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  Research Progress on the Impact of Iron Tailings Replacing Concrete Aggregates on Concrete Performance


[bookmark: _GoBack]Abstract: Iron tailings are a high-volume solid waste generated during iron ore processing, posing considerable environmental and storage challenges.Their silica–alumina–rich composition, however, provides potential for sustainable incorporation into concrete.This review aims to evaluate the effects of using iron tailings as aggregate substitutes in concrete and to summarize recent advances in activation and modification technologies.A systematic assessment of existing experimental studies was conducted, focusing on mechanical performance, durability behavior, microstructural characteristics under various replacement levels, and activation approaches including mechanical, chemical, and microbial techniques.Evidence shows that optimal replacement ratios—20–40% for fine aggregates and 30–60% for coarse aggregates—enhance concrete density, interfacial transition zone compactness, mechanical strength, and impermeability, while also improving resistance to freeze–thaw cycles and sulfate attack. These benefits arise from micro-filling effects, interface densification, and potential secondary hydration. Excessive substitution, however, leads to poor grading, irregular particle morphology, and high water absorption, consequently reducing strength and durability. Activation technologies markedly improve the pozzolanic activity of iron tailings.Iron tailings exhibit significant potential for sustainable concrete production, contributing to solid-waste utilization and carbon reduction. Nonetheless, challenges remain regarding raw material variability, long-term durability mechanisms, and the absence of standardized guidelines for engineering practice.
Keywords:Iron tailings, concrete aggregate, mechanical properties, activation treatment
1.Introduction
Due to the increasing demand for raw materials in China and the rapid development of the mining industry, a large amount of solid waste is produced. Iron tailings are the remaining solid waste after the useful components of iron ore are selected. The tailings production in China reached its peak in 2014, then began to decline, and the tailings production began to rise in recent years. With the development of the mining industry, by 2020, the total output of tailings in China is 12.95 million tons, and the iron tailings are about 510 million tons, accounting for 39.22%[1].Iron tailings have become one of the largest bulk solid wastes in China. Its reserves will occupy a large amount of land, which not only wastes ore resources but also endangers the safety of the ecological environment. Tailings dams and tailings ponds, as reserves of iron tailings, will also have the risk of dam failure and leakage due to human or natural factors. Although iron tailings threaten the ecological environment to a certain extent, they are also important resources. The reuse of iron tailings is not only beneficial to environmental benefits but also has an impact on economic benefits[2].
The use of iron tailings to prepare concrete can effectively solve the problem of tailings accumulation and reduce the use of natural aggregates. The use of global concrete is more than 40 billion tons per year. At the same time, considering the cost and production technology, concrete is still an irreplaceable basic material in future engineering construction. Because of its chemical composition and particle size distribution, many scholars have used iron tailings as an alternative material for aggregates commonly used in concrete. For example, iron tailings powder is used as a cementitious material instead of cement[3-5]; use iron tailings sand as fine aggregate instead of quartz sand[6,7], natural sand[8,9]; using iron tailings as coarse aggregate instead of ordinary gravel[6,10], the results show that iron tailings have certain potential in improving the performance of concrete. Iron tailings concrete using iron tailings instead of natural aggregate is an important way to solve the waste of resources and environmental pollution. Using iron tailings as aggregate to mix concrete can not only reduce environmental pollution, but also reduce the use of natural aggregate, which has good environmental, economic and social benefits. The use of tailings in concrete can not only reduce the production of concrete raw materials, but also solve the environmental problems in the process of tailings treatment.
However, iron tailings contain oxides such as Fe2O3 and Al2O3, which may react chemically with other components in cement or concrete, resulting in a decrease in the durability of cement or concrete and accelerating its aging and damage. Therefore, the material properties of iron tailings and their application as aggregates in concrete are reviewed. The effects of iron tailings aggregates on the properties of concrete, including workability, mechanical properties, durability and composite applications, are discussed, which provides a comprehensive understanding of iron tailings as aggregates in concrete.
2.The Characteristics of Iron Tailings and The Feasibility of Replacing Aggregate In Concrete
According to the different producing areas, the composition of iron tailings is also different. As shown in table 1, the mineral composition is mainly composed of quartz, diorite and hornblende. The main chemical composition of most iron tailings is composed of SiO2, Fe2O3, Al2O3 and CaO, which can be used as industrial raw materials to produce green and sustainable industrial products (Han et al.[11,12]; li et al.[13]; li et al.[14]). Iron tailings contain trace amounts of Fe2O3, Al2O3 and active SiO2. These components may react with Ca(OH)2 to form C-S-H or C-A-H gel products, thereby improving the compactness of the interfacial transition zone (ITZ) between the cementitious material and the aggregate, and improving the later strength and impermeability of the concrete. However, the chemical composition of tailings in different mining areas is significantly different, and its activity is greatly affected by the structure and fineness of iron tailings. Therefore, this “micro-activity effect” is not stable in practical applications.







