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ABSTRACT
This is a review paper focusing on the microstructure of recycled concrete and the application of scanning electron microscopy (SEM). The paper commences by outlining the environmental and economic merits of recycled concrete, while pinpointing that the inferior performance of its recycled aggregates constitutes a primary constraint on its widespread utilization. It is further noted that such drawbacks can be mitigated via technical measures including aggregate pretreatment and nanomaterial incorporation. Subsequently, the paper presents a comprehensive overview of the definition, classification, mechanical properties and durability of recycled concrete.Next, the paper elaborates on the application of SEM in the microstructural characterization of recycled concrete. Specifically, SEM is capable of capturing high-resolution imaging, thereby enabling the observation of the microtopography of recycled aggregates, pore structure, and interfacial bonding characteristics between aggregates and cement matrix. In terms of microtopography, SEM elucidates the distribution patterns of recycled aggregates and mortar, along with the presence of interfacial cracks; post modification, hydration products are found to fill the internal pores and enhance interfacial adhesion effectively. For pore structure analysis, SEM facilitates the accurate assessment of pore size and distribution, laying a solid theoretical foundation for the performance optimization of recycled concrete. With respect to interfacial bonding, SEM identifies the interfacial transition zone (ITZ) as the inherent weak link in recycled concrete, and verifies that the compactness of ITZ can be significantly improved through the incorporation of mineral admixtures.Finally, the paper concludes that SEM serves as a powerful analytical tool for the microstructural investigation of recycled concrete. It allows for the intuitive visualization of microtopography, quantitative analysis of pore structure, and in-depth exploration of interfacial characteristics, thus providing robust technical support for the performance optimization and quality control of recycled concrete. Looking ahead, the application of SEM technology in recycled concrete research is poised to become more extensive and in-depth.
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1.  INTRODUCTION

Recycled concrete is a type of construction material produced by recycling waste concrete particles, boasting multiple advantages such as environmental friendliness, cost-effectiveness and sustainability. With the growing focus on environmental protection and sustainable devel- opment, recycled concrete has attracted extensive attention as a construction material with significant application prospects. However, in the field of construction waste resource utiliza- tion, the resource utilization rate of construction waste in China is only 5%, which is far lower than that of South Korea. The recycled aggregates used in the preparation of recycled con- crete can not only reduce the consumption of natural resources, but also effectively decrease the discharge of construction waste and mitigate environmental pollution. Compared with nat- ural aggregates, recycled aggregates exhibit inferior performance—including lower strength, more microcracks, lower apparent density and higher water absorption [1–2], which impairs the compressive strength, durability and other properties of recycled concrete [3–6], thus re- stricting its popularization and application to a certain extent. Studies have shown that pre- treating recycled aggregates through processes such as aggregate shaping [7], incorporating nanomaterials [8] or high-quality mineral admixtures can effectively enhance the performance of recycled aggregates, optimize the interfacial transition zone between cement paste and aggregates, and thereby improve the overall properties of recycled concrete. Therefore, an in- depth understanding of the microstructure of recycled concrete is of great significance for op- timizing its performance and enhancing its sustainability. By observing and analyzing the
[bookmark: _GoBack]microstructure of recycled concrete, we can obtain insights into the distribution, particle mor- phology and pore structure of recycled aggregates, as well as their interaction with the cement matrix. These findings can further reveal the relationship and influence mechanism between the properties and microstructure of recycled concrete (Mahakud, 2021).

However, researching the microstructure of recycled concrete is no easy task, as traditional characterization methods often fail to provide sufficient resolution and information. Therefore, it is necessary to resort to advanced characterization techniques to conduct in-depth explora- tion of the microstructural characteristics of recycled concrete. Scanning Electron Microscopy (SEM) technology, as a highly effective characterization method, holds significant application prospects in the research on recycled concrete microstructure. SEM can generate high-reso- lution images, helping researchers observe and analyze the microstructural details of recycled concrete, such as particle morphology, pore structure and interfacial bonding status. What’s more, it can also be used to explore approaches for further improving the performance and durability of recycled concrete, promote the wide application of recycled building materials, and ultimately realize the sustainable utilization of resources and the sustainable development of the environment.

