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A B S T R A C T   

Graphene oxide (GO) has been generally accepted can improve the microstructure of concrete because it can 
promote cement hydration, this nano-enhancement strategy is valuable for improving the weak interfacial 
transition zone in recycled aggregate concrete (RAC). This paper review aims to provide a comprehensive un
derstanding and comparison of the impact of GO on the performance and microstructure of RAC through various 
modification methods. Initially, the characteristics of GO and its utilization in preparing RAC are introduced. 
Subsequently, the effects of admixing GO on the performance of RAC and its roles within the RAC system are 
analyzed and discussed. Furthermore, an economic, environmental evaluation, and research limitations of GO- 
modified RAC are analyzed. Finally, the conclusions and potential research prospects for future investigations 
are outlined. The findings of this review have the potential to expand the understanding of GO-modified RAC and 
can serve as a source of inspiration for future research endeavors.   

1. Introduction 

In recent years, there has been a significant increase in the demoli
tion of large-scale old concrete infrastructures in China, including 
buildings, bridges, and dams (Shi et al., 2016), consequently, this de
molition activity has led to a substantial generation of construction and 
demolition (C&D) waste (Tam et al., 2007). According to previous 
literature (Xiao et al., 2018), it is reported that approximately 1.8 billion 
tons of C&D waste is accumulated each year, and waste concrete ac
counts for up to 80% of it (Wang et al., 2024a), having a great burden 
and negative impact on the environment (Yoda and Shintani, 2014). 
Recycling C&D waste is an effective strategy for reducing environmental 
stress and developing sustainable cement concrete (Ismail and Ramli, 
2013), becoming a focal point of research efforts (Kim et al., 2018). As 
such, reusing concrete waste as recycled concrete aggregates (RCA) to 
prepare new recycled aggregate concrete (RAC) is a promising strategy 
for solving the plight of natural aggregate (NA) resource shortage and 
relieving environmental pressure (Pepe et al., 2014). 

The presence of a layer of porous mortar adhering to the surface of 
RCA particles enables it to display characteristics, such as high water 

absorption, porosity, and crushing index (Tian et al., 2019). As such, the 
incorporation of RCA in concrete results in the formation of multiple 
types of interfacial transition zones (ITZs) within the RAC system (Zhao 
et al., 2023; Sojobi et al., 2021). The defects of RCA particles and the 
presence of old mortar adhered to their surfaces can increase the po
tential for energy dissipation through friction under external loads 
(Wang et al., 2022a). This, in turn, can enhance the damping perfor
mance of concrete structures, thereby improving their safety in extreme 
environmental conditions (Wang et al., 2022b). Unfortunately, these 
characteristics often have a detrimental impact on the mechanical and 
durability properties of the concrete (Thomas et al., 2013). Therefore, 
addressing the poor mechanical properties and durability of RAC is of 
utmost importance (Xia et al., 2024). According to the existing literature 
(Shi et al., 2016; Al-Bayati et al., 2016), supplementary cementitious 
materials (SCMs) are typically utilized as substitutes for cement to 
enhance the properties of RAC, however, RAC-containing SCMs may 
face challenges such as low early-age strength and significant shrinkage 
issues (Bravo et al., 2015; Dimitriou et al., 2018). Furthermore, the 
significant costs associated with pre-processing and transportation are 
worth considering (Kisku et al., 2017). Especially, in certain countries 
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like China, the price of SCMs has already reached or even exceeded that 
of cement, these factors collectively limit the practical utilization of 
SCMs in practical applications (Mohajerani et al., 2017). 