Table 1-  Chemical Composition of Steel Slag from Different Regions of China
	Number
	Region
	SiO2
	Fe2O3
	Al2O3
	CaO
	MgO
	Reference

	1
	Beijing, China
	65.30
	11.80
	7.50
	3.80
	5.30
	Zhang et al.[15]

	2
	Hebei, China
	72.80
	4.50
	6.10
	4.90
	3.20
	Zhang et al.[15]

	3
	Liaoning, China
	69.08
	8.88
	4.74
	5.05
	6.06
	Zhao et al.[16]

	4
	Shandong, China
	24.20
	51.80
	12.00
	0.50
	4.60
	Chen et al.[17]

	5
	Shaanxi, China
	43.34
	13.45
	12.10
	11.57
	9.32
	Liu et al.[18]

	6
	Hubei, China
	33.26
	10.11
	10.96
	13.68
	6.50
	Ling et al.[19]

	7
	Sichuan, China
	38.30
	15.60
	15.80
	15.80
	5.80
	Zhang et al.[15]

	8
	Fujian, China
	51.78
	20.31
	4.72
	19.92
	1.09
	Zeng et al[20]

	9
	Nanjing, China
	52.06
	9.13
	17.14
	12.74
	3.68
	Zhao et al.[16]



Iron tailings are fine-grained solid waste produced by crushing, grinding, magnetic separation, flotation and other processes in the beneficiation process of iron ore. Due to the influence of mechanical crushing in the production process, the surface of tailings particles is generally rougher than that of general aggregates, showing irregular shapes and more obvious edges and corners[21]. 
From the perspective of particle shape and gradation distribution, iron tailings are mostly angular, flaky or needle-like particles, and the friction coefficient between particles is large. The fineness modulus is generally low, the gradation continuity is poor, and the coarse particle part is relatively lacking. This uneven particle structure leads to a lower bulk density of iron tailings sand, which significantly weakens the flow performance of concrete mixtures[22,23].
Secondly, in terms of specific surface area and surface roughness, iron tailings particles are small and the surface has cracks caused by mechanical crushing. The specific surface area is usually 400~800 m2/kg, which is much higher than that of natural sand 200~400 m2/kg. The high specific surface area increases the contact area between tailings and cementitious materials, which can improve the encapsulation and interfacial bonding properties of cementitious materials to a certain extent. However, it will also significantly increase the water demand of the mixture and reduce the working performance of the material.
Table.2  Characteristics of iron tailings aggregate and natural aggregate
	Characteristics
	Iron Tailings Aggregate
	Ordinary aggregate (natural sand / gravel)
	Differences and Impacts

	Particle Shape
	Many angular, flaky and needle-like particles; some fine powders are in the shape of irregular crumbs
	High degree of roundness, mostly nearly spherical or rounded
	The shape of the tailings particles is irregular, the fluidity is reduced, and the water demand is increased; but it helps to improve the interface mechanical bite force

	Size Distribution
	Most concentrated in 0.075~1.18 mm (tailings); uneven coarse aggregate gradation
	The gradation of natural sand is continuous (0.075~4.75 mm), and the gravel can reach more than 20mm.
	The particle size of tailings is fine, the gradation is discontinuous, the packing density is poor, and it is necessary to supplement the coarse aggregate or adjust the gradation.

	SSA
	High(400~800 m²/kg)
	Low(200~400 m²/kg)
	The larger specific surface area promotes the slurry inclusion, but the water requirement increases.

	Surface Roughness
	Rough, not smooth, often with micro cracks or holes
	Relatively smooth
	Enhance the mechanical interlocking between slurry and aggregate, improve the tensile and flexural properties; but may weaken liquidity