2. OVERVIEW OF RECYCLED CONCRETE

2.1 Definition and Classification of Recycled Concrete

Recycled aggregate refers to a material with properties similar to those of natural aggregate, which is obtained by removing reinforcing steel bars from waste concrete and then crushing the concrete with a jaw crusher. Compared with natural aggregate, recycled aggregate has more angular edges and corners, with residual old cement mortar adhering to its surface, thus failing to form a homogeneous single substance. The main problem in applying recycled ag- gregate as a building material is that the bond strength between the residual old cement mortar and the new cement mortar is relatively low, and the old cement mortar has high porosity and water absorption [1].

Recycled aggregates are divided into two main categories, namely recycled concrete aggre- gates and recycled brick aggregates, and our research focuses primarily on recycled concrete aggregates. Recycled concrete aggregates are classified into specifications of 0-5 mm, 5-10 mm, 10-20 mm, and 16-31.5 mm. For the most part, they are used to replace or partially replace natural sand in applications such as sand-gravel bedding, road paving, brick making, concrete mixing, and subgrade filling. They are suitable for use in industrial and civil construc- tion projects, municipal engineering, landscaping, decoration and finishing works, road engi- neering, and sponge city construction projects.




Compared with recycled concrete aggregate, the surface of recycled clay brick aggregate is almost free of adhered old mortar. There is only one type of interfacial transition zone (ITZ) between the aggregate and the mortar, namely the recycled clay brick aggregate-new mortar interfacial transition zone. In addition, its surface is coated with a layer of waste brick powder adhering to it due to multi-stage crushing. The interfacial model of recycled brick aggregate is shown in Figure 1.




Fig. 1 Interfacial Model of RBA [21]

2.2 Mechanical Property Characteristics of Recycled Concrete

YongGui Wang et al. [9] modified recycled concrete using basalt fiber (BF) and nano-silica (NS) as reinforcing materials. Through cubic compressive property tests, they investigated the effects of BF and NS dosages on the 7days, 28days, and 90days cubic compressive strength of recycled concrete. The results showed that the addition of an appropriate amount of fiber was beneficial to the improvement of the early and middle-stage compressive strength of re- cycled concrete, but contributed little to the strength development at 90 days. Moreover, the incorporation of a proper dosage of NS improved the compactness of concrete and enhanced the bonding performance between fibers and the matrix.

YuHui Fan et al. [10] carried out an experimental study on the modification of recycled concrete via multiple methods, including immersing recycled coarse aggregate in nano-SiO₂ solution, PVA solution, water glass solution, as well as incorporating nano-SiO₂ into recycled concrete directly. The results demonstrate that favorable modification effects are achieved when recycled coarse aggregate is immersed in 0.5% concentration PVA solution and 5% concentration water glass solution, with the strength of recycled concrete increased by approximately 7.2% and 23.7% respectively; the composite solution of water glass and PVA yields an optimal modification effect when the concentration of water glass is 3%, while immersion in nano-SiO₂ solution increases the strength of recycled concrete by about 4.4% compared with the unmodified counterpart.

YaGuang Zhu et al. [11] modified simply crushed aggregates using 10% polyvinyl alcohol (PVA) and 10% organosilicon, and investigated the effect of recycled aggregate modification on the compressive strength of recycled aggregate concrete. The results show that the 28- day compressive strength of modified recycled aggregate concrete is significantly higher than that of concrete prepared with simply crushed recycled aggregates. When compared with nat- ural aggregate concrete, its strength only decreases by 5% (for PVA modification) and 9% (for silane modification), both of which achieve favorable compressive strength values.

Jian Jiang et al. [12] carried out cubic compressive strength tests on ordinary concrete, recy- cled concrete and modified recycled concrete by adding mineral admixtures including fly ash, silica fume, steel fibers and polypropylene fibers. The research results show that: the addition of mineral admixtures such as fly ash and silica fume can improve the compressive strength of recycled concrete, but the improvement effect is not significant; within the range of steel fiber content not exceeding 1.0%, the compressive strength of recycled concrete increases
with the increase of steel fiber content; within the range of polypropylene fiber content not exceeding 1.0%, the compressive strength of recycled concrete also increases with the in- crease of polypropylene fiber content, and the improvement effect is more obvious than that of steel fibers.

JianZhuang Xiao et al. [13] adopted the method of secondary modification of recycled coarse
aggregate with cement paste, and conducted uniaxial compression mechanical tests on concrete. The results show that the secondary modification method using 
cement paste can effectively improve the mechanical properties of recycled concrete. Com-
pared with recycled aggregate concrete (RAC), the modified recycled concrete exhibits a 25.1% increase in peak stress, an 18.2% decrease in peak strain, and an 85.8% increase in elastic modulus.