Recently, it has been proven that using graphene oxide (GO) can 
increase the early-age compressive strength of cementitious composites 
due to the admixed GO can promote cement hydration (Lu et al., 2022a). 
Given that the mechanical strengths and durability of RAC are generally 
lower than those of traditional concrete, GO holds significant potential 
to enhance the performance of RAC (Lu et al., 2022b). Indeed, some 
attempts have indicated that the admixed GO can enhance the me
chanical strengths (Lu et al., 2023a), sulfate attack resistance (Chir
anjiakumari Devi and Ahmad Khan, 2020), carbonation resistance (Devi 
and Khan, 2020a), and penetration resistance of RAC (Zhao et al., 2018). 
Additionally, adding GO to the RAC can improve the mechanical 
strengths of the RAC and thus augment the RCA usage and lower CO2 
emissions (Zhan et al., 2022). As such, GO-modified RAC can promote 
the practical applications of RCA and it can be regarded as a promising 
approach to consuming RCA resources (Alvi et al., 2023; Bahraq et al., 
2022). However, the following key knowledge gaps outlined below 
hinder the practical applications of GO-modified RAC: 1) The aggrega
tion issue of GO in the RAC system has not been effectively resolved. The 
tendency of GO to form aggregates within the RAC system poses chal
lenges to achieving a uniform dispersion and optimal performance of 
GO-modified RAC; 2) An efficient modification method for incorpo
rating GO into the RAC system has not been proposed. The development 
of a reliable and efficient method for modifying GO and ensuring its 
effective integration into the RAC matrix is crucial for achieving desired 
properties and performance; and 3) The impact of admixing GO on the 
workability, mechanical properties, and durability of RAC has yielded 
inconsistent findings. The reasons behind these discrepancies remain 
unclear, necessitating further research to comprehensively understand 
the effects of GO on the performance of RAC. 

To fill the knowledge gaps and promote the practical applications of 
RAC, this review work summarizes and compares the published studies 
on GO nano-engineered RAC, and examines its potential applications in 
civil engineering. To gain an in-depth understanding and comparison of 
the impact of introduced GO on the performance and microstructure of 
RAC, this paper aims to systematically review the performance of GO- 
modified RAC prepared by different modification methods. First, the 
characteristics of GO and its usage methods in preparing RAC are 
introduced. Next, the admixed GO on the performance of RAC and its 
roles in the RAC system is analyzed and discussed. Subsequently, the 
economic and environmental evaluation of RAC and GO-modified RAC 
are compared. Finally, the limitations of previous studies and potential 
research prospects in the future are provided. The findings presented in 
this review can serve as a source of inspiration for future research en
deavors in this field and advance the practical applications of GO- 
modified RAC, as well as unlock its full potential as a sustainable and 
high-performance construction material. 

2. Methodology 

This review work provides a comprehensive literature review on the 
recent advancements in GO-modified RAC. The data collected under
went a systematic analysis comprising several steps, including data 
collection; classification of the data based on specific topics; organizing 
the data in the form of tables and figures; describing and discussing the 
data and each topic, and drawing conclusions for each item and pointing 
out the limitations of previous studies and potential research prospects 
in the future. 

Specifically, the data were obtained from a thorough literature re
view, focusing on the preparation process, performance analysis, and 
potential applications of GO-modified RAC. An overview was conducted 
based on the keywords “GO, RCA, RAC, modification methods, flow
ability, workability, mechanical properties, durability, enhancement 
mechanism, economic analysis, carbon emissions, etc.”. The selected 

research works were sourced from reputable scientific literature, 
including indexed journals that are relevant to mortar and concrete. The 
review encompassed sources such as ScienceDirect, Google Scholar, 
Scopus, Mendeley, ResearchGate, Taylor and Francis, Springer Link, and 
others. 

3. Properties of GO and the preparation of GO-modified RAC 

3.1. Properties of GO and the potential for improving the performance of 
RAC 

GO also referred to as graphitic oxide or graphitic acid, is a com
pound consisting of carbon, oxygen, and hydrogen in varying pro
portions (Brittain et al., 2023; Shang et al., 2019). It is obtained by 
subjecting graphite to treatment with strong oxidizers and acids to 
eliminate excess metals (Ghahremani et al., 2022; Li et al., 2017). The 
resulting fully oxidized bulk product manifests as a yellow solid with a 
carbon-to-oxygen (C:O) ratio ranging from 2.1 to 2.9 (Jeong et al., 
2022). Despite retaining the layered structure of graphite, the spacing 
between its layers becomes significantly larger and irregular (Mypati 
et al., 2021). GO nanosheets have found widespread application in the 
development of robust paper-like materials, membranes, thin films, and 
composites (Pei and Cheng, 2012). As illustrated in Fig. 1, GO garnered 
considerable attention as a potential intermediate for graphene pro
duction. However, graphene obtained through the reduction of GO re
tains certain structural defects. While these defects may be 
disadvantageous for certain applications, they can be advantageous for 
others, particularly in enhancing the microstructure and performance of 
cement concrete. 

