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ABSTRACT 

	With the continuous advancement of sustainable construction materials, fly ash concrete (FAC) has garnered significant attention due to its environmental benefits and mechanical performance. FAC is a novel concrete material in which fly ash, a byproduct of coal combustion in power plants, is used to partially replace cement. Research on its mechanical properties primarily focuses on compressive strength, tensile strength, flexural strength, and elastic modulus. Numerous studies have shown that the incorporation of fly ash may reduce the early-age strength of concrete; however, its later-age strength—particularly after 28 days—tends to increase markedly. The spherical morphology and pozzolanic activity of fly ash contribute to the refinement of the concrete’s microstructure, thereby improving deformability and toughness. In recent years, various constitutive models have been developed to better describe the mechanical behavior of FAC, including linear elastic models, plastic damage models, and nonlinear constitutive models that account for volumetric deformation. These models take into account the influence of fly ash on cement hydration, the interfacial transition zone, and stress–strain response, providing a more accurate prediction of the material’s load-bearing and failure processes. Overall, fly ash concrete exhibits favorable long-term mechanical performance, and its constitutive behavior has been theoretically well-characterized, laying a solid foundation for its further application and performance optimization in engineering practice.
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1. INTRODUCTION
The annual discharge of fly ash, a byproduct of China's industrial activities, remains significantly high. Initially, the incorporation of fly ash into concrete served primarily to reduce cement usage and alleviate the environmental and ecological burdens associated with fly ash disposal. However, its role has since evolved, and fly ash has become an indispensable functional material in many concrete structures.
Fly ash concrete, a green construction material in which fly ash partially or wholly replaces cement, exhibits excellent mechanical properties and durability while effectively reducing carbon emissions. As one of the three fundamental materials in the construction industry, cement holds critical importance in housing, road construction, and infrastructure development. Nevertheless, traditional cement production in China still heavily relies on energy-intensive and high-emission processes. Large-scale cement manufacturing not only consumes substantial mineral resources and non-renewable energy but also emits significant amounts of dust and harmful gases, exacerbating environmental degradation [1-2].
Consequently, geopolymers—a novel class of eco-friendly cementitious materials—have attracted global attention among material scientists. These materials offer advantages such as simplified production processes, low energy consumption, efficient utilization of fly ash, and superior mechanical properties, durability, and impermeability [3-5]. This paper reviews the development history, key properties, current applications, and research progress of fly ash concrete, analyzes its advantages and challenges as a sustainable construction material, and provides insights into future research directions.
2. Mechanical properties of fly ash fine aggregate concrete

2.1 Rheological properties of fresh fly ash fine aggregate concrete
The rheological properties of fresh concrete include many aspects such as elastic-plastic deformation and viscous flow. Mao Mingjie et al. [6] conducted tests on the slump and bleeding performance of fly ash and other volume substituted fine aggregate concrete. The results showed that when the substitution rate of fly ash reached 50%, the concrete was very dry and hard, with a slump of only 3cm. Considering practical engineering, Mao Mingjie et al. improved the mix proportion and obtained that when the substitution rate of fly ash was within the range of 0-45%, the slump of concrete was above 10cm, and the majority of concrete had a slump of over 16cm. So the upper limit of fly ash is 45%. In the study of bleeding performance, the variation of bleeding amount with bleeding time was mainly tested. The results showed that when the substitution rate of fly ash was within 15%, the addition of fly ash had little effect on bleeding. However, with the increase of fly ash content, bleeding showed a decreasing trend, indicating that the addition of fly ash has a certain regulatory effect on the workability of concrete.

2.2 Compressive strength of fly ash fine aggregate concrete
Mao Mingjie et al. demonstrated through experiments that the substitution amount of fly ash in fly ash fine aggregate concrete has a significant impact on compressive strength. A dosage of 25% is the boundary point for strength growth, and the magnitude of strength growth changes thereafter. This study further indicates that there is a suitable substitution rate of 25% for fly ash as a substitute for fine aggregate. Under this substitution rate, the strength of each age group is high and the strength growth is significant [7]. Liu Mai et al.'s experiment showed that under the same substitution rate, the strength increase obtained by replacing both cement and fine aggregate with fly ash is between the strength increase obtained by replacing only cement and only fine aggregate. As the age increases, the contribution of cement to the total substitution strength decreases continuously [15,16]. Therefore, the effect of fly ash replacing fine aggregate on concrete strength is significant [8]. Experiments conducted by Wen Xiaofei and others have shown that the substitution rate of fly ash is within the range of 0-40%. The compressive strength of concrete with fly ash replacing fine aggregates increases with the increase of fly ash substitution rate. When the substitution rate is 40%, the compressive strength of the cube reaches its maximum, and when the substitution rate is 50%, the compressive strength begins to decrease, but it still shows significant growth compared to ordinary concrete that has not been replaced [9,17].

