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A Review on the Influence of Recycled Aggregate on the Shrinkage Performance of Concrete



Abstract: To promote the resource utilization of construction waste and alleviate the shortage of natural aggregates, this paper reviews the influence of modified recycled coarse aggregates on the shrinkage performance of concrete. Research findings indicate that recycled aggregates, due to the adhered old cement mortar on their surfaces, have low apparent density, high water absorption rate, and large porosity, leading to a decline in workability as the replacement rate increases, and their compressive and tensile mechanical properties are generally lower than those of ordinary concrete. Regarding shrinkage performance, autogenous shrinkage is affected by the moisture state of the aggregates, water-binder ratio, and mineral admixtures; pre-wetting treatment and the addition of fly ash can suppress autogenous shrinkage. Dry shrinkage intensifies with the increase in the replacement rate of recycled aggregates and the decrease in initial moisture content, and it accounts for a higher proportion of total shrinkage. Pretreatment technologies for recycled aggregates can optimize the pore structure and interfacial transition zone, thereby improving shrinkage performance, but they are associated with high costs and complex operations. Existing shrinkage prediction models do not fully consider the characteristics of recycled aggregates, resulting in insufficient accuracy. In the future, it is necessary to develop low-cost and environmentally friendly modification technologies, deepen the research on shrinkage mechanisms, and establish dedicated prediction models to provide support for the engineering application of recycled concrete.
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[bookmark: OLE_LINK211]Introduction