GO is a two-dimensional nanomaterial, having oxygen-containing 
graphene sheets, which is produced by the exfoliation of GO, based on 
the electrochemical method and Hummers’ method (see Fig. 2) (Zhou 
et al., 2022; Yoo and Park, 2019). As can be seen in Fig. 2c, GO has a 
hydroxyl (O–H) group at its base and carboxyl and carbonyl groups 
(COOH- and C–O) at its edges (Zhao et al., 2018; Zhou et al., 2022; 
Dharmasiri et al., 2022), enabling it to have great potential to promote 
cement hydration (Gong et al., 2015). GO exhibits higher structural 
stability compared to graphene (Zhao et al., 2018), primarily attributed 
to the presence of oxygen-containing functional groups on its surface 
(Xu et al., 2019). These functional groups enhance the reactivity of GO, 
enabling potential reactions with other molecules (Wang et al., 2015). 
Furthermore, the incorporation of these functional groups increases the 
electrostatic repulsion between GO nanosheets, facilitating its disper
sion in aqueous solutions (Hu et al., 2019a; Zhao et al., 2020a), as such, 
GO is easily dispersed in aqueous solutions to prepare high-quality 
dispersions for developing high-performance cement composites (Yan 
et al., 2020a). As shown in Fig. 3a, GO nanosheets exhibit chemical 
reactivity in the presence of liquid water, resulting in a negative charge 

Fig. 1. Illustration of Graphene and its derivatives (Alvi et al., 2023). rGO is 
reduced graphene oxide. 
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on their surface (Lu et al., 2018a). This is reflected in the zeta potential 
of GO, which measures at − 29.9 mV in deionized water (Fig. 3b) (Lu 
et al., 2022c), facilitating the interactions between the GO and cations 
generated during cement hydration. 

Table 1 compares the physical properties of graphene and GO. As 
suggested in Table 1, GO exhibits a larger specific surface area of around 
2600 m2/g and better surface chemical affinity than graphene (Shang 
et al., 2019; Pei and Cheng, 2012), this implies that GO can have more 
interactions with cement grains and have the potential to serve as 
nucleation sites for cement hydration, which gives GO the potential to 
promote cement hydration (Jing et al., 2020). Additionally, the presence 
of abundant oxygen-containing functional groups means that GO can 
react with cement hydration products (Lu et al., 2018b). 

3.2. Preparation of GO-modified RAC 

3.2.1. Dispersion of GO in water and RAC 
According to the existing literature (Zhao et al., 2018; Asadi et al., 

2021; Balapour et al., 2018), the possible agglomeration of the admixed 
GO nanosheets within the cement matrix poses a significant challenge 
and can have detrimental effects on the properties of RAC. Specifically, 
the agglomeration of GO can impact the workability of fresh mixtures, 
resulting in increased viscosity and decreased slump (Lu et al., 2023b). 
Moreover, the presence of GO aggregation in cement composites can 
result in diminished mechanical properties and heightened transport 
properties (Hu et al., 2019a). Therefore, ensuring a high-quality 
dispersion of GO within the cement composites is essential for effec
tively enhancing their performance. 

Table 2 presents a comprehensive overview of the dispersion 
methods employed for GO in water and the cement matrix. The widely 
adopted surfactant wrapping technique effectively mitigates the 

Fig. 2. (a) Electrochemically reduced GO (Zhou et al., 2022); (b) experimental procedure of GO synthesis (Yoo and Park, 2019); and (c) structure of GO. A: Epoxy 
bridges, B: Hydroxyl groups, C: Pairwise carboxyl groups. 

Fig. 3. (a) GO in water and (b) zeta potential of GO. SF is a silica fume, and MSF is a modified silica fume. The negatively charged GO can adsorb onto the MSF with a 
positive charge (Lu et al., 2022c). 