2.3 Flexural strength of fly ash fine aggregate concrete
Mao Mingjie et al.'s experimental research has shown that the flexural strength of concrete at various substitution rates has exceeded that of non substituted ordinary concrete at 28 days, and after 15%, fly ash fine aggregate concrete meets the material flexural strength requirements at 28 days [10]. Thus, it can be concluded that fly ash can improve the flexural strength of concrete to a certain extent, and the flexural performance of concrete is relatively reasonable when the dosage is 15% and 20%. On this basis, the relationship between the compressive strength and flexural strength of concrete was also studied. As the compressive strength increased, the corresponding flexural strength also increased.

3 Study on the solidification mechanism of fly ash cement soil 

3.1 mechanism of fly ash cement soil
There have been a lot of research results on the solidification mechanism of cement soil. On this basis, domestic and foreign experts and scholars have also conducted research on the solidification mechanism of fly ash cement soil. In the 1980s, renowned Chinese scholars Shen Danshen and Zhang Yinji proposed the three major effects theory of fly ash: morphology effect, activity effect (volcanic ash effect), and micro aggregate effect, laying a theoretical foundation for the application and promotion of fly ash. Furthermore, the application of microscopic analysis experiments such as SEM electron microscopy scanning and XRD diffraction in research has shifted the study of the solidification mechanism of fly ash cement soil towards a microscopic direction. According to the research conclusions of Zhang Guangyu [12], He Wenxiu [13], Cui Yongcheng [11], Wu Huahui [14] and others, the reinforcement mechanism of fly ash can be analyzed from its three major effects. The solidification effect of fly ash on cement soil is mainly due to the morphological effect and micro aggregate effect of fly ash in the early stage, and the volcanic ash effect is more significant in the later stage [18-20].
Morphological effect: the glass bead structure of fly ash can reduce the internal friction between cement particles and soil particles, make the cement and soil more easily and evenly mixed, make the cement evenly dispersed in the mixed materials, increase the chemical reaction area, make the reaction between various substances more thorough, generate more gel materials, enhance the cementation between particles, and improve the strength. Micro aggregate effect: The particles of fly ash are small, and a portion of non active fly ash particles fill the pores inside the cement soil, refining the pores and increasing the density, which plays a positive role in improving the strength and permeability of cement soil. However, the strength of cement soil mainly comes from the cement stone skeleton and the soil aggregate structure formed by the hydration reaction products of cement and soil particles. As the amount of fly ash increases, the corresponding amount of cement and soil decreases, resulting in an overall decreasing trend in strength. Therefore, the strength of cement soil increases first and then decreases with the increase of fly ash content. Moreover, fly ash can play a role in "depolymerization and diffusion", making the cement particles in the cement slurry evenly dispersed, expanding the hydration space of cement and the generation of hydration products, thereby further promoting the hydration reaction of cement. Furthermore, various high valence ions soluble in water in fly ash exchange with adsorbed ions of soil particles, increasing the binding force and agglomeration between soil particles.
[image: ]Active effect: Cement hydration produces a large amount of Ca(OH)2 crystals and C-S-H cementitious substances. As the cement hydration reaction continues, the amount of Ca(OH)2 generated increases continuously. According to formulas (1) and (2), the active substances SiO2 and Al2O3 in the fly ash will react with the Ca(OH)2 adsorbed on the surface of the hydration products to produce hydrated gel materials with a certain cohesive force. These hydrated gel materials will fill the pores in the cement soil, making the pores smaller and the compactness increased. The decrease in Ca(OH)2 content induces secondary hydration of cement, making cement hydration more thorough. The volcanic ash activity of fly ash not only increases the amount of C-S-H, but also changes the morphology of C-S-H to make the cement stone structure denser, which has a positive effect on improving the strength of fly ash cement soil.
 Currently, most research considers the reinforcement mechanism of fly ash from the interaction between fly ash and cement slurry, while the influence between fly ash and soft soil or whether the interaction between fly ash, cement and soil affects the solidification of cement soil needs further research.