[bookmark: OLE_LINK7]The annual output of construction waste in China ranges from 1.55 to 2.4 billion tons, accounting for 40% of the total urban waste composition.The open-air stockpiling of waste not only exacerbates dust pollution, but also encroaches on land resources, which seriously restricts the construction of circular economy and green development. With the urbanization of developing countries, the demand for high-strength, durable and low-cost concrete has increased. By 2022, the global consumption of natural aggregates had reached 66.3 gigatons.There is a significant gap between China's construction waste recycling and utilization and the international advanced level, with the current resource utilization rate being less than 5%.[1]Studies have shown that the utilization of waste concrete as recycled aggregates can conserve natural resources and reduce carbon dioxide emissions by approximately 15% to 20%.[2]Studies have found that compared with natural aggregates, recycled aggregates have a 5% to 10% decrease in apparent density, a 2 to 10 times increase in water absorption rate, and a 10% to 50% increase in crushing value index.These will lead to significant changes in the structure of recycled concrete; on the one hand, the pore structure will be altered, and on the other hand, its compactness will be relatively poor, resulting in reduced damage resistance.
1. Basic Properties of Recycled Coarse Aggregate Concrete
1.1 Workability of Recycled Concrete
Recycled aggregates are prone to generating microcracks during the crushing process, featuring higher surface roughness and significantly increased water absorption. Ma Kunlin et al.investigated the effect of recycled masonry aggregates on concrete properties through slump tests, and found that the fluidity became insufficient when the replacement rate exceeded 30%. Poor gradation of coarse aggregates also tended to cause bleeding in concrete mixtures. Zhao Haixia [3]et al.analyzed multiple factors influencing the properties of recycled aggregate concrete and pointed out that the workability of recycled concrete reached the optimum level when the content of recycled aggregates was 65%. With the increase in the dosage of recycled coarse aggregates, their high water absorption exerted a considerable impact on the workability of concrete. They also indicated that compared with natural concrete, recycled concrete exhibited stronger porosity and more weak points in the interfacial transition zone, which limited the workability of recycled concrete. In summary, due to the differences in the type, quality and dosage of recycled coarse aggregates, their degrees of influence on concrete performance are not completely consistent. Therefore, it is necessary to study the effects of recycled coarse aggregates with different types, particle sizes and quality grades on the properties of recycled concrete.
1.2 Mechanical Properties of Recycled Concrete
Zaid[4]The effects of full replacement of natural aggregates with recycled aggregates on concrete properties were analyzed through mechanical property tests. The results showed that the splitting tensile strength and flexural strength decreased by 14.2% and 14.9%, respectively, while the compressive strength decreased by 25%. Kazmi et al[15]They found that with the increase in the replacement rate of recycled aggregates, the compressive strength decreased by 23%. When natural aggregates were completely replaced by recycled aggregates, the tensile strength and flexural strength decreased by 16% and 23%, respectively. Zhang Kai et al They investigated the effects of different coarse aggregate replacement rates and curing ages on the mechanical properties of recycled concrete. The results showed that the mechanical properties reached the optimum level when the replacement rate of recycled aggregates was 30%; beyond 50%, the mechanical properties decreased significantly. Xu Chengshuang et al A study was conducted on the mechanical properties of recycled concrete using waste ceramic aggregates to replace natural coarse aggregates. The results showed that when the content of ceramic aggregates increased from 0% to 25%, the particle size gradation of aggregates tended to be reasonable with the increase of ceramic aggregates with smaller particle sizes, which effectively reduced the internal pores of concrete and made the structure denser. Correspondingly, the compressive property, elastic modulus and shrinkage resistance of concrete were also slightly improved. Silva et An analysis was conducted on the relationship between the elastic modulus and compressive strength of recycled concrete, and the results indicated that the elastic modulus exhibited a downward trend with the increase in the replacement rate of recycled coarse aggregates. When concrete was prepared with 100% recycled coarse aggregates, the decrease in elastic modulus was particularly significant, dropping by 20% to 40%, while both the compressive strength and flexural strength decreased substantially. In addition to the size and type of recycled coarse aggregates, quality is also a factor that needs to be considered when evaluating the performance of recycled concrete. In summary, the mechanical properties of recycled coarse aggregate concrete are affected by multiple factors. Compared with natural aggregate concrete, the strength of recycled concrete is generally lower, and with the increase in the dosage of recycled aggregates, its comprehensive performance shows a certain degree of downward trend.
2.Shrinkage Performance of Recycled Coarse Aggregate Concrete
2.1Autogenous Shrinkage of Recycled Concrete