Table 1 
Properties of graphene and GO.  

Type Thickness 
(nm) 

Surface area 
(m2/g) 

Density (kg/ 
m3) 

Tensile strength 
(GPa) 

Aspect ratio Refes. 

Graphene ~0.08 700–1500 2200 ~130 6000–600,000 Brittain et al. (2023), Jeong et al. (2022), Budde et al. (2016), Yan 
et al. (2020b), Guo et al. (2022) 

GO ~0.67 2600 1800 ~0.13 1500–45,000 Mypati et al. (2021), Li et al. (2022), Chuah et al. (2018)  
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attractive forces between GO nanosheets, thereby enhancing the 
compatibility of GO with water (Zhao et al., 2018). This is achieved 
through charge repulsion or steric repulsion mechanisms, which depend 
on the molecular structure of the surfactants (Zhao et al., 2018, 2020b). 
Since GO is typically dispersed in water before its incorporation into 
cement, this section collects a detailed summary of its dispersion in 
water, cement pore solution, and the cement matrix, as shown in 
Table 2. To facilitate practical applications, surface active chemicals 
such as superplasticizers, shrinkage-reducing admixtures, and 
air-entraining surfactants are prepared in the form of aqueous solutions 
before being mixed with cement (Zhao et al., 2020b). In line with this 
concept, the preparation of a uniform aqueous dispersion of GO can 
greatly facilitate its utilization. However, it is crucial to acknowledge 
that achieving successful dispersion of GO in aqueous or pore solutions 
does not necessarily ensure its dispersion and stability within the cement 

matrix (Lu et al., 2023c). The interactions and compatibility between 
GO and the cement matrix, as well as the processing methods employed, 
play a critical role in determining the uniform dispersion and stability of 
GO in the cementitious system (Chintalapudi and Pannem, 2020a). 
Further research is needed to investigate the strategies and techniques 
that can effectively promote dispersion and ensure the sustained sta
bility of GO within the cement matrix. 

3.2.2. Preparation of GO-modified RAC 
Currently, the fabrication of GO-modified RAC includes two 

methods: directly mixing cement powder with GO suspension before 
mixing with aggregates and using GO suspension to pre-treating RCA 
particles (Lu et al., 2023a; Fan et al., 2017). Specifically, the direct 
mixing method is preparing GO suspension first and then adding GO 
suspension into cement during mixing and finally binding it with RCA 
particles (Hu et al., 2019a; Imanian Ghazanlou et al., 2020), as pre
sented in Fig. 4. Based on the previous studies (Lu et al., 2023a; Chin
talapudi and Pannem, 2020b; Kang et al., 2017), the combined usage of 
surfactant and mechanical stirring is the most used method in preparing 
GO suspension (Fig. 4c), and then mixing GO suspension with cement 
and RCA. In summary, the incorporation of GO in the cement matrix and 
then mixing with RCA to prepare the RAC mixture, method primarily 
aims to improve the cement matrix rather than effectively strengthen the 
ITZ region in the RAC system. Consequently, this approach proves to be 
inefficient. Furthermore, the complex pre-treatment procedures and 
associated additional costs, such as the use of surfactants and increased 
energy consumption, make this method unsuitable for practical 
applications. 

Recently, our research group has proposed a novel method of nano- 
coating GO on the surface of RCA particles before their incorporation 
into new concrete production (Fig. 5) (Lu et al., 2023a). The primary 
objective of this approach is to enhance the ITZs of RAC with high ef
ficiency, comparable to the improvements achieved through accelerated 
carbonation. Moreover, this method offers the advantages of simplicity 
and cost-effectiveness, with advancements in synthesis methods, the 
price of GO has fallen within the range of 50–60 $/kg, and 
industrial-scale production has already been realized, greatly facilitating 
the practical implementation of this approach (Lu and Zhong, 2022). 

Table 2 
Dispersion of GO in water and cement matrix.  

Dispersion approach System Description Ref. 

