanical Technology Co., Ltd., Jinan, China, Cangzhou Yixuan Test Instrument Co., Ltd., Cangzhou, China and Hebei Jingke Instrument Technology Co., Ltd., Cangzhou, China, respectively, while the YAW-3000 microcomputer controlled electro-hydraulic servo pressure testing ma-chine, the NEL-PDU type chloride ion diffusion coefficient tester and the NJ-BSJ intelligent vacuum saturation machine were provided by Shanghai Sansi Zongheng Machinery Manufacturing Co., Ltd., Shanghai, China, Beijing Neerde Instrument Equipment Co., Ltd., Beijing, China and Cangzhou Huaheng Test Instrument Co., Ltd., Cangzhou, China, individually. Additionally, the CDR6-9 fully automatic concrete rapid freeze–thaw test equipment, the DT-10 concrete dynamometer and the ZEISS GeminiSEM 300 scanning electron microscope were offered by Beijing Yanke New Technology Corporation, Beijing, China, Tianjin Zhongshi Technology Instrument Co., Ltd., Tianjin, China and Carl Zeiss (Shanghai) Management Co., Ltd., Shanghai, China, respectively. The X’Pert PRO MPD type X-ray diffraction pattern analyzer and the MicroActive Auto Pore AutoPore IV9510 high-performance fully automatic mercury intrusion meter were made by Panalytical Company in the Netherlands and McMurray Tec (Shanghai) Instrument Co., Ltd., Shanghai, China, respectively.




2.3. Specimens Manufacturing and Measurement


2.3.1. Specimens Manufacturing


The specimens were made with the mixing proportions in Table 4. The manufacturing process is described in these steps. The ITP content ranged from 0% to 15% of the total mass of the total binder materials.



All powdered materials were stirred in the HJW-60 concrete mixer with a mixing speed of 48 r/min for 1 min. Then, the coarse aggregate was added and mixed with the same stirring speed for another 1 min. Finally, the mixed solution (water and water reducing agent) was mixed in the concrete mixer with a speed of 48 r/min for the last 2 min. The manufacturing process is shown in Figure 2.




2.3.2. Measurement of Slump


Slump bucket was used for determining the slump of fresh cement concrete. The fresh cement concrete was poured into the slump bucket at three steps. When the pouring was finished, the slump bucket was pulled vertically, and the slump of fresh cement concrete was measured referring to the Chinese standard GB/T50080-2016 [24].




2.3.3. Measurement of Compressive Strength


Specimens with size of 100 × 100 × 100 mm3 were used for the measurement of compressive strength referring to the Chinese standard GB/T50081-2019 [25]. All specimens were cured in the standard curing room (20 ± 2 °C and a relative humidity of 98.2%) for 3 days, 7 days and 28 days. The compressive strength of concrete was tested using the YAW-3000 microcomputer controlled electro-hydraulic servo pressure testing machine.




2.3.4. Measurement of Chloride Ion Permeability and Freeze-Thaw Resistance


Electric flux method was used to test the chloride ion permeability. The specimens used in this experiment show a size of Φ 100 mm × 50 mm. NEL-PDU type chloride ion diffusion coefficient tester was used for the determination of electric flux. Before the measurement of electric flux, a vacuum water saturation treatment was carried out on all specimens with a NJ-BSJ intelligent vacuum saturation machine.



Specimens with a size of 100 × 100 × 400 mm3 were used for the experiments of freeze–thaw cycles. CDR6-9 fully automatic concrete rapid freeze-thaw test equipment was applied in the measurement of freeze–thaw (F-T) cycles. The freeze–thaw temperature ranged from −15 °C to 8 °C. The specimens were immersed in the rubes filled with water. The relative dynamic elastic modulus (RDEM) was measured by DT-10 concrete dynamometer. The mass and relative dynamic elastic modulus were tested, each at 25 freeze–thaw cycles. Three specimens of each group were used for every experiment. All the experiments were carried out according to the GB/T 50082-2009 Chinese standard [26], as shown in Figure 3.




2.3.5. Measurement of Microscopic Performance


The samples were immersed in alcohol for 4 days. Then, all samples were dried in the vacuum drying oven at a temperature of 60 °C for 4 days. After that, the samples sprayed with gold, with the maximum diameter of 0.2 cm, were used for the SEM experiment by ZEISS GeminiSEM 300 scanning electron microscope. The dried samples were used for the measurement of XRD by X’Pert PRO MPD type X-ray diffraction pattern analyzer. The tested samples were ground and screened by utilizing a square mesh sieve. The side length of each aperture was 75 um. The internal parts of the samples whose maximum diameter was 0.5 mm were used for the mercury intrusion analysis with MicroActive Auto Pore AutoPore IV9510 high-performance fully automatic mercury intrusion meter.