Zhu[24] et al.carried out experimental research on replacing silica sand with iron tailings sand, and the dosage range was 20%~100%. The results show that with the increase of iron tailings sand content, the fluidity of concrete decreases by 11.79%~12.5%. It is believed that the iron tailings particles have irregular shape, rough surface and high proportion of fine powder, which leads to the decrease of slurry lubricity. At the same time, the tailings particles adsorb part of the mixing water, which reduces the fluidity of the mixture. Although the fluidity is weakened, the “micro-filling effect” of fine particles helps to improve the uniformity and structural stability of the mixture.Zhao[16] further studied the working performance of iron tailings sand with a particle size of 150~300 μm instead of natural sand with the same particle size. The results show that when the content is 25%~100%, the fluidity of concrete decreases by 15.67%~31.56%. The author points out that the surface of the tailings particles is rough and the morphology is irregular, which increases the viscous resistance of the slurry and enhances the friction between the particles. At the same time, some active oxides (such as Fe2O3, SiO2) in the tailings react with the hydration products in the early stage, which increases the cohesion of the system and further reduces the fluidity. Gu[25] et al. obtained a similar conclusion in the experiment of replacing natural sand with iron tailings sand. When the content is 10%~100%, the fluidity of concrete decreases by 15.36%~32.14%. The research shows that the fineness modulus of tailings sand is low and the specific surface area is large, which easily leads to the insufficient thickness of slurry inclusion layer, thus significantly increasing the cohesion and flow resistance of the mixture. In addition, there are a certain proportion of flaky and needle-like particles in the iron tailings, which are easy to form a particle locking structure during the shearing process, further inhibiting the flow performance.
3.Effect of Iron Tailings as Aggregate Substitute on Mechanical Properties of Concrete
3.1 Compressive Strength
Compressive strength is one of the most intuitive and core indicators for evaluating the overall performance of concrete materials. It reflects the structural performance of the material and therefore becomes an important indicator to measure the feasibility of solid waste materials.
With the continuous advancement of tailings selection technology, the particle size of iron tailings has gradually decreased. Therefore, most research focuses on using iron tailings as fine aggregate to replace traditional materials such as natural sand and quartz sand in concrete materials. The compressive strength of different studies under different iron tailings replacement rates is shown in Figure 1.
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Fig.1  The compressive strength change diagram of concrete with different iron tailings content
Zhao[26] studied the effect of iron tailings sand completely replacing natural sand on the compressive strength of concrete. The results show that under the condition of full substitution, the compressive strength of concrete is only about 10% lower than that of the reference group, which indicates that the iron tailings sand still has high structural bearing potential under appropriate process conditions. Zhu[24] further investigated the effect of iron tailings sand on the replacement of silica sand in the range of 20%~100%. The results show that the compressive strength varies from − 10.8% to + 11.73%. When the replacement rate is between 30% and 50%, the strength is slightly improved; however, it decreased significantly under the condition of high dosage (> 60%). Zhao et al.[16] further verified this trend. They use iron tailings sand instead of natural sand with the same particle size, and the dosage range is 25%~100%. The results show that the compressive strength of concrete varies from -16.17% to +12.05%, that is, it increases slightly at low to medium dosage, and decreases significantly at high dosage.
3.2 Flexural Strength
Flexural strength is one of the important indexes to measure the ability of concrete to resist failure under bending load. It reflects the deformation and fracture characteristics of concrete in tension area. The flexural strength reflects the brittle failure characteristics of concrete, the sensitivity of internal defects and the integrity of ITZ, which is the key reference index to evaluate the comprehensive performance of materials. 
The influence of iron tailings incorporation on the flexural strength of concrete shows a certain degree of complexity, and its variation law is affected by many factors such as dosage, particle characteristics, interface structure and whether fiber materials are introduced. In general, with the increase of iron tailings content, the flexural strength shows a trend of ' first increase and then decrease ', which is basically consistent with the change rule of compressive strength. In the range of low content (20%~40%), the ' micro-filling effect ' of fine particles of iron tailings sand can optimize the interfacial transition zone (ITZ) between slurry and aggregate, improve the overall compactness and bonding performance of concrete, and thus enhance the flexural strength. When the content is further increased, due to the high water absorption, relatively low hardness and irregular morphology of iron tailings particles, it is easy to form microcracks or weak areas at the interface, resulting in easier crack initiation and propagation, and decreased flexural performance.
Compared with compressive properties, flexural strength is more sensitive to micro-defects (such as pores, micro-cracks and interface discontinuities) in concrete, so it shows greater discreteness in different studies[26,27]. This shows that after the replacement of aggregate by iron tailings, although the overall strength change trend is controllable, its flexural performance is more significantly affected by the uniformity of microstructure. Studies have shown that the irregular shape of iron tailings particles interacts with the surface roughness of steel fibers, which helps to enhance the mechanical interlocking between fibers and matrix and improve the dispersion uniformity of fibers in the matrix[28,29]. This synergistic effect effectively inhibits the expansion of microcracks, so that the composites can still maintain high ductility and crack resistance under bending load. Some studies have pointed out that the bending-compression ratio of Ultra High Performance Concrete (UHPC) with iron tailings sand has no significant change, indicating that iron tailings sand as a fine aggregate replacement material can maintain or even slightly increase the flexural strength while maintaining good compressive performance, so as to have higher structural safety and comprehensive performance advantages.
3.3 Tensile Strength
Tensile strength is a key mechanical parameter to measure the fracture resistance of concrete under tensile load, which directly reflects its brittle failure characteristics, micro-crack development law and structural integrity of ITZ. It is one of the core indicators to control concrete cracking, ductility, durability and structural safety. 
Zhang et al.[30] pointed out that as the substitution rate of iron tailings increased from 0% to 100%, the initial fracture toughness of concrete increased from 0.531 MPa·m1/2 to 0.671 MPa·m1/2, showing a significant toughening trend. This phenomenon is mainly attributed to the finer particle size and higher specific surface area of iron tailings, which can form a multi-level particle accumulation structure in the slurry, effectively reduce the local stress concentration, and thus delay the crack propagation. Similarly, the research results of Lang et al.[28] showed that when iron tailings sand was used to replace part of natural sand, the splitting tensile strength of concrete decreased slightly with the increase of dosage, but it remained at a high level as a whole, and the decrease was smaller than that of compressive strength. This shows that the effect of iron tailings on the toughness of concrete is significantly better than its negative impact on strength. The results show that the irregular shape of iron tailings particles makes the crack propagation path more tortuous, the crack tip is blocked and deflected, which prolongs the crack propagation path and increases the energy dissipation of the fracture process. In the fiber reinforced system, iron tailings can promote the uniformity of fiber distribution in the slurry, enhance the bonding force of the fiber-matrix interface, and improve the bridging and drawing resistance of the composite material, thereby significantly improving the tensile toughness.