Ultrasonic dispersion Water Ultrasonic waves/ 
energy can induce 
cavitation and 
exfoliation of GO 
sheets 

Balapour 
et al. (2018) 

Surface modification Water/ 
cement 
pore 
solution 

The strong steric 
hindrance effects 
of GO can 
effectively 
separate it from 
charged ions. 

Zhao et al. 
(2020a),  
Sharma and 
Kothiyal 
(2015) 

Mechanical 
dispersion 

Mechanical 
agitation 

Cement 
matrix 

Applying a 
shearing force 
generated by 
mechanical 
friction, collision, 
and crushing can 
act on GO 

Li et al. 
(2015), Pan 
et al. (2015) 

Ball milling Kothiyal 
et al. (2016),  
Sharma and 
Kothiyal 
(2016) 

Integrated dispersion 
approach 

Cement 
matrix 

– Wang et al. 
(2015), Zhao 
et al. (2017a)  

Fig. 4. Traditional methods of using GO in RAC production (Kang et al., 2017; Li et al., 2019): (a) GO suspension is mixed with cement and RCA; (b) CO is mixed 
with cement and then bound with RCA and surfactant solution, and (c) GO dispersion is mixed with the combined usage of surfactant and mechanical stirring and 
then mixing with cement and RCA. 
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While direct mixing of GO in RAC offers advantages such as ease of 
operation and scalability, its effectiveness in enhancing the performance 
of RAC is relatively low (Chintalapudi and Pannem, 2020a). In contrast, 
the application of GO pre-soaking or pre-wetting RCA particles repre
sents a targeted approach to enhance the ITZ in RAC. This is because the 
admixed GO can generate more hydration products at the ITZ region and 
contribute to the densification of the microstructure (Lu et al., 2022a, 
2023a). This targeted approach has shown promising results in 
improving the performance of RAC (Chintalapudi and Pannem, 2020b; 
Babak et al., 2014; Haeri et al., 2017). After nano-coating, GO is typi
cally adsorbed to the RCA surface, aiming at targeting the enhanced ITZ 
region. However, the bonding strength between the RCA and GO is 
relatively weak. Therefore, it is crucial to enhance the bond between the 
RCA surface and the coated GO films to improve the performance of 
RAC. In this regard, a promising approach to achieve improved perfor
mance through nano-modification is the direct growth of GO nanosheets 
on the RCA surface. 

4. The admixed of GO on the performance of RAC 

4.1. The admixed GO on the workability of RAC 

The slump test is a widely employed method for assessing the 
workability of RAC in its fresh state (de Brito and Kurda, 2021). Typi
cally, the fluidity or slump decreases while the viscosity increases, as the 
amount of GO is added directly to the RAC mixture, mainly ascribed to 
the high water consumption of the admixed GO nanosheets (Zhao et al., 
2018, 2020a; Yan et al., 2020a; Vallurupalli et al., 2020). 

As summarized in Table 3, For instance, Luo et al. (2019a) suggested 
that directly mixing 0.25–0.50 wt% GO with cement can decrease the 
slump value of the RAC mixture by 12.6–35.5%, without any bleeding, 
as indicated in Fig. 6a and b. The combination of the two-dimensional 
nanosheet structure and high aspect ratio of GO (see Table 1), along 
with the high water absorption of RCA, contributes to the slump loss 

observed in RAC (Tian et al., 2020), as suggested in Fig. 6c, the reduced 
fluidity of GO-modified composites, mainly due to the agglomerated GO 
entrapped a large content of water. Similarly, Devi et al. (Devi and Khan, 
2020a) indicated that adding 0.224 wt% GO and 0.448 wt% GO into a 
RAC mixture can reduce 2% and 3%, respectively, as compared to 
concrete containing 100% RCA. Based on the data presented in Table 3, 
it is evident that the incorporation of GO in the RAC mixture can lead to 
a decrease in workability. The addition of high doses of water-reducing 
agents or superplasticizers can address this issue (Zajac et al., 2023). 
However, it is important to note that the use of high dosages of surfac
tants can increase the production cost of RAC, this is not conducive to 
the practical applications of GO-modified RAC. In addition, the bleeding 
of the RAC mixture can be mitigated, and the viscosity of the RAC 
mixture can be increased by introducing GO, this is attributed to the 
nano-sized GO particles that can act as fillers within the RAC mixture 
(Xu et al., 2019). 