Wang Yasi et al They investigated the autogenous shrinkage of recycled concrete under dry conditions in two groups of tests: with a recycled aggregate replacement rate of 70% and an attached mortar content of 38%, and a replacement rate of 100% and an attached mortar content of 23%. The results showed that the autogenous shrinkage rate of recycled concrete was higher than that of ordinary concrete regardless of the replacement rate. Wang Q [9]Taking the water-binder ratio, replacement rate and aggregate state as variables, they found that the use of pre-soaked recycled coarse aggregates could effectively reduce the autogenous shrinkage of recycled concrete. Zhang Xin et al. argued that recycled concrete with a low water-binder ratio exhibited more significant autogenous shrinkage due to the high internal capillary pore pressure. Therefore, optimizing the water-binder ratio is one of the important means to control the autogenous shrinkage of recycled concrete. Liu Jiding et al.It was confirmed that the water-binder ratio has a significant regulatory effect on the autogenous shrinkage strain of concrete[3]: when the water-binder ratio decreases from 0.42 to 0.30, the increase in autogenous shrinkage value can reach 40% to 65%. This is attributed to the dynamic process of bleeding and reabsorption that easily occurs in the fresh paste, leading to a coupling effect of increased capillary porosity and decreased pore solution saturation, thereby enhancing the volumetric shrinkage driven by capillary tension. Liang Na et al.A study was carried out on the shrinkage characteristics of recycled aggregate concrete. By setting the water-binder ratio gradient and aggregate moisture state as control variables, it was found that the autogenous shrinkage strain of pre-wetted recycled concrete was negatively correlated with the water-binder ratio. Dey S et al.Studies have found that the 28-day autogenous shrinkage of recycled concrete mixed with 15% fly ash is reduced by 23.9%. At a recycled aggregate content of 30%, the synergistic effect of pre-wetted recycled aggregates and fly ash can reduce the 28-day autogenous shrinkage by approximately 26.8%. Due to the old cement mortar adhering to their surface, recycled aggregates have strong water absorption. Pre-wetting treatment can weaken the autogenous shrinkage by adjusting the internal capillary pore pressure, but it is not the only influencing factor; the water-binder ratio, mineral admixtures and other factors also play a key role. In summary, the synergistic technical approach of using pre-wetted aggregates, optimizing the water-binder ratio and adding mineral admixtures can effectively control the autogenous shrinkage of recycled concrete, providing important theoretical basis and technical support for its engineering application. 
Wang Q [9]Taking water-binder ratio, recycled aggregate replacement rate (50%, 100%), and aggregate state (dried, pre-soaked) as variables, the study on the autogenous shrinkage law of recycled concrete shows: Under the same conditions, dried aggregates increase the autogenous shrinkage of concrete with 50% and 100% replacement rates by 17.2% and 26.8% respectively; pre-soaking treatment can significantly reduce the final autogenous shrinkage—when the water-binder ratio is 0.30~0.60, the autogenous shrinkage of 100% recycled concrete is 46.3%~65.8% lower than that of ordinary concrete. The core reasons are: Dried aggregates absorb water from the concrete matrix, reducing the effective water-cement ratio and thus increasing autogenous shrinkage; pre-soaked aggregates release their internal water as the concrete’s internal moisture is consumed, alleviating hydration-induced volume changes and thereby reducing autogenous shrinkage. 
Dey SDey [9] found that the 28-day autogenous shrinkage of recycled concrete mixed with 15% fly ash was reduced by approximately 23.9%. At a recycled aggregate content of 30%, the synergistic effect of pre-wetted recycled aggregates and fly ash could decrease the 28-day autogenous shrinkage by about 26.8%. 。
2.2 Drying Shrinkage of Recycled Concrete
For ordinary concrete, drying shrinkage accounts for approximately 80% of the total shrinkage rate. Under the same conditions, the proportion of drying shrinkage rate in recycled concrete is even higher. Domingo-Cabo et al. When natural aggregates were replaced with 0–100% recycled coarse aggregates in a dry state at a water-cement ratio of 0.5, it was found that in the matrix with 100% recycled aggregates, the drying shrinkage rate of recycled concrete after 180 days was 70% higher than that of ordinary concrete. Jiang Yi et al.Taking the replacement rate of recycled coarse aggregates and the state of recycled aggregates as variables, the drying shrinkage performance of recycled concrete was studied with the same mixing water content. The test results showed that in the dry state, at the curing age of 180 days, the drying shrinkage rates of recycled concrete with a 50% replacement rate and 100% replacement rate increased by 13.2% and 23.2%, respectively. In the saturated state, at the same curing age of 180 days, the drying shrinkage rates increased by 1.7% and 13.9%, respectively. It can be seen from this that the final drying shrinkage of recycled concrete is greater than that of ordinary concrete, and the drying shrinkage of recycled concrete with a 50% recycled aggregate replacement rate is close to that of ordinary concrete. In addition, recycled aggregates in the dry state have a more adverse effect on the drying shrinkage of recycled concrete than those in the saturated state. Xiao Jianzhuang et al.By setting a gradient of recycled coarse aggregate content and introducing an additional water compensation mechanism under the premise of maintaining the constant benchmark water consumption (the amount of additional water was determined based on the rapid water absorption of aggregates), a water-binder ratio system of 0.40 was established to study the shrinkage evolution law. The test data showed that at the curing age of 120 days, the shrinkage deformation of concrete with 50% and 100% recycled aggregate replacement rates increased by 17% and 59% respectively compared with ordinary concrete, confirming that the increase in recycled aggregate content significantly intensifies the shrinkage effect. Sun Daosheng et al.Three types of recycled aggregates treated by different processes were adopted, with varying attached mortar contents and water absorption rates (7.74%, 6.78%, 6.01%). The saturated surface-dry recycled aggregates were used to replace natural aggregates, and the drying shrinkage performance of recycled concrete was investigated under the conditions of the same mixing water consumption and a water-cement ratio of 0.5. The test results showed that under the same conditions, the early-stage drying shrinkage of recycled concrete was lower than that of ordinary concrete, while at the curing age of 90 days, the shrinkage strains of the three processes increased by 38.79%, 32.42% and 75.57% respectively compared with ordinary concrete.