3.4 Compatibility with UHPC
In the UHPC system, the use of iron tailings as a partial substitute for quartz sand or admixture can further improve the density and strength of the material under low water-binder ratio conditions. The results show that[31], when the content of iron tailings is 20%~30%, the 28-day compressive strength of UHPC can reach 140 MPa, which is about 10% higher than that of the control group without tailings. This improvement is not only due to the particle filling effect, but also closely related to the potential activation reaction of iron tailings particles in a high-alkali environment, which effectively promotes the further formation of C-S-H gel. However, when the content of iron tailings exceeds 50%, the fluidity of UHPC will be significantly reduced, which will lead to an increase in pore defects and a decrease in strength. Therefore, in the ultra-high performance concrete system, the fineness control of iron tailings and the optimization of particle gradation are particularly important.
3.5 The promotion effect of appropriate amount of iron tailings on strength
Iron tailings can exert “micro-filling effect” and “skeleton densification effect” in concrete due to their high density, angular particles and excellent fineness characteristics. When incorporated in appropriate amounts, tailings particles can effectively fill the micropores between cement slurry and aggregate, improve the density of the slurry and aggregate ITZ, and reduce pore connectivity. Within this dosage range, the compressive strength of concrete generally increases by 5% to 20%. For example, according to Min[32], when the replacement amount of iron tailings sand is 40%, the compressive strength of concrete increases by about 12% compared with the baseline group, which is mainly attributed to the enhancement of particle filling and interface bonding.
Zhao et al.[26] believed that the fineness and rough surface of tailings particles can improve the interfacial bonding between slurry and aggregate to a certain extent, thus alleviating some strength loss. Zhu et al.[24] pointed out that the particle size of iron tailings sand is small and the morphology is irregular. An appropriate amount of substitution can produce “micro-filling effect” and improve the compactness of concrete. The study also shows that fine particle tailings react with cement hydration products to generate more C-S-H gel, which further strengthens the compactness and later strength of the structure. The research results of Lang et al.[28] show that in the case of replacing part of the natural sand with iron tailings sand, the splitting tensile strength of concrete decreases slightly with the increase of the content, but it still maintains at a high level, and its decline is smaller than that of the compressive strength. This indicates that the effect of iron tailings on the improvement of concrete toughness is significantly better than its negative effect on strength.
Based on different research results, it can be seen that the influence of iron tailings sand content on the compressive strength of concrete is characterized by typical “double effect”. After proper addition of iron tailings sand, due to its high particle fineness, irregular particle shape and rough surface, a closer particle accumulation structure can be formed between cement paste and aggregate, resulting in obvious “micro-filling effect”, effectively reducing porosity and improving the compactness of the system, thereby enhancing stress transfer ability and overall compressive strength. At the same time, the surface of iron tailings particles has clear edges and corners, forming a strong mechanical interlocking with cement stone, making the interface transition zone (ITZ) structure more compact and uniform, reducing the possibility of stress concentration and micro-crack initiation. In addition, iron tailings contain a certain amount of active SiO2, Al2O3 and Fe2O3, which can react with Ca(OH)2 to form C-S-H gel, further improving the interfacial bonding and microstructure densification, thus improving the compressive and flexural strength of concrete at the macro level. For fiber-containing ultra-high performance concrete, the fine particles of iron tailings can also improve the dispersion of fibers in the matrix, enhance the interfacial adhesion between fibers and slurry, and effectively transfer and dissipate stress at the crack tip, thereby improving tensile and flexural toughness.
3.6 Negative Effects of Excessive Iron Tailings Incorporation
However, when the replacement rate of iron tailings exceeds 50%, its promotion effect on the mechanical properties of concrete gradually weakens, and may even lead to a decrease in the compressive strength of concrete. A number of experimental results[33,34,35] show that excessive incorporation of iron tailings will cause poor aggregate gradation, inadequate slurry encapsulation and increased porosity, thereby weakening the binding force between concrete aggregates. Excessive incorporation of iron tailings will lead to a decrease in compressive strength by 5%~15% compared with ordinary concrete. The main mineral components of iron tailings sand are magnetite, hematite and a small amount of feldspar. The average hardness and stiffness of iron tailings sand are usually lower than those of quartz sand or natural sand. It is easy to produce microcracks in the process of compression, which affects the force transfer performance of aggregate.
Zhu et al.[24] showed that when the content of iron tailings was too high, due to the high water absorption and large specific surface area of iron tailings sand, the effective water content in the mixture decreased, resulting in insufficient hydration reaction, which in turn reduced the strength. The research of Zhao[16] and others further verified this trend. It is believed that the surface of iron tailings sand particles is rough, the edges and corners are obvious, and the interior is porous, which leads to the increase of water demand of concrete mixture. At the same time, its average hardness and elastic modulus are lower than those of quartz sand, which makes the interfacial transition zone a potential weak link. When the particle size of iron tailings aggregate increases or the dosage is too high, the modulus difference between tailings particles and slurry will cause stress concentration, which further weakens the macroscopic compressive properties of the material.