3.2 Mechanical properties and microstructure evolution of fly ash recycled aggregate concrete
At the same water cement ratio, the addition of recycled aggregates reduces the early compressive strength of concrete. At ages of 3 and 7 days, when recycled aggregate completely replaced ordinary aggregate, the compressive strength of concrete decreased by 24 18% and 21 03%. At 28 days of age, the compressive strength of NAC reached 49 7MPa, while the compressive strength of RAC40-R is 41 5MPa, the compressive strength decreased by 16 50%. Due to the higher water absorption rate of recycled aggregates compared to natural aggregates, free water near the recycled aggregates is adsorbed, which affects the hydration of the slurry near the recycled aggregates and leads to the deterioration of the interfacial transition zone. In addition, the crushing value and other physical properties of recycled aggregates are higher than those of natural aggregates, and the complex interface transition zone further causes poor bonding between RAC and the newly mixed slurry, directly leading to a decrease in the compressive strength of RAC, which is more pronounced before the 28d age. As the curing age increases, the influence of recycled aggregates on the mechanical properties of concrete gradually decreases. The volcanic ash activity of fly ash and the provision of nucleation sites promote the generation of cementitious materials, effectively increasing the compactness and long-term service performance of concrete. Therefore, the compressive strength of fly ash recycled aggregate concrete is relatively improved.
After presoaking the recycled aggregate, the compressive strength of RAC40-W increased by 16 At 15%, its compressive strength is basically consistent with that of ordinary aggregate concrete with the same water cement ratio. Obviously, after presoaking the recycled aggregate, due to the saturation of moisture in the recycled aggregate, the effective water cement ratio in the slurry near the recycled aggregate did not show significant changes, ensuring the hydration of the cementitious material. In addition, the free water in the recycled aggregate will gradually be released into the cement slurry as the curing age increases, which to some extent plays an internal curing role, thereby improving the interface transition zone and promoting the improvement of the mechanical properties of fly ash recycled aggregate concrete.
After presoaking the recycled aggregate, it was found that the layering phenomenon in fly ash recycled aggregate concrete was effectively alleviated, and the interface transition zones between natural aggregate old mortar and old mortar new mortar were simultaneously improved. The width of the transition zone was significantly reduced, proving the effective effect of presoaking on fly ash recycled aggregate concrete. Obviously, when the recycled aggregate is pre saturated with water, the bonding ability between the recycled aggregate and the fresh slurry is effectively improved. On the one hand, the highwater absorption rate of recycled aggregates does not affect the nearby fresh slurry, ensuring sufficient hydration of the cementitious material; On the other hand, as the hydration time increases, the moisture in the recycled aggregate gradually releases into the nearby slurry, thereby providing internal curing for the nearby slurry and improving the hydration process of the cementitious material. Therefore, the transition zone in the concrete prepared by presoaking recycled aggregate is significantly improved, effectively enhancing the mechanical properties of fly ash recycled aggregate concrete.
With the full substitution of natural aggregates by recycled aggregates, the porosity of fly ash recycled aggregate concrete has significantly increased, corresponding to a rapid decrease in its compressive strength at the macro level. Subsequently, after treating the recycled aggregate with presoaking method, the porosity of RAC40-W decreased significantly, while the compressive strength increased significantly. At this time, the compressive strength of fly ash recycled aggregate concrete was basically consistent with that of natural aggregate concrete, confirming the improvement effect of presoaking method on recycled aggregate.
When recycled aggregates replaced natural aggregates, the 28-day compressive strength of fly ash-recycled aggregate concrete decreased by 16.5%. The high water absorption of recycled aggregates and the complex interfacial transition zone (ITZ) reduced the effective water-to-binder ratio near the aggregates, hindering the hydration of cementitious materials and consequently impairing macroscopic mechanical properties.
After pre-soaking treatment of recycled aggregates, the compressive strength of fly ash-recycled aggregate concrete became comparable to that of natural aggregate concrete. The pre-saturation of recycled aggregates ensured sufficient hydration of cementitious materials, while the gradual release of free water into the surrounding paste through internal curing further promoted the hydration process.
The pre-soaking method effectively mitigated the adverse effects of the high water absorption of recycled aggregates on the surrounding paste. By improving the interfacial transition zone (ITZ), it enhanced the bonding capacity between the fresh paste and recycled aggregates, thereby preventing the negative impact of recycled aggregates on the mechanical performance of concrete.
4 The influence of freeze-thaw cycles on the performance of FLY ASH concrete
The so-called destruction of freezing and melting refers to the phenomenon where the water level rises or falls due to temperature conversion, and the hardened concrete of hydraulic structures, in a wet or immersed state, forms frozen expansion pressure, osmotic pressure, and crystallization pressure in the internal pore water, resulting in fatigue stress and concrete being destroyed. The early freezing damage of concrete and its mechanism (freezing before concrete sets) are similar to the freeze-thaw expansion of saturated clay when concrete has not yet undergone hydration reaction. Due to the freezing of concrete by water, the setting of the concrete is interrupted, and the temperature rises until the mixing water of the concrete dissolves. If the vibration is re attached properly, the residual water in the concrete will freeze many holes, greatly reducing its strength. Getting up and fighting again is a last resort. In general, it is important to pay attention to early care and not let the concrete freeze quickly. The concrete has solidified, but it will freeze before reaching sufficient strength, at which point the strength loss of frozen concrete is the greatest. The resistance of concrete freezing in the early stage of hardening is not simply a mechanical action, but is related to the formation process of the microstructure of cement paste.
The main reason why concrete is corroded by chloride ions is the size and quantity of pores in the concrete. The reason why adding fly ash can reduce the concentration of chloride ions in concrete is that as the number of pores in the concrete gradually decreases and the pore size gradually becomes smaller, the density of the concrete can increase, thereby reducing the infiltration of chloride ions into the concrete and enhancing the ability of concrete to resist chloride ion erosion. From a microscopic perspective, firstly, the addition of fly ash reduces the amount of cement used, resulting in a decrease in the production of calcium hydroxide in the first hydration reaction of cement. At the same time, the reaction between the second hydration reaction of fly ash and the hydration reaction product of cement, calcium hydroxide, also reduces the content of calcium hydroxide in concrete. The second is the refinement of pores, more low alkalinity C-S-H gel, which increases the concrete (physical and chemical) curing ability, is conducive to reducing the penetration rate of Cl - in concrete, thus improving the resistance of concrete to chloride ion penetration.
Adding fly ash to concrete instead of cement can produce relatively fewer products during early and mid hydration, although the strength may be lower and the number of capillary pores may increase. However, in the later stage, as the secondary hydration heat of active substances in fly ash appears, the capillary pores in concrete will be filled with newly generated substances in the secondary hydration heat, thereby promoting the strength of concrete to increase again, and the increase in strength is significant, improving the frost resistance and durability of concrete. Zhang Yunlian et al.'s research shows that the permeability coefficient of high content fly ash concrete can be as low as 1.6 × 10-14m/s. At the same time, when adding fly ash, an appropriate amount of air entraining agent can be added. Air entraining agent is a surface active substance with water increasing effect, which can significantly reduce the surface tension and surface energy of concrete mixing water. It can introduce a large number of uniformly distributed closed and stable small bubbles into the concrete mixture during the mixing process. Therefore, when the water in the pores freezes and experiences water pressure, the unfrozen water will slowly penetrate into the bubbles due to the action of water pressure, which can alleviate the expansion pressure caused by freezing to a certain extent, thereby improving the frost resistance of concrete.