Using GO-coated RCA can offset the workability reduction in the 
RAC mixture, mainly because this nano-coating process can avoid GO 
agglomeration (Lu et al., 2023a). More importantly, the small specific 
surface area of the aggregates implies the utilization of very small dos
ages of GO for enhancing the performance of RAC. As a result, the 
nano-coating of RCA particles with GO shows promise in improving the 
workability of concrete, making it suitable for practical applications (Lu 
et al., 2023d,e). However, there is a significant research gap regarding 
the impact of GO-coated on the workability of RAC. In the future, there 
is potential to optimize the design of the GO coating on the surface of 
RCA. This optimization process would consider factors such as coating 
quality, including coverage rate and coating stability, as well as the 
refinement of the GO coating process itself. By doing so, any potential 
adverse effects of GO introduction on the workability of RAC can be 
mitigated, ensuring the overall quality of RAC during the mixing, 
transportation, and construction processes. 

4.2. The admixed GO on the mechanical strengths of RAC 

According to previously reported data (Marchi et al., 2023; Mer
ino-Maldonado et al., 2024), it can be found that different mixture de
signs, RCA replacement ratios, and GO dosages for preparing concrete 
mixtures have been extensively studied. 

Based on the findings presented in Table 4, the influence of admixing 
RCA and GO dosage on the performance of the RAC mixture is sum
marized and compared. It is evident from Table 4 that the performance 
of RAC is significantly influenced by the optimal content of GO. 

The complete substitution of natural aggregate (NA) with 100% 

Fig. 5. Illustration of coating GO on RCA surface (Lu et al., 2023a).  

Table 3 
Effect of admixed GO on the workability of RAC.  

RA content 
(%) 

GO dosage (%) Variation of slump (%) Ref. 

100 0.25 and 0.50 − 12.6 and − 33.5 Luo et al. (2019b) 
100 0.05 and 0.2 − 7.5 and − 18.8 Long et al. (2017) 
60 0.02–0.08 − (0.9–14.0)% Cheng et al. (2024) 
100 0.04–0.10 − (7–54) Esmaeili et al. 

(2023)  
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recycled concrete aggregate (RCA) in the production of Recycled 
Aggregate Concrete (RAC) typically leads to a reduction in compressive 
strength ranging from 10 to 30% (Lu et al., 2024a). The water-to-binder 
(w/b) ratio and the addition of supplementary cementitious materials 
are critical in enhancing the mechanical properties of RAC (Dimitriou 
et al., 2018; Bui et al., 2017; Dodds et al., 2017). Fig. 7a illustrates the 
enhancement in mechanical strengths of RAC containing 100% RCA at 
the optimal graphene oxide (GO) dosage (Kisku et al., 2017; Ismail et al., 
2017; Koper et al., 2017). Studies indicate that adding 0.2–0.22 wt% GO 

enhances the compressive and flexural strengths of RAC by approxi
mately 15% and 20%, respectively (Alvi et al., 2023; Bahraq et al., 
2022). This elucidates the impact of varying GO content on the me
chanical properties of RAC, thus aiding in the material composition 
optimization for improved performance. 

In addition, RAC with GO has been shown to have more hydration 
products and a denser microstructure, attributed to GO’s facilitation of 
cement hydration (Jing et al., 2020; Imanian Ghazanlou et al., 2020; 
Chintalapudi and Rao Pannem, 2021; Hu et al., 2019b). For example, 
according to Devi et al. (Devi and Khan, 2020b), the compressive 
strength of RAC that was cured for 28 days reached a range of 18.6–24.6 
MPa, as shown in Fig. 7b. This indicates the viability of using 100% RCA 
in lieu of NA for various construction applications. Similarly, Luo et al. 
(2019a) documented that incorporating 0.025 wt% and 0.050 wt% GO 
into RAC increased its compressive strength by 4.8% and 13.9%, 
respectively, in comparison to RAC without GO enhancement. 