Although iron tailings can improve the compactness and strength of concrete when it is added in an appropriate amount, it will have a significant adverse effect on the strength performance of concrete when its replacement ratio is too high or the particle characteristics do not match. First of all, the water absorption rate of iron tailings is high and the specific surface area is large. During the mixing process, some free water will be adsorbed, resulting in insufficient water demand for cement hydration and incomplete hydration reaction, thus weakening the cementation ability of cement paste and limiting the development of early strength. Secondly, the lack of particle hardness and stiffness is also an important factor. The main mineral components of iron tailings, such as hematite and magnetite, are generally lower in elastic modulus and strength than natural quartz sand or gravel, resulting in crushing or plastic deformation of aggregates during compression, weakening the support and restraint of aggregates on the matrix, thereby reducing the overall bearing capacity of concrete. Finally, the ITZ defects increase. Due to the uneven surface roughness and irregular morphology of iron tailings particles, when the dosage is too high, the packing density between particles is reduced[36], and the slurry is not fully wrapped at the interface, which is easy to form micro cracks and pores, so that the stress transfer is not continuous, resulting in the deterioration of flexural and tensile properties. The research[37,38] also shows that the internal defects of high content iron tailings concrete accumulate rapidly during the loading process, and the crack propagation path tends to be concentrated, showing a trend of increasing brittle failure characteristics. In general, the negative effect of iron tailings on the strength of concrete under the condition of high replacement rate is mainly due to the combined effect of insufficient hydration, interface weakening, low particle hardness and stress concentration effect. Therefore, the replacement ratio of iron tailings sand should be controlled in the range of 30%~60% to avoid a significant decrease in structural strength.
4.The Effect of Replacing Aggregate with Iron Tailings On The Durability of Concrete
The proportion of iron tailings has a significant effect on the durability and mechanical properties of concrete. From the perspectives of hydration structure[39], pore characteristics[40] and macroscopic properties[41], different researchers have systematically discussed the performance evolution law of iron tailings sand when replacing some fine aggregates or completely replacing natural aggregates. In general, the rational use of iron tailings can not only improve the compactness and long-term durability of concrete.
4.1 Anti-Penetration Properties
The research on the impermeability of concrete is of great significance for improving the durability and service safety of structures. As an industrial solid waste material with fine particle characteristics and potential activity, the influence of iron tailings on the permeability of concrete is worthy of attention. The incorporation of iron tailings can optimize the pore structure of concrete through micro-filling and reduce the proportion of connected pores.
Zhang et al.[42] studied the water absorption and chloride ion permeability of UHPC under different iron tailings substitution rates through systematic experiments. The results of water absorption test showed that the water absorption of all specimens incorporated with IOT was significantly lower than that of the reference group (T0), and decreased continuously with the increase of substitution rate. After 7 days of curing, the water absorption of T20, T40, T60, T80 and T100 groups was 9.7%, 24.2%, 33.1%, 38.7% and 43.5% lower than that of the reference group, respectively. In order to further evaluate its anti-ion permeability, the rapid chloride penetration test (RCPT) was used for verification. The results showed that the electric charge of all IOT-doped specimens was lower than that of the control group. Among them, the T100 group performed best, showing extremely low chloride ion permeability.
The fine particles of iron tailings have a significant micro-filling effect in UHPC, which can effectively fill the capillary pores inside the slurry and reduce the number of connected pores, thus significantly reducing the water absorption rate and water migration ability of concrete. At the same time, the surface of iron tailings particles is rough, which forms a stronger mechanical interlocking with cement paste, making the ITZ denser and further blocking the permeation channel. Some studies suggest that this performance improvement is due to the multi-stage particle accumulation system formed by iron tailings in UHPC: ultrafine particles not only fill the micropores and capillary pores in the paste, but also promote the formation and distribution of C-S-H gel, further sealing the microporous structure. In addition, SiO2 and Fe2O3, which are rich in iron tailings, can participate in the secondary hydration reaction to form more gel products and enhance the ion barrier ability of the system. Appropriate use of iron tailings fine aggregate instead of natural sand can effectively improve the pore structure and compactness of concrete. When the substitution rate is less than 40%, the porosity of concrete decreases significantly, and the connectivity of capillary pores decreases, which leads to the decrease of water absorption rate and permeability coefficient, thus significantly improving its impermeability[27,43]. This phenomenon is due to the high fineness and reasonable gradation of iron tailings particles, which can effectively fill the micropores between cement stone and aggregate, promote the accumulation of hydration products in ITZ, and make ITZ denser. However, when the replacement rate exceeds 50%, too much fine aggregate will lead to a decrease in the encapsulation of mortar, a decrease in the bonding force between aggregates, and an increase in pore connectivity, which is detrimental to the maintenance of long-term impermeability. At the same time, the addition of iron tailings sand directly leads to a more significant mass loss of concrete under the coupling effect[44]. The higher the substitution rate, the greater the mass loss rate. This is mainly due to the poor gradation of iron tailings sand and the difference of particle morphology, which leads to the looser internal structure of concrete and provides more channels for water migration and erosion.
4.2 Anti-Frost Property
Frost resistance is a key indicator of the service life and durability of concrete in cold regions, and its quality depends on the stability of the internal pore structure of the material and the integrity of the hydration products. The incorporation of iron tailings aggregate will change the compactness and interface characteristics of concrete, which will have a significant impact on its frost resistance.
Kang[45] studied the mechanical properties of all-iron tailings aggregate concrete and natural aggregate concrete under multiple freeze-thaw cycles by freeze-thaw cycle test method, and took compressive strength as the main evaluation index. The results show that after 250 freeze-thaw cycles, the compressive strength of the two kinds of concrete is basically the same as that without freeze-thaw, and the strength loss rate is very low, which indicates that the material has good structural stability under repeated freeze-thaw action. Chen et al.[46] studied the effect of different iron tailings content on the frost resistance of concrete through a rapid freeze-thaw cycle test system. The results show that the content of iron tailings has a significant effect on the frost resistance of concrete, and there is an optimal substitution rate interval. When the content of iron tailings is 30%, the mass loss rate and relative dynamic elastic modulus loss rate of concrete are the lowest, showing the best frost resistance. When the content increased to 60%, the mass and elastic modulus loss of the specimens increased significantly, and the frost resistance decreased significantly.
In the freeze-thaw cycle environment, the mass loss rate, dynamic elastic modulus and compressive strength of iron tailings sand concrete show an upward trend with the increase of substitution rate[44], and the specific performance is 100% > 75% > 50% > 25% > 0%. However, when the freeze-thaw and acid rain are coupled, the internal cracks of iron tailings sand concrete are more likely to expand, resulting in a significant reduction in its freeze-thaw durability. Especially when the replacement rate exceeds 75%, the internal free water content is higher, the freezing expansion effect is enhanced, and the micro-cracks are accelerated, resulting in a decrease of elastic modulus by about 14% and a decrease of compressive strength by about 45%. However, under the condition of medium and low substitution rate (25%~50%), the concrete structure can still maintain good freeze-thaw stability, and the mass loss rate is less than 5%, which meets the engineering standard. The performance of iron tailings sand concrete under the influence of a single factor has been widely studied. However, in the actual harsh environment, a variety of damage factors often exist at the same time. In Northeast China and Northwest China, the freeze-thaw cycle is frequent in winter, and it is often accompanied by acid rain erosion. The damage of this coupling effect on the durability of concrete is far more than a single factor.