5. Conclusion
Adding fly ash to concrete can indeed enhance its strength. The strength of concrete increases first and then decreases with the increase of fly ash content. The addition of fly ash can reduce the early strength of concrete, but it can enhance the later strength of concrete. Fly ash concrete has anti disintegration and anti softening properties, and is a good hydraulic material; Fly ash has a significant inhibitory effect on the deterioration and expansion failure of cement soil, and can also improve the permeability of cement soil.  
The stress-strain curve of cement soil with longer age and higher fly ash content shows a quasi linear pattern at the beginning of stress, which basically conforms to Hooke's law. When the external force continues to increase, it gradually tends to brittle failure.  
The strengthening effect of fly ash on cement soil mainly relies on morphological and micro aggregate effects in the early stage, reducing pores and increasing compactness. The ion exchange of various high valence ions soluble in water in fly ash increases the binding force and agglomeration between soil particles. Well graded fly ash plays a role in "depolymerization and diffusion", further promoting the hydration reaction of cement; The volcanic ash effect of fly ash is mainly manifested in the later stage, and its main function is to react with the hydration product Ca(OH)2 of cement, stimulating the secondary hydration of cement; Significant changes in the morphology of hydration products are beneficial for the hydration of cement and have a positive impact on the strength enhancement of cement soil.
High content fly ash fine aggregate concrete has a wide range of application prospects. Here is a brief introduction to the mechanical properties of fly ash concrete, and research in this area is still ongoing. Meanwhile, there are also some issues with fly ash concrete. So in the future, we will strengthen our research and analysis of this material, and at the same time develop methods to solve our own problems, which has become a top priority. With the continuous improvement of this technology, fly ash fine aggregate concrete will definitely show its talents in various constructions, and will play a positive role in protecting the environment, coordinating the relationship between humans and nature, and other aspects with its excellent performance, with broad application prospects. In the near future, we will definitely see a large number of applications of fly ash concrete in our daily lives.
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