3. Results and Discussion


3.1. The Slump of Fresh Cement Concrete


The slump of fresh cement concrete is shown in Figure 4. The slump of fresh cement concrete decreased with the increasing dosages of ITP. The minimum slump of fresh cement concrete was 210 mm. When the addition of ITP increased from 0% to 15%, the decreasing rate of slump was 13.7%. This is attributed to the fact that the ITP showed a higher specific surface area than the cement. The total specific surface area was increased by adding the ITP. Therefore, more free water was absorbed by the ITP and the slump was decreased. The decreasing rate of the slump fits the equation of Dr = 1.89 + 2.56sin(π(Ci + 1.27)/3.58), where Dr is the decreasing rate and Ci is the mass ratio of the ITP.




3.2. The Compressive Strength


The compressive strength of cement concrete with different dosages of ITP is shown in Figure 5. The compressive strength of cement concrete increased when the dosages of ITP increased from 0% to 7%, which was ascribed to the fact that the ITP showed a higher specific surface area than the cement. The ITP filled the pores between the particles of the cementitious material and optimized the particle grading of the cementitious material [27,28,29], which reduced the porosity of the concrete and made the concrete more dense. Therefore, the compressive strength was improved by adding the ITP. However, when the content of ITP was higher than 7%, the compressive strength decreased with the increasing dosage of ITP due to the fact that an excessive amount of ITP can damage the optimized particle grading and reduce the compactness of the concrete, leading eventually to a decrease in the compressive strength of cement concrete. In addition, when the amount of ITP is too high, some of the ITP will exist in a free state. This part of ITP is disadvantageous for the formation of cement paste or interface transition zone [30,31]. Consequently, the compressive strength is decreased. Finally, as can be found in Figure 5, the compressive strength increased with the increasing curing age, which was attributed to the improved hydration degree. The growth rate of the mechanical strengths fit the equation of sine function with the mass ratio of the ITP. The compressive strengths of cement concrete with 7% ITP were 13%, 11.7% and 9.6% higher than the specimens without ITP. The compressive strength of cement concrete increased with the increasing curing ages due to the improved hydration process.




3.3. The Durability


As described in the Chinese standard, the GB/T 50082-2009 [26], the electric flux of cement concrete is used for reflecting the chloride ion permeability. In this study, this parameter was used to represent the chloride ion permeability. The electric flux of cement concrete with powder is shown in Figure 6. As observed in Figure 6, the electric flux shows a downward trend with the dosage of ITP ranging from 0% to 7%, showing the increasing resistance to chloride ion permeability. However, when the dosage of ITP increased from 7% to 15%, the electric flux increased with the increasing content ITP, which indicates the lower permeability of resistant chloride ions. This is attributed to the microaggregate effect [32,33,34], which effectively fills the pores inside the concrete and improves the pore structure concrete. Therefore, the compactness was increased, leading to a reduction in the chloride ion diffusion channels and an increase in the resistance to chloride ions’ permeability. However, when the dosage of ITP was higher than 7%, the activity of hydraulic substances was reduced by adding the ITP. Hence, the chloride ion impermeability was increased by the increasing dosages of ITP. The change in the electric flux fits the equation of ΦE = 1.46 + 1.46sin(π(Ci − 633.63)/1256.63), where ΦE is the change in the electric flux and Ci is the mass ratio of the ITP.



The mass loss rates and the relative dynamic modulus of elasticity of cement concrete are shown in Figure 7. As depicted in Figure 7, the mass loss rates increased with the increasing number of F-T. Moreover, the relative dynamic modulus of elasticity decreased during the F-T. This is ascribed to the fact that the freeze–thaw action can increase the inner cracks of the cement concrete [35,36]. Therefore, mass was decreased by the increasing number of F-T. The increased inner cracks by F-T can block transmitting of sound, leading to a decrease in the relative dynamic elastic modulus of the samples. When the mass ratio of ITP was lower than 7%, the relative dynamic elastic modulus were increased and the mass loss rate were decreased with the increasing dosages of ITP, due to the increased compactness by ITP. While, when the dosages of ITP were higher than 7%, the relative dynamic elastic modulus was decreased and mass loss rate was increased with the increasing dosage of ITP. The decreasing rate of the relative dynamic modulus of elasticity (RDEM) fits the equation of RDEM = 281.9N0.3; RDEM = 220.7N0.2; RDEM = 220.7N2; RDEM = 217.0N−0.2; RDEM = 249.1N−0.3, and the growth rate of the mass loss rate (Δm/m) fits the equation of power function (where RDEM is the relative dynamic elastic modulus; Δm/m is the mass ratio of the ITP; and N is the number of F-T).