Studies have shown that the excellent frost resistance of iron tailings aggregate concrete is mainly due to the high density of its internal structure and the stability of the interface layer[45]. The influence of iron tailings aggregate on the frost resistance of concrete shows the law of ' first increase and then decrease ', and the content of about 40% is regarded as the better proportion. The addition of appropriate amount of iron tailings can significantly improve the frost resistance of concrete. However, excessive dosage will weaken its frost resistance due to the decrease of structural compactness. The micro-filling effect of iron tailings fine particles effectively reduces the connectivity of pores and reduces the migration channel of free water[46] , the dense products formed by carbonate and iron oxide in the process of repeated freezing and thawing, to a certain extent, seal the surface micro-cracks and prevent further deterioration[47]. When the content of iron tailings is too high, due to its unsatisfactory particle gradation and large specific surface area, it is easy to lead to insufficient slurry encapsulation and local pore concentration, which provides a potential channel for frost heaving damage.
4.3 Sulphate Resistance Performance
When concrete is served in a sulfate environment, it is often eroded by external sulfate ions, resulting in the formation of expansive salts (such as gypsum, ettringite), which leads to volume expansion, cracking and strength attenuation. The incorporation of iron tailings aggregate can not only improve the micro-density of concrete, but also reduce the potential risk of reaction with sulfate through its chemical inertness, thereby improving the chemical erosion resistance of materials[48].
Kang[45] proceed dry-wet cycle test results show that after 120 cycles, the compressive strength of all-iron tailings aggregate concrete only decreases by 3.3%, which is significantly lower than the 7.6% decrease of ordinary concrete, and there is no spalling or crack propagation on the surface of the specimen. This indicates that iron tailings concrete has high structural stability and chemical durability in sulfate attack environment. Chen et al.[46] also reached a similar conclusion in the freeze-thaw-sulfate coupling test: when the content of iron tailings is 30%, the mass loss rate and dynamic elastic modulus loss of concrete are the smallest, indicating that an appropriate amount of iron tailings can effectively resist physical frost heave and chemical erosion, and achieve synergistic improvement of durability. The main mechanism is that the micro-filling and densification of fine particles in iron tailings significantly reduce the pore connectivity and SO2 permeation rate.At the same time, the inert oxides in the tailings reduce the active components that react with sulfate and inhibit the formation of expansive products.
However, the study of Jayasimha et al.[43] on the acid and salt solution environment showed that the mass loss rate of iron-containing tailings concrete in 5% H2SO3 and 5% MgSO3 solution was generally higher than that of the reference group, showing weak acid and salt resistance. This is mainly due to the reaction of Ca(OH)2 with acid to form soluble salts in an acidic environment, which destroys the structure of C-S-H gel. In the magnesium sulfate solution, Mg2+ reacts with the hydration product to form a non-cemented M-S-H gel, resulting in structural softening. The high fineness and irregular morphology of iron tailings can easily lead to an increase in porosity in such environments, thereby accelerating the diffusion of erosion ions. 
In summary, the chemical corrosion resistance of concrete shows environmental dependence and dosage sensitivity after replacing aggregate with iron tailings. In neutral or weakly alkaline sulfate environment, an appropriate amount of iron tailings (about 20%~ 40%) can significantly improve the corrosion resistance of concrete. In strong acidic or high concentration salt solution, if the dosage is too high, it may lead to the deterioration of pore structure and the decrease of corrosion resistance. In general, under the conditions of reasonable ratio and structural optimization, iron tailings concrete can still achieve excellent sulfate resistance and good chemical stability, which provides theoretical and experimental basis for its popularization and application in complex service environment.
4.4 Carbonation Resistance
The carbonation resistance of concrete is a key index to measure its ability to resist CO2 intrusion, which is closely related to the durability of the structure and the protection ability of steel bars. Previous studies have shown that the use of iron tailings instead of aggregates has a relatively limited impact on the carbonation behavior of concrete, but its mechanism of action is affected by multiple factors such as compactness, pore structure and interfacial transition zone characteristics.
Kang[45] et al. systematically studied the carbonation law of all-iron tailings aggregate concrete and ordinary natural aggregate concrete by rapid carbonation test method. The results show that the carbonation depth of the two kinds of concrete increases gradually with the extension of carbonation time, showing a typical characteristic of rapid growth in the early stage and slow growth in the later stage. This trend is mainly due to the formation of calcium carbonate (CaCO3) in the carbonization process to form a dense film on the pore surface, which hinders the further diffusion of CO2. Under the same test conditions, the carbonation depth of all-iron tailings aggregate concrete is slightly smaller at 7 d, but it is slightly higher than that of ordinary aggregate concrete at 14 d and 28 d. The researchers believe that this change is mainly related to the unsatisfactory particle gradation and irregular particle morphology of iron tailings, which leads to a slight decrease in the overall density of concrete and an increase in pore connectivity, so that CO2 is more likely to penetrate into the material in the later stage.
The carbonation test results such as[44] showed that the carbonation depth of iron tailings sand concrete increased significantly with the extension of acid rain erosion time. When the substitution rate is 100%, the neutralization depth is about 2.4 mm, which is about twice that of ordinary concrete (1.2 mm). The average growth rate of carbonation depth increases with the increase of substitution rate, from 0.015 mm/d without iron tailings to 0.027 mm/d with whole tailings. This change reflects that the density of iron tailings concrete with high substitution rate is low, and it is more vulnerable to the invasion of acidic medium. This is mainly due to the high porosity of iron tailings concrete and the relative reduction of Ca(OH)2 content, which makes the carbonation reaction more likely to occur. However, at a low substitution rate (≤ 50%), the carbonation rate does not change much, indicating that moderate substitution can maintain good carbonation resistance while ensuring mechanical properties.
In summary, the effect of iron tailings on the carbonation resistance of concrete shows a certain duality. When an appropriate amount of substitution (usually below 50%), the micro-filling effect of iron tailings fine particles can improve the compactness of concrete and reduce the connectivity between pores, thus effectively hindering the diffusion of CO2 and maintaining good carbonation resistance.[47,48]; however, in the case of high substitution rate, due to the poor gradation of iron tailings particles, irregular morphology and high water absorption[49,50], the internal porosity of concrete will increase and the content of Ca(OH)2 will decrease, making it easier for carbonation products to diffuse along the pore channel, thereby accelerating the carbonation rate. In general, the effect of iron tailings replacing aggregate on the carbonation behavior of concrete mainly depends on the optimization of pore structure and the control of interface compactness.