Hay R[11]Studies have shown that recycled concrete with a low water-binder ratio (0.45) has a finer pore structure, which can reduce water evaporation loss. In contrast, concrete with a high water-binder ratio (0.55) features a looser pore structure with a greater number of capillary pores. This allows water to evaporate more readily via capillary action, thereby resulting in increased drying shrinkage.
Velumani S [10] have shown that fly ash and polypropylene fibers can exert a synergistic effect, which effectively improves the shrinkage performance of recycled concrete.
Wang Q[8]Under the conditions of recycled aggregates in a saturated surface-dry state and a water-cement ratio of 0.45, a study was conducted on the drying shrinkage performance of recycled concrete. The results showed that compared with ordinary concrete, when natural aggregates were completely replaced by recycled aggregates, the drying shrinkage rate of recycled concrete increased by 35.1% to 46.5% at the curing age of 360 days. Hay R et al.Studies have shown that recycled concrete with a low water-binder ratio (0.45) has a finer pore structure, which can reduce the evaporation loss of water. In contrast, concrete with a high water-binder ratio (0.55) has a looser pore structure with an increased number of capillary pores, allowing water to evaporate more easily through capillary action, thus leading to an increase in drying shrinkage.
Zhang Shijie et al.The water absorption and water release characteristics of recycled aggregates and their effects on concrete shrinkage were investigated. The test results showed that at the curing age of 240 days, the drying shrinkage rate of recycled concrete was the highest when the aggregates were pre-wetted while keeping the mixing water consumption constant, followed by that under natural air-drying condition, and then by that when the aggregates were pre-wetted while keeping the total water consumption constant. However, all the drying shrinkage values were higher than that of ordinary concrete. This might be attributed to the fact that recycled aggregates have a weaker shrinkage resistance than natural aggregates. 
Huo Junfang et al.Based on a mix proportion system with a 50% recycled coarse aggregate replacement rate and a water-binder ratio of 0.60, the equal-volume mortar replacement method was adopted to systematically evaluate the regulatory effect of graded fly ash content (10%–30%) on the multi-age shrinkage behavior of recycled concrete. The results showed that the shrinkage rate of concrete with 50% recycled aggregate replacement increased by approximately 25%–40% compared with the reference group of ordinary concrete, while the optimal shrinkage inhibition effect was achieved when 20% fly ash was incorporated. The mechanism is derived from the synergistic effect of the pozzolanic reaction and micro-aggregate filling of fly ash. It is worth noting that when the content exceeds the threshold of 20%, the pore structure coarsens due to insufficient hydration activity of the cementitious system, resulting in an inverted U-shaped attenuation trend of shrinkage inhibition efficiency.
The core characteristics of the drying shrinkage of recycled concrete are "high baseline value and high regulatory sensitivity": its shrinkage rate is generally higher than that of ordinary concrete, and it accounts for a larger proportion of the total shrinkage. Aggregate state and content are the key variables: dry aggregates exert a significant adverse effect. At a 100% replacement rate, the drying shrinkage at 180 days is 70% higher than that of ordinary concrete, while this value drops to 13.9% when saturated aggregates are adopted. Moreover, shrinkage intensifies with the increase in replacement rate; at a 100% replacement rate, the drying shrinkage at 360 days increases by 35.1%–46.5% compared with ordinary concrete. The water-binder ratio regulates shrinkage by modifying the pore structure, with a high water-binder ratio resulting in a looser pore structure and thus greater drying shrinkage. At a 50% replacement rate, the incorporation of 20% fly ash achieves the optimal shrinkage inhibition effect by virtue of the synergistic effect of pozzolanic reaction and micro-aggregate filling. When the fly ash content exceeds this threshold, the inhibition efficiency exhibits an inverted U-shaped attenuation trend due to insufficient hydration. 
[bookmark: OLE_LINK170]3.Pretreatment of Recycled Concrete
To improve the quality of recycled aggregates and achieve high utilization rates, pretreatment is applied to recycled aggregates for the purpose of enhancing the performance of recycled concrete. Kazmi S M S et al.[15]Five different recycled aggregate treatment methods were reviewed, such as friction in acetic acid immersion, accelerated carbonation, and accelerated carbonation in lime immersion. The results of scanning electron microscopy (SEM) and mercury intrusion porosimetry (MIP) showed that compared with untreated recycled concrete, the treated recycled concrete exhibited a strengthened microstructure, a denser interfacial transition zone (ITZ), and an improved porosity. These findings demonstrate that the strengthening of recycled aggregates exerts a positive effect on the durability of recycled concrete. Purushothaman R et al.[16]It was proposed that the use of acids with different molar concentrations to remove or reduce the loose mortar particles attached to the surface of recycled concrete could improve its physical and mechanical properties. Du Jianxin et al.Sun Baojian et al.Shi-Cong Kou[17]It was found that modification treatment with polyvinyl alcohol (PVA) solution could reduce the water-cement ratio at the interface between the old cement mortar in the pores of recycled concrete and the recycled concrete matrix, prevent interfacial damage of recycled concrete, and decrease the autogenous shrinkage level of recycled concrete. In addition, it was determined that the optimal concentration of the polyvinyl alcohol solution was 10%. Xiaoyan Liu et al.[18]Recycled aggregates were modified using a mixed solution of nano-silica (nano-SiO₂) and sodium silicate, with the aim of improving the performance of the attached mortar. It was found that this modification could fill the pores and repair the cracks in the mortar through the filling effect and film-forming effect. In addition, nano-SiO₂ and sodium silicate could participate in the secondary hydration reaction to form calcium silicate hydrate (C-S-H) gel, thereby enhancing the microstructure of the interfacial transition zone (ITZ). The coupling effect of the above mechanisms improved the mechanical properties and durability of concrete prepared with modified recycled aggregates. 