Grabiec [14] treated recycled coarse aggregates with Bacillus pasteurii for mineralization and deposition. The results showed that the water absorption rate of the treated recycled coarse aggregates decreased by 21%; the generated calcium carbonate (CaCO₃) filled the old mortar on the surface of the recycled aggregates, thereby improving the mechanical properties of the resulting recycled concrete.

XiangGang Zhang et al. [15] found that the replacement rate of recycled aggregate exerts a considerable influence on the complete stress-strain curve of recycled concrete. As the re- placement rate of recycled aggregate increases, the ascending branch of the stress-strain curve becomes increasingly steep. When the replacement rate of recycled aggregate reaches
100%, the peak strain increases by 20%, which may be attributed to the decrease in the elastic modulus of recycled aggregate.


2.3 Durability of Recycled Concrete

Ercheng Wang et.al.[16] conducted an experimental study on the water absorption rate of recycled concrete by varying the mass fractions of sodium silicate solution (3%, 5%, 7%) and silane solution (5%, 10%). The results show that: the 24 hours water absorption rate of recy- cled coarse aggregates soaked in sodium silicate and silane solutions is reduced to a certain extent; with the mass fraction of silane solution kept constant, the water absorption rate of recycled coarse aggregates decreases first and then increases as the mass fraction of sodium silicate solution increases. It can be concluded that soaking recycled coarse aggregates in 5% mass fraction sodium silicate solution and 10% mass fraction silane solution can significantly reduce the water absorption rate of the aggregates.

BingJian Wang et al. [17] modified recycled aggregates through four approaches, namely wa- ter immersion, immersion in organic sodium salt (SA) solution, immersion in saturated calcium
hydroxide (Ca(OH)₂) solution. They explored the influence mechanism of different modification methods on the permeability of recycled concrete. The results show that the electric flux, an index characterizing the perme- ability of modified recycled concrete, is reduced by 37.69%–73.65%. Among all modified re- cycled concrete specimens, those treated with the immersion-mortar coating method exhibit the minimum electric flux, which is merely 1283 coulombs (C).

Bin Lei et al.[18] investigated the modification effect of graphene oxide on recycled concrete, and carried out an experimental study on the frost resistance of recycled concrete with gra- phene oxide contents of 0%, 2%, 4% and 6%. The results show that: the frost resistance of recycled concrete decreases when the graphene oxide content ranges from 0% to 2%, and
increases when the content ranges from 2% to 6%, presenting a trend of decreasing first and then increasing; however, the frost resistance of recycled concrete with 6% graphene oxide is lower than that of recycled concrete without graphene oxide.

3. APPLICATION OF SEM IN THE MICROSTRUCTURE OF CONCRETE

3.1 Introduction to Scanning Electron Microscope

Scanning electron microscopy (SEM) technology utilizes a high-energy electron beam to scan the surface of a sample, and forms images by collecting signals generated from the interaction between electrons and the sample (such as secondary electrons and backscattered electrons). This technology can be applied to observe the surface morphology of samples, conduct com- ponent analysis, characterize crystal structures, and so on. In the research on the microstruc- ture of recycled concrete, SEM can provide high-resolution images and characterization infor- mation, revealing details regarding the fiber distribution, pore structure, interfacial properties, and chemical composition of the material, thus offering strong support for the research and application of recycled concrete.

3.2 Research Progress on the Microstructure of Recycled Concrete

3.2.1 Observation on the Microtopography of Recycled Aggregates

Through scanning electron microscopy (SEM) observation, the distribution of aggregates and cement paste in recycled concrete, as well as the roughness and texture characteristics of aggregate surfaces, can be clearly observed.

ErCheng Wang et al. [16] conducted an in-depth study on the micromorphological character- istics and elemental composition of recycled aggregates by means of scanning electron mi- croscopy (SEM) technology. SEM observations reveal the distribution of aggregates and mor- tar: the mortar exhibits an overall flat and plate-like structure, while cracks are present at the interface between the old and new mortar.

Chengfang Yuan et al.[19] modified mixed recycled aggregates by using nano-silica sol, and analyzed the microtopography of concrete via scanning electron microscopy (SEM) technol- ogy. The results show that: before the modification treatment, the recycled brick aggregates exhibit low strength, loose and porous structure; old mortar adheres to the surface of recycled aggregates, and the bonding between the old and new mortar is poor, resulting in the for- mation of numerous pores. After the modification treatment, the calcium silicate hydrate (C-S- H) gel fills the loose and porous areas, and the bonding performance between the old and new mortar is significantly improved.