In general, the mechanical strengths of the RAC mixture can be 
enhanced when the GO is admixed, mainly attributed to the micro
structure of concrete becoming more dense (Jing et al., 2019, 2020; 
Kang et al., 2017). The mechanical strengths enhancement in RAC by 
adding GO is ascribed to the following aspects: 1) GO can regulate cracks 
at the nanometer level due to its extraordinary flexibility (Zhao et al., 
2017b, 2018); 2) there is a strong chemical bonding between GO with 
oxygen-rich functional groups on the surface and cementitious materials 
(Lv et al., 2013, 2014); and 3) the introduction of GO results in the 
generation of a more dense C–S–H, which prevents the ingress of 

Fig. 6. Workability of cement composites: (a) RCA mortar (Luo et al., 2019a); (b) GO-modified RCA mortar (GONM) (Luo et al., 2019a); and (c) cement matrix 
containing GO (Zhao et al., 2018). PC is Portland cement. 

Table 4 
The influence of GO on the mechanical strengths of RAC.  

GO 
wt% 

Aggregate 
type 

w/b 
ratio 

Compressive 
strength (MPa) 

Flexural 
strength 
(MPa) 

Ref. 

0.06 Fine RCA 0.30 159 185.3 Yu and Wu 
(2020) 

0.05 Coarse RCA 0.50 16.64 25 Devi and 
Khan 
(2020b) 

0.10 Coarse RCA 0.50 21.46 24 Devi and 
Khan 
(2020a) 

0.2 Fine RCA 0.66 26.8 31 Long et al. 
(2018) 

0.1 Coarse RCA 0.71 25 28 Alvi et al. 
(2023)  

Fig. 7. Mechanical strengths of GO-modified RAC (Chiranjiakumari Devi and Ahmad Khan, 2020; Devi and Khan, 2020a,b; Bahraq et al., 2022; Yu and Wu, 2020) 
and (b) percentage variation in compressive strength in GO-modified RAC (Devi and Khan, 2020b). 
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chemically aggressive agents (Muthu et al., 2021a,b). Based on the 
above advantages, GO can be considered the preferred nanocarbon 
material for developing high-performance RAC. Despite the excellent 
mechanical properties of GO, the performance of RAC highly depends on 
the GO dosage, the dispersion and distribution of GO, and the amount of 
RCA. 

Similar to the influence of admixing GO on the workability of RAC, 
the effect of incorporating GO on the mechanical properties of RAC is 
also highly dependent on the dosage and dispersion quality of GO (Alvi 
et al., 2023). To improve the dispersion quality, surfactant 
pre-treatment of GO and the use of spherical particles such as nano-silica 
and fly ash as dispersing agents are commonly employed (Zhan et al., 
2022). However, it is important to note that these processes do not 
guarantee efficient and stable dispersion of GO within the concrete 
matrix. Moreover, these processes come with additional costs and en
ergy consumption, making them impractical for practical applications. 
Furthermore, directly mixing GO with cementitious materials has 
limited efficiency in enhancing the weakest (ITZ in RAC. Notably, 
pre-coating GO onto the surface of RCA particles can provide targeted 
enhancement of the ITZ in RAC. However, further extensive research is 
required to provide substantial evidence supporting this viewpoint. 

4.3. The admixed GO on the durability of RAC 

Table 5 provides a summary of data from previous literature on the 
influence of admixed GO on the durability of RAC, including both 
mortar and concrete specimens. Generally, the addition of GO has 
shown positive effects on the chloride penetration resistance, carbon
ation resistance, and moisture resistance of RAC (Zhan et al., 2022). 
However, there is a slight decrease in the freezing and thawing resis
tance of concrete when GO is incorporated. Importantly, the pre-wetting 

or pre-coating of GO on the surface of RCA particles has been found to 
significantly enhance the durability of RAC. This approach can be 
considered an effective solution for improving the overall durability of 
RAC. 