Wang[19]Recycled concrete was treated with ordinary slurry and a novel paste coating. The 112-day drying shrinkage rates of recycled concrete processed by these two methods were reduced by 2% and 7%, respectively. The old interfacial transition zone (ITZ) of recycled concrete treated with ordinary slurry and the novel paste coating was slightly improved. However, microcracks could still be observed in the interfacial transition zone after surface coating. This might be attributed to the fact that these methods only refined the pore structure within a limited range, resulting in an unsatisfactory reduction effect on drying shrinkage. Alqarni A S et al.[20]It was found that the water absorption rate of untreated recycled concrete was 6.5 times that of ordinary concrete. Experimental results showed that the water absorption rate decreased significantly after treatment with a 40% concentration cement-silica fume slurry and sodium silicate solution.
[bookmark: _GoBack]Cheng Lulu et The coating pretreatment of recycled coarse aggregates was carried out using silica fume-rubber powder composite modified slurry to investigate its regulatory effect on the shrinkage behavior of concrete. The data indicated that the 180-day shrinkage strain of the reference group of concrete with unmodified recycled aggregates reached 680 με, which was significantly higher than that of the modified groups. Among them, the shrinkage value of the optimal slurry-coated group was stably controlled below 450 με. This study demonstrated that the surface slurry-coating technology reconstructs the aggregate-paste interface system through the synergistic effect of "physical barrier-chemical enhancement", providing an innovative solution for the shrinkage control of concrete with high-volume recycled aggregates. Bu Guixian et al.Recycled concrete was treated with cement coating to enhance its performance. It was found that cement coating could make up for the defect of high porosity of recycled concrete, reduce its water absorption rate, and improve its strength. Su Shangliang et Recycled aggregates were subjected to immersion and coating treatment using sulfoaluminate cement slurries with different water-cement ratios and sodium silicate solutions with different concentrations. Test results showed that the drying shrinkage resistance of the corresponding recycled aggregate concrete was improved after surface treatment with sodium silicate slurries of different water-cement ratios. Specifically, a sodium silicate concentration of 7% was found to be more beneficial for enhancing the drying shrinkage performance. Zhao Yongcun et al.Studies have shown that the pretreatment of recycled aggregates with an active powder slurry (cement + silica fume fly ash) can significantly improve the physical properties of recycled aggregates and the mechanical properties of recycled concrete.
In summary, the recycled coarse aggregates can make up for their inherent drawbacks of high water absorption and poor adhesion through treatments such as organic impregnation, acid treatment, carbonation treatment, and dual modification. The treated recycled concrete not only exhibits an optimized pore structure but also possesses a denser interfacial transition zone (ITZ), thereby improving the quality of recycled aggregates as well as the original and new interfacial transition zones of recycled concrete. However, the aforementioned methods are associated with issues including high cost, cumbersome operation procedures, and potential environmental pollution. Therefore, further research is required on the modification methods for recycled coarse aggregates.
4. Shrinkage Prediction Models for Recycled Concret
This paper collates the commonly used models applicable to the prediction of autogenous shrinkage and drying shrinkage of concrete.
(1) BS EN 1992 Model
[bookmark: OLE_LINK178]The shrinkage prediction model of BS EN 1992 was formulated under the auspices of the European Committee for Standardization (CEN). This model is applicable to most common concrete structures and environmental conditions, such as normal-strength concrete and high-performance concrete. It is a multi-factor equation that takes into account parameters including ambient relative humidity (RH), member dimensions, and cement type coefficients.
（2）CEB-FIP Model
In 2010, the CEB-FIP model was promoted by the Comité Euro-International du Béton (CEB) and the Fédération Internationale de la Précontrainte (FIP). This model calculates the autogenous shrinkage and drying shrinkage of concrete separately, with the sum of the two taken as the total shrinkage of concrete. It adopts a power-exponential function as the time function of shrinkage, comprehensively considering the effects of the 28-day cylinder compressive strength of concrete and cement type on autogenous shrinkage. For drying shrinkage, it takes into account the impacts of cement type, effective section height of members, and relative humidity. The model is applicable to normal concrete with a strength ranging from 20 to 60 MPa and a relative humidity ranging from 40% to 100%.
（3）GL2000 Model
The GL2000 model was jointly developed by Gardner and Lockman. Based on the unified theoretical framework for shrinkage and creep revised by the ACI 209 Committee in 1999, it is a time-dependent prediction tool constructed by optimizing the parameter sensitivity of the existing GZ model. This model is mainly applicable to conventional Portland cement-based concrete systems, with its scope of application defined as follows: water-binder ratio ranging from 0.40 to 0.60, 28-day compressive strength from 16 to 82 MPa, and minimum wet curing age of 1 day.