Shoukai Chen et al.[20] prepared recycled aggregate pervious concrete using waste concrete as coarse aggregate and waste glass particles as fine aggregate. Observations via scanning electron microscopy (SEM) showed that the calcium silicate hydrate (C-S-H) gel in the con- crete exhibited a fine flocculent morphology, forming a relatively dense structure through in- terweaving and reducing the number of medium and large pores. This indicates that the incor- poration of waste glass particles densifies the internal structure of recycled aggregate pervious concrete (RAPC). The activity of waste glass particles is activated in an alkaline environment and secondary reactions occur, generating C-S-H gel that fills the pores and further compacts the internal structure of the concrete.

3.2.2 Research on Pore Structure and Porosity
Scanning electron microscopy (SEM) technology can reveal the pore structure of recycled concrete, including the size, shape and distribution of pores. The pore structure exerts a sig- nificant influence on the properties of concrete such as strength, permeability and frost re- sistance. Through the analysis of pore structure, the performance of recycled concrete can be evaluated, and a theoretical basis can be provided for its performance optimization.

Huiying Li et al.[21] modified recycled concrete with a replacement rate of 25% by adding glass fibers, and conducted compressive strength, porosity, impermeability and scanning elec- tron microscopy (SEM) tests on glass fiber-reinforced recycled concrete after exposure to special environments. The variables in the tests included glass fiber volume fraction, type of special environment and its duration of action. From both micro and macro perspectives, the study analyzed the damage and damage mechanism of glass fiber-reinforced recycled con- crete caused by special environments, and explored its damage attenuation law. The results show that under the action of special environments, the optimal glass fiber volume fraction is
1.0%. Compared with plain concrete, the modified recycled concrete exhibits improved com- pressive strength, reduced porosity and decreased penetration height.

Ziyi Liu et al.[22] investigated the effect of ceramic sand incorporation on the pore structure of cement-based materials via micro-tests. Combined with the pore structure parameters ob- tained from micro-tests, the study adopted a multi-scale research approach from microstruc- ture to macroscopic mass transport behavior to explore the long-term performance evolution law of ceramic powder cement-based materials. Meanwhile, micro-tests including scanning electron microscopy (SEM) and mercury intrusion porosimetry (MIP) were carried out on the specimens. The results of SEM tests show that with the increase of curing time, the cracks, pores and cement-mortar interfacial transition zones on the surface of specimens are gradu- ally filled with hydration products, which makes the specimens denser. Consequently, the me- chanical properties and durability of the specimens are improved with the extension of curing time.

Xiaohui Yan et al.[23] conducted an analysis of the two-dimensional morphology of the inter- faces between recycled aggregate and old mortar, recycled aggregate and new mortar, as well as old and new mortar, along with the evolution of corrosion products in the paste, based on SEM-EDS technology. The study investigated the structural change law of multiple inter- faces in recycled concrete and the distribution of corrosion products under the action of inter- nal corrosion, and revealed the internal corrosion mechanism of recycled concrete caused by recycled aggregates carrying sulfate ions. According to the test results of XRD and SEM-EDS, the main corrosion product in the paste is ettringite, which is mainly concentrated near the interface zone between old and new mortar. With the gradual diffusion of ions, when the sul- fate ion content is relatively high, the paste also contains a small amount of gypsum.

3.2.3 Research on the Interface Bonding between Recycled Aggregate and Cement Ma- trix

The interface between aggregates and cement paste is a weak link in recycled concrete. Through scanning electron microscopy (SEM) observations, the characteristics of the interfa- cial zone, such as microtopography, compositional changes, and microcracks, can be inves- tigated. Such information helps to understand the performance characteristics of the interfacial zone and provides ideas for improving interfacial performance.

Zhu Chao et al.[24] adopted different water-binder ratios (0.3 and 0.4) and different recycled aggregate replacement rates (0%, 50%, 100%) as control parameters. Observations via scan- ning electron microscopy (SEM) showed that the microstructure of the interfacial transition zone between brick aggregates and new mortar was dense, with no obvious boundary
between brick aggregates and mortar. There were obvious hydration products in the pores on the surface of brick aggregates. Meanwhile, the waste brick powder adhering to the surface of brick aggregates had pozzolanic activity, and the ettringite and calcium silicate hydrate generated by the reaction could fill the pores and cracks.