5.Research On Modification and Composite Application
As a solid waste of metal mining, iron tailings have poor activity when directly applied to concrete materials due to their stable crystal structure, small specific surface area and low reactivity. In order to improve its reaction performance and promote resource utilization, researchers have proposed a variety of activation technologies, including mechanical activation, thermal activation, chemical activation and their composite methods. These technologies improve the specific surface area and amorphous phase content of iron tailings by destroying the lattice structure, promoting phase transition or changing the surface chemical properties, thereby enhancing its pozzolanic reactivity and providing a feasible way for its efficient use in concrete.
5.1 Mechanical-Chemical Activation
Chen[51] and other studies have shown that mechanical grinding alone can significantly improve the pozzolanic activity of iron tailings, so that its activity index in the cement-based system increased significantly. However, there is a certain upper limit on the enhancement effect of mechanical activation. When the grinding time is too long, the agglomeration between particles increases, the grinding energy consumption increases sharply, and the activity improvement tends to be saturated, which limits its further efficiency improvement. In order to break through the limitations of simple mechanical activation, a mechanical-chemical coupling activation technology was proposed. In this method, chemical activators or grinding aids (such as desulfurized gypsum, triethanolamine, etc.) are added during mechanical grinding to achieve synergistic activation of physics and chemistry. The addition of grinding aids can effectively prevent the agglomeration of ultrafine particles in the grinding process, and improve the grinding efficiency and specific surface area. The activator provides an alkaline environment, promotes the cleavage of inert Si-O and Al-O bonds in the iron tailings, enhances its reactivity with Ca2+ , and accelerates the formation of C-S-H gel. The results show that the activity improvement effect of mechanical-chemical coupling activation is significantly better than that of mechanical activation alone. It can not only improve the mineral structure and particle distribution of tailings more effectively, but also reduce energy consumption and achieve more efficient activation process. Li et al.[52] also used mechanochemical activation technology to systematically study the activity improvement mechanism and optimal process conditions of iron tailings. In this study, mechanical grinding combined with chemical grinding aids was used to compare the two processes of simple mechanical grinding and grinding with grinding aids, and the effects of grinding time, type and content of grinding aids on the activity of iron tailings were analyzed. The results show that the activity index of iron tailings can be increased to 86.4% after grinding for 3 h. On this basis, 0.7% desulfurized gypsum was added for mechanochemical activation, and the activity index was further increased to 91.72%, showing a significant activity enhancement effect.
This indicates that the synergistic effect of mechanical grinding and chemical grinding can significantly stimulate the potential pozzolanic reactivity of iron tailings and make it fully meet the use standard of active admixture. From the microscopic mechanism, the mechanical grinding process destroys the crystal structure of iron tailings through strong shear and impact, distorts some lattices and forms amorphous phase, which is the basic condition for activity improvement. On the whole, mechanochemical activation not only significantly improves the specific surface area and reactivity of iron tailings, but also improves its chemical structure and surface energy state at the micro level, thus endowing it with good pozzolanic reaction potential.
5.2 Microbial Activation
In recent years, in addition to traditional mechanical activation methods, microbial activation has gradually attracted widespread attention as a green and low-energy-consuming innovative technology. Li Xiao[53] et al.proposed a bioactivation method of iron tailings based on Bacillus mucilaginosus (ASI.232), which realized the dissolution and structural modification of inert silicon in tailings through the organic acids and biological enzymes secreted by the bacteria. In this study, liquid culture system was used to carry out dynamic shake flask culture of iron tailings with different fineness. The effects of bacterial concentration, specific surface area of tailings, activation cycle and strain generation were systematically investigated.
The results showed that Bacillus mucilaginosus could erode the lattice structure on the surface of tailings particles, promote the breakage of inert Si-O bonds, and partially dissolve SiO2 through the low molecular organic acids and metal complexases produced by metabolism, thus significantly improving the activity of tailings. Using the first generation strain, the tailings with a bacterial concentration of 20 mg/L and a specific surface area of≥ 458 m2/kg, after 10 days of activation, the activity index was as high as 92.9%, showing excellent activation effect. At the same time, the study also pointed out that the activity of the strain gradually weakened in the process of multi-generation transmission, and almost completely failed after the third generation. The problem of strain preservation has become a key bottleneck restricting industrialization. In order to further improve the activation effect, the researchers combined biological activation with chemical excitation (such as triethanolamine). The experimental results showed that the strength of the tailings treated by the second-generation strain was significantly enhanced under the action of chemical additives, which confirmed that there was a significant synergistic effect between microbial activation and chemical excitation. Microbial activation realizes the modification of tailings mineral structure through mild biochemical action, which has the advantages of environmental friendliness and low energy consumption, and provides a new green technology path for the active utilization of iron tailings. However, the process still faces challenges in strain stability, culture condition control and large-scale implementation, and further research is needed in the optimization of reaction system and engineering amplification.
In general, different activation methods can improve the reactivity of iron tailings to a certain extent, but their mechanism of action and applicable conditions are different. The effect of mechanical and chemical composite activation is the most significant, which is suitable for engineering promotion. Although microbial activation has environmental advantages, it is still in the experimental stage. In the future, the research on iron tailings activation should further focus on multi-mechanism synergy and energy consumption optimization, and realize the transformation of iron tailings from inert waste to high-performance cementitious material resources by constructing a low-carbon, efficient and sustainable activation system.
6.Problems and Development Trends
Although a large number of studies have shown that iron tailings have good mechanical and durability potential in concrete and UHPC, its engineering application still faces many challenges. In general, the problems mainly focus on the large difference of raw materials, unstable performance, decreased strength under high substitution rate, unclear durability mechanism and imperfect activation and utilization system[54]. 