3.4. The Microanalysis


The SEM photos of iron tailings are illustrated in Figure 8. The iron tailings are composed of small spherical particles and irregular sheet-like structures that exhibit an obvious agglomeration phenomenon, mainly consisting of powder particles as the skeleton. Small mineral particles adhere to each other and accumulate to form an agglomeration structure. The surface of the particles generally exhibits irregular edges and corners, which allows for a better filling of the pore spaces between cement-based material particles due to their small size. As a result, iron tailings can be used to enhance the compactness of cement-based materials, thereby improving their mechanical strength and resistance to chloride ion permeability.



Figure 9 displays the particle size distributions of both cement and iron tailings. The particle sizes of iron tailings ranged between 24 μm and 40 μm. Notably, the particle size distribution curve of iron tailings was narrower than that of cement particles [34].



Figure 10 shows the XRD curves of the specimens, revealing the presence of quartz, annite, actinolite, cordierite, and CaSO3. The chemical compounds of iron tailings are ranked in the following order: SiO2, Fe2O3, Al2O3, CaO and MgO. Therefore, adding iron tailings can effectively increase the hydration degree of cement, ultimately enhancing the compactness of the concrete and improving its mechanical strength and durability.



Figure 11 displays the X-ray spectrum of cement concrete specimens with ITP. The diffraction peaks of ettringite, 3CaO·SiO2, 2CaO·SiO2, SiO2 and Ca(OH)2 were observed. As the dosage of ITP increased, the diffraction peaks of Ca(OH)2 and ettringite decreased. This is because as the amount of iron tailings increased, the water-cement ratio decreased, resulting in less water being required for the hydration of other cementitious materials. This, in turn, delayed the early hydration process of the cement. Moreover, the diffraction peaks of SiO2 and 2CaO·SiO2 increased, indicating that ITP has an inhibitory effect on the early hydration of cement. As a result, the diffraction peaks of SiO2 and 2CaO·SiO2 increased with increasing ITP content.



Figure 12 shows the mercury intrusion curves, indicating the pore diameter ranges of cement concrete to be 0–50 nm, 0–20 nm, 0–20 nm, 0–50 nm and 0–50 nm. As the dosage of ITP increased, the total volume of pores in cement concrete decreased due to the physical filling effect of ITP [37,38,39]. As a result, the structure of the cement stone was improved and porosity was reduced, leading to a more compact cement stone.



Figure 13 displays SEM photos of specimens with varying ITP dosages, ranging from 0% to 15%. With 0% ITP, needle-shaped and flower-shaped hydration products were observed. These products were relatively large, but the morphology was loose, and obvious cracks could be observed at the interface transition zone. As shown in Figure 13a–d, when the mass ratio of ITP was less than or equal to 7%, the structure of the hydration products was denser, resulting in an overall compact structure. The sufficient hydration of cement generated more needle-like products, which interwove to form a spatial network structure. The ITP particles in the structure served to fill the pores. However, as depicted in Figure 13f–h, when the mass ratio of ITP was higher than 7%, the compactness of the concrete structure decreased significantly with increasing mass ratio of ITP. At the same time, a large amount of micro powder attached to the surface of hydration products, resulting in the generation of a large amount of gel-like structure. Moreover, the micro powder was not effectively wrapped, leading to the existence of micro-cracks in the specimens, which negatively affected their mechanical strength.





4. Conclusions


In this study, the effects of the addition of ITP on compressive strength, chloride ion permeability and freeze–thaw resistance were investigated. XRD, MIA and SEM were applied in analyzing the mechanism of the macro performance. The research results are summarized as follows.



(1) The flowability of fresh cement concrete was decreased with the higher replacement ratio of iron tailings powder. The relationship between concrete mixture slump loss and iron tailings powder dosage can be described by a power function formula.



(2) With the increasing replacement ratio of iron tailings powder, the compressive strength, chloride ion anti-permeability and freeze–thaw resistance presented a tendency of initial enhancement and later degradation.



(3) When the replacement ratio of ITP was 7%, the cement concrete showed the maximum compressive strength, the minimum chloride ion permeability and the best resistance of freeze–thaw cycles.



(4) The cement concrete incorporated with 7% iron tailings powder showed the optimal pore distribution and minimum total pore volume. At this dosage of iron tailings powder, the hydration products of cement concrete specimens was most compacted.