Sidorova A et al.[25] proposed in their research that the structure of the cement paste matrix adjacent to the aggregate differs from that of the rest of the cement paste. By means of nanoindentation tests and scanning electron microscopy (SEM), they compared the potential formation of the interfacial transition zone (ITZ), as well as three types of aggregate inclusions with distinct properties: natural limestone aggregate (NA), recycled concrete aggregate (RCA), and recycled ceramic aggregate (RC). The results show that the properties of aggregates and water-cement ratio (W/C) conditions determine the microstructural characteristics of the ag- gregate-cement paste interface and the mechanical properties of the ITZ.

Zheng et al. [26] investigated the micro-properties of basalt fiber reinforced recycled concrete using scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). The results indicated that the interfacial transition zones (ITZs) between recycled aggregates and cement mortar, as well as between fibers and cement mortar, are the key factors influencing the mechanical properties of concrete.

ChunRu Dong et al. [27] found through the analysis of the microstructure of self-compacting recycled aggregate concrete that cracks exist at the interface between recycled aggregates and cement paste. The combined incorporation of fine mineral powders such as fly ash and slag can significantly improve the compactness of the interfacial transition zone (ITZ).

YaPing Tao [28] investigated the effect of different iron tailings sand replacement rates on the micromorphology of recycled concrete. The results show that the incorporation of an appro- priate amount of iron tailings sand can fill the pores between aggregates, improve the struc- tural compactness of recycled concrete, and optimize its microstructure. When the replace- ment rate of iron tailings sand reaches 50%, the recycled concrete exhibits the minimum num- ber of cracks and the densest structure.

Chao Liu et al. [29] demonstrated that when the mass ratio of recycled brick powder to recy- cled concrete powder is 6:4, the composite powder can exert favorable filling effect and reac- tion activity. It can improve the "weak skeleton" of the aggregate interfacial transition zone and enhance the compactness of both the composite cement matrix and the microstructure of the interfacial transition zone (ITZ).

Hou Z Y et al.[30] observed the micromorphology of recycled concrete by means of scanning electron microscopy (SEM). Reactive mineral admixtures were incorporated into recycled con- crete either individually or in combination. Among the reactions involved, the high-energy amorphous vitreous phases underwent a secondary hydration reaction with calcium hydroxide, a hydration product of cement. This process consumed a large amount of calcium hydroxide and generated calcium silicate hydrate with a low calcium-silicon ratio and high strength, which filled the interfacial transition zone (ITZ) and pores.

4. CONCLUSION

We have carried out an in-depth investigation into the microstructure of recycled concrete. Through a systematic review of literature concerning scanning electron microscopy (SEM) technology, we acquired comprehensive details regarding the microtopography, pore structure, and interfacial properties between aggregates and cement paste in recycled concrete. On the basis of these research findings, the following conclusions are derived:

Intuitive display of microtopography: Scanning electron microscopy (SEM) technology clearly reveals the distribution of aggregates and cement paste in recycled concrete, as well as the roughness and texture characteristics of aggregate surfaces. These morphological features exert an important influence on the mechanical properties and durability of recycled concrete. By comparing the microtopography under different preparation processes and admixtures, we can further optimize the preparation process of recycled concrete and improve its performance.

Quantitative analysis of pore structure: Scanning electron microscopy (SEM) technology ena- bles us to accurately measure and analyze the pore structure of recycled concrete, including the size, shape and distribution of pores. These pores have a significant impact on the strength, permeability and durability of concrete. Through the quantitative analysis of pore structure, we can evaluate the performance of recycled concrete and provide a theoretical basis for its per- formance optimization.

Depth study on interfacial characteristics: The interface between aggregates and cement paste in recycled concrete is its weak link. Through scanning electron microscopy (SEM) ob- servations, we have conducted an in-depth study on the characteristics of the interfacial zone, including microtopography, compositional changes, and microcracks. These studies help us understand the performance characteristics of the interfacial zone and provide ideas for im- proving interfacial performance. For instance, by optimizing the selection and dosage of inter- face modifiers, the bonding strength between aggregates and cement paste can be enhanced, thereby improving the mechanical properties and durability of recycled concrete.

In summary, scanning electron microscopy (SEM) technology provides a powerful tool for the microstructural analysis of recycled concrete. By means of this technology, we can gain an in- depth understanding of the microtopography, pore structure and interfacial characteristics of recycled concrete, which offers strong support for its performance optimization and quality control. In the future, with the continuous development and improvement of technology, the application of SEM technology in recycled concrete research will be more extensive and in- depth.
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