There are great regional differences in the composition and properties of iron tailings. The mineral composition, particle size distribution and chemical composition of different mine tailings are significantly different. For example, the content of Fe2O3, SiO2 and CaO varies greatly, resulting in significant differences in activity and reactivity in concrete. This difference makes it difficult to achieve a unified design and ratio, and also increases the uncertainty of engineering applications. The problem of mechanical properties degradation under high substitution rate is prominent. Most studies have pointed out that when the replacement rate of iron tailings is in the range of 30%~50%, the compressive strength, flexural strength and tensile strength usually increase first and then decrease, and there is an optimal replacement rate. However, when the substitution rate exceeds the critical value, due to the irregular morphology of tailings particles, low strength, poor aggregate gradation and other factors, the structural compactness of concrete decreases, and the ITZ is prone to produce microcracks, thus weakening the overall mechanical properties.
Durability and its microscopic mechanism are still lack of systematic research[55-64]. The existing research shows that the appropriate amount of iron tailings can improve the impermeability, frost resistance and sulfate resistance of concrete, which is mainly due to the micro-filling effect and densification effect of fine particles of tailings. However, the performance of iron tailings concrete still fluctuates under acidic, carbonation and composite erosion environments. Under the condition of high substitution rate, the porosity increases and the content of Ca(OH)2 decreases, which makes the acid resistance and carbonation resistance decrease. Most of the related studies remain at the macro-level, and the quantitative understanding of the micro-reaction mechanism, interface structure evolution and ion migration is still insufficient. 
The activation and utilization technology system still needs to be improved. Although mechanical activation, thermal activation, chemical activation and mechanical-chemical coupling activation can improve the activity of iron tailings to varying degrees, there are problems of high energy consumption, complex process or high cost. The emerging microbial activation technology has the advantages of green and low carbon, but the strain stability is poor, the activation cycle is long and the compatibility of the alkaline system is poor, and there is still a certain distance from the engineering application. Therefore, how to ensure the efficient excitation of reactivity while taking into account the economy and sustainability is the key direction of future research.
On the whole, the application of iron tailings in concrete has shifted from simple resource substitution to a new stage of performance improvement and micro-mechanism optimization. Future research can be carried out from the following aspects: 
(1) A standardized characterization system of iron tailings from different ore sources was established to realize raw material classification and performance prediction.
(2) Development of low-energy, high-efficiency synergistic composite activation technology, and exploration of mechanical, chemical and biological synergistic mechanisms.
(3) The durability evolution mechanism of iron tailings concrete under multi-coupling erosion environment is studied in depth, and the pore structure and ion migration law are revealed by multi-scale simulation.
(4) Promote the large-scale application of iron tailings in high-performance and green concrete, and verify its environmental and economic benefits through life cycle assessment (LCA).
In general, the reuse of iron tailings is not only an important way to reduce and recycle solid waste, but also a key link to realize the green and low-carbon transformation of building materials. In the future, through interdisciplinary collaborative research and technology integration, the transformation of iron tailings from ' alternative aggregate ' to ' functional active material ' should be promoted to achieve the unity of high performance and sustainable development.
7.Conclusion
In this paper, the effects of iron tailings replacing concrete aggregates and admixtures on the mechanical properties, durability and microstructure of concrete are systematically reviewed, and the activation modification technology and future development trend are analyzed in depth. Studies have shown that the rational use of iron tailings can not only effectively alleviate the shortage of natural sand and gravel resources, but also reduce carbon emissions in the concrete production process, and achieve the coordinated development of solid waste recycling and green low-carbon building materials. The iron tailings show multiple functional properties in the concrete system, including particle gradation regulation, micro-filling effect and potential secondary hydration, which also lays a scientific foundation for its application in high performance concrete (HPC) and ultra-high performance concrete (UHPC).
(1) In terms of mechanical properties: the effect of iron tailings replacing aggregate on the strength performance of concrete shows the law of ' first increase and then decrease ', and there is a suitable substitution ratio. Appropriate substitution (fine aggregate about 20%~40%, coarse aggregate about 30%~60%) can improve the compressive, flexural and tensile strength of concrete, mainly due to particle filling and densification of interfacial transition zone. However, when the substitution rate is too high, the overall mechanical properties decrease due to the poor gradation of tailings particles, irregular morphology and large water absorption, increased porosity and concentrated interface microcracks.
(2) Durability: Iron tailings concrete has good performance in freeze-thaw resistance, sulfate resistance and chloride ion penetration resistance. Its fine particles can improve the pore structure and reduce the content of harmful pores, thus delaying the diffusion of degraded media. Especially in the freeze-thaw-sulfate coupling environment, an appropriate amount of iron tailings can significantly reduce the strength loss. However, in acidic or carbonated environments, the samples with high substitution rate showed poor chemical corrosion resistance due to the decrease of compactness and Ca(OH)2 content, indicating that the control of tailings content was still the key.
(3) Activation treatment: Mechanical activation improves tailings activity by destroying crystal structure and increasing specific surface area, but there are problems of high energy consumption and upper limit of activity. Mechanical-chemical coupling activation achieves higher activity improvement effect under lower energy consumption through the synergistic effect of grinding aids and activators. Microbial activation technology provides a new way of green environmental protection by using biological metabolites to dissolve the lattice, but its strain stability and engineering controllability still need to be improved.
(4) Application challenges and development trends: At present, the practical application of iron tailings is still restricted by factors such as large differences in ore source composition, insufficient long-term durability data and lack of standardized system. Future research should focus on the standardized characterization and performance prediction of tailings from different ore sources, the development of low-energy and high-efficiency composite activation technology, and the study of multi-scale durability mechanism under complex service environments. At the same time, combined with life cycle assessment (LCA) and carbon footprint analysis, a green evaluation system for iron tailings concrete was constructed to promote its transformation from “alternative materials” to “functional active materials” and realize the green and sustainable development of the concrete industry.
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