(5) The researching achievements have provided new ideas for handling solid waste.
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Figure 1. The ITP. 
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Figure 2. The productive process of sample. 
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Figure 3. The measuring process of freeze–thaw experiment. 
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Figure 4. Slump of fresh concrete mixed with ITP. 
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Figure 5. Compressive strength of concrete mixed with ITP. 
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Figure 6. Variation curve of concrete electric flux with the amount of ITP. 
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Figure 7. The relative dynamic elastic modulus and mass loss rate of concrete with the number of F-T. (a) Relative dynamic elastic modulus; (b) Mass loss rate. 
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Figure 8. Apparent structure of ITP. 
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Figure 9. Particle size distribution curve. 
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Figure 10. The XRD curves of the specimen. 
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Figure 11. The XRD spectrum of cement concrete specimens with ITP. 
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Figure 12. Effect of incorporation of ITP on the pore structure of net cement paste. (a) Different pore volume; (b) Cumulative pore volume; (c) Total pore volume and total pore area; (d) Most probable pore size, average pore size and porosity; (e) Pore size distribution. 
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Figure 13. SEM microstructure photos of specimens. (a) 0% ITP; (b) 3% ITP; (c) 5% ITP; (d) 7% ITP; (e) 9% ITP; (f) 11% ITP; (g) 13% ITP; (h) 15% ITP. 
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Table 1. Chemical composition (%).
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	Types
	CaO
	SiO2
	Al2O3
	Fe2O3
	MgO
	SO3
	f-CaO
	Loss
	Others





	Cement
	61.30
	22.41
	6.95
	3.41
	2.62
	2.86
	/
	/
	0.45



	Fly ash
	2.90
	51.24
	34.12
	4.23
	0.62
	1.21
	0.54
	1.83
	/



	Blast furnace slag
	36.21
	33.21
	17.32
	0.84
	9.34
	2.82
	0.019
	0.89
	0.014



	ITP
	10.75
	46.24
	12.5
	18.44
	4.51
	/
	/
	/
	7.56
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Table 2. Particle passing percentage of cementitious materials (%).
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	Types
	0.3 μm
	0.6 μm
	1 μm
	4 μm
	8 μm
	16 μm
	32 μm
	64 μm





	Cement
	0
	0.79
	3.37
	18.17
	33.42
	48.74
	70.28
	90.45



	Fly ash
	0
	0.28
	1.05
	7.34
	17.91
	31.80
	55.51
	82.24



	Blast furnace slag
	0
	0.98
	2.77
	15.25
	32.60
	58.85
	89.24
	95.47



	ITP
	0
	0.18
	1.90
	15.10
	32.04
	52.74
	83.08
	98.09
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Table 3. Technical index.
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Types

	
Fineness

/(%)

	
Density/(g/cm3)

	
Water Demand Ratio

/(%)

	
Mobility Ratio/(%)

	
Specific Surface Area/(m2/kg)

	
Burning Loss/(%)

	
Setting Time (min)




	
Initial Setting

	
Final Setting






	
Cement

	
/

	
3.1

	
/

	
/

	
390

	
/

	
220

	
255




	
Fly ash

	
10.2

	
2.21

	
98

	
/

	
385

	
/

	
/

	
/




	
Blast furnace slag

	
3.47

	
2.85

	
/

	
96

	
450

	
/

	
/

	
/




	
ITP

	
/

	
2.83

	
/

	
/

	
842

	
/

	
/

	
/
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Table 4. The proportions of concrete mix.
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	Cement

(kg/m3)
	Fly Ash (kg/m3)
	Mineral Powder (kg/m3)
	ITP Content/%
	ITP (kg/m3)
	Stone

(kg/m3)
	Manufactured Sand (kg/m3)
	Water (kg/m3)
	Water Reducer (%)





	208
	105
	105
	0
	0
	1077
	780
	176
	0.5



	208
	105
	105
	3
	13
	1077
	780
	176
	0.5



	208
	105
	105
	5
	21
	1077
	780
	176
	0.5



	208
	105
	105
	7
	29
	1077
	780
	176
	0.5



	208
	105
	105
	9
	38
	1077
	780
	176
	0.5



	208
	105
	105
	11
	46
	1077
	780
	176
	0.5



	208
	105
	105
	13
	54
	1077
	780
	176
	0.5



	208
	105
	105
	15
	63
	1077
	780
	176
	0.5



	100
	50
	50
	0
	0
	0
	0
	84
	1



	100
	50
	50
	5
	10
	0
	0
	84
	1



	100
	50
	50
	7
	14
	0
	0
	84
	1
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