Table 1 Main factors considered in each shrinkage forecasting model
	Influencing Factors
	Shrinkage Prediction Model

	
	BS EN1992
	CEB-FIP（2010）
	GL2000

	Cement Type
	√
	[bookmark: OLE_LINK184]√
	[bookmark: OLE_LINK172]√

	Water-Binder Ratio
	[bookmark: OLE_LINK212]--
	--
	--

	Initial Shrinkage Age
	--
	[bookmark: OLE_LINK202]√
	[bookmark: OLE_LINK185]√

	Calculation Age
	√
	√
	√

	28-day Strength
	√
	√
	√

	Ambient Relative Humidity
	√
	√
	√

	Section Size
	[bookmark: OLE_LINK80]√
	√
	√

	Surface-Area-to-Volume Ratio
	--
	--
	√

	Section Shape
	√
	--
	--

	Aggregate Type
	[bookmark: OLE_LINK218]--
	--
	--


In summary, as shown in Table 1, the influencing factors considered by the existing shrinkage prediction models vary, and their scopes of application also have certain limitations. Nevertheless, based on the existing models, further research on the shrinkage prediction model suitable for mortar-coated recycled coarse aggregate concrete is of great significance for improving the accuracy of recycled concrete shrinkage prediction. 
5.Conclusions and Prospects
Recycled aggregate concrete (RAC) represents a core pathway for the resource utilization of construction and demolition waste, bearing profound significance for the green and low-carbon development of the construction industry. However, due to the old cement mortar adhering to their surface, recycled aggregates (RAs) inherently suffer from high porosity and water absorption. These defects directly result in inferior shrinkage performance (autogenous shrinkage and drying shrinkage) of RAC compared with natural aggregate concrete, which has become a key bottleneck restricting its large-scale engineering application. The shrinkage of RAC is subject to the coupled effects of multiple factors, including aggregate replacement ratio, water-bearing state, water-binder ratio, and mineral admixtures. For autogenous shrinkage control, pre-wetting of aggregates can reduce shrinkage through slow water release; rational control of the water-binder ratio can avoid excessive capillary pore pressure that exacerbates shrinkage; and the incorporation of mineral admixtures such as fly ash can significantly inhibit shrinkage by virtue of their pozzolanic effect and pore-filling function. In contrast, drying shrinkage increases with the rise of aggregate replacement ratio, the decrease of initial water content, and the increase of water-binder ratio, and its proportion in total shrinkage is higher than that of natural aggregate concrete. Although RA pretreatment technologies (e.g., acid treatment, carbonation, and surface modification) can optimize pore structure and interfacial transition zone (ITZ), thereby improving mechanical properties and shrinkage performance, they generally face problems such as high cost, complex process, or insufficient environmental compatibility. In addition, existing shrinkage prediction models developed for natural aggregate concrete fail to fully consider the inherent characteristics of RAs, making it difficult to accurately predict the shrinkage behavior of RAC. Future research can be carried out in the following directions: First, develop low-cost, eco-friendly, and simple RA modification technologies, such as exploring novel composite modifier systems and green chemical modification processes, to improve RA performance while reducing engineering application costs. Second, employ micro-testing techniques (e.g., scanning electron microscopy, mercury intrusion porosimetry, and nuclear magnetic resonance) to deeply investigate the micro-mechanisms of pore structure evolution and ITZ morphology changes during the shrinkage of RAC under the coupled action of multiple factors, providing theoretical support for shrinkage control. Third, establish a shrinkage prediction model that incorporates key factors such as RA type, modification method, and mix proportion parameters, to achieve accurate prediction of RAC shrinkage behavior. This will provide a scientific basis for mix proportion design, construction quality control, and engineering reliability evaluation of RAC, further promoting the large-scale and high-performance application of RAC in construction engineering and facilitating the sustainable development of the construction industry.
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