4.3.1. Permeability 
Since concrete is exposed to corrosive environments during its ser

vice life, permeability is an important indicator in determining the 
durability of concrete (Alvi et al., 2023; Lu et al., 2024b,c). Based on 
this, this review work reviews the influence of GO on the permeability of 
RAC. Numerous studies have shown that the admixed GO has a positive 
effect on the water permeability of RAC. As presented in Fig. 8, Devi 
et al. (Devi and Khan, 2020b) suggested that adding GO can improve the 
water/ions resistance and enhance the microstructure of RAC. As indi
cated in Fig. 8b and c, the permeability of RAC with 0.1% GO can in
crease with the number of curing days, ranging from 17% to 48%. 
Overall, the admixed GO can improve the permeability resistance of 
RAC, mainly ascribed to the nucleation effect of GO in the cement 
matrix. 

4.3.2. Resistance to physical/chemical attack 
Typically, concrete develops cracks during long-term service due to 

the intrusion of corrosive media (Zhan et al., 2022; Lu et al., 2023c; 
Gong et al., 2024). The presence of acids is very harmful to the perfor
mance of RAC because of the chemical reaction between some corrosive 
media (e.g., acids) and cement hydration products that form soluble 
products (Devi and Khan, 2020a,b). As the acid concentration increases, 
the more severe the damage to RAC (Kim, 2022). The addition of GO 
leads to a more dense microstructure of RAC, which in turn inhibits the 
intrusion of corrosive media. Previous studies found that the chloride 
ion permeability of ultra-high performance concrete (UHPC) containing 
fine RCA can be optimized, mainly because the introduction of GO 
improved the microstructure of the concrete (Yu and Wu, 2020; Chu 
et al., 2020). According to the findings of Chu et al. (2020), the incor
poration of GO in UHPC can enhance its resistance to chloride perme
ation and the optimal concentration of GO was determined to be 0.05 wt 
%. As suggested in Fig. 9b, the relatively high percentage increase in 
mass of concrete containing 100% RCA indicated that the introduction 
of GO promotes cement hydration, which can be also confirmed by XRD 
results. Another promising method is the utilization of GO-coated RCA, 
which has demonstrated superior resistance to chloride ion penetration 
in RAC compared to the direct mixing method. In fact, the chloride ion 
attack capacity of GO-coated RCA is even higher than that of ordinary 
concrete (Lu et al., 2023a). 

4.3.3. Resistance to freeze-thaw cycles 
Typically, subjecting RAC samples to an increased number of freeze- 

thaw cycles leads to higher weight loss (Xia et al., 2024). However, it has 
been observed that the weight loss of GO-modified RAC is generally 
lower than that of control RAC samples, indicating that GO can enhance 
the freeze-thaw resistance of RAC (Chiranjiakumari Devi and Ahmad 
Khan, 2020). For instance, Yu et al. (Yu and Wu, 2020) found that RAC 
samples containing 0.06% GO exhibited the lowest weight loss after 300 
freeze-thaw cycles, and this trend was also reflected in their dynamic 
modulus of elasticity. Chu et al. (2020) reported that the freeze-thaw 
resistance of RAC reached its minimum value with the addition of 
0.075% GO, and the performance of the specimen deteriorated when the 
GO content exceeded 0.075 wt%. Furthermore, Devi et al. (Devi and 
Khan, 2020b) demonstrated that the addition of GO can improve the 
resistance of RAC to sulfate attack. However, there remains a significant 
research gap regarding the impact of GO addition on the freeze-thaw 
cycles of RAC. Therefore, it is crucial for future studies to conduct 
comprehensive research to investigate the influence of adding GO on the 
frost resistance of RAC. 

Table 5 
Effect of admixed GO on the durability of RAC.  

Modification 
method 

Durability GO 
dosage 
(%) 

Variation (%) Ref. 

Direct mixing Chloride 
penetration 
resistance ( 
× 10− 13 m2/ 
s) 

0.08 − 22.6 Cheng et al. 
(2024) 

120 d- 
Carbonation 
depth (mm) 

0.1 − 50 Chiranjiakumari 
Devi and Ahmad 
Khan (2020) 

120 d- 
Sorptivity 
(mm/s1/2) 

0.05 − 8 Chiranjiakumari 
Devi and Ahmad 
Khan (2020) 

Total charge 
passed 
(Coulombs) 

0.01–0.05 − (9.9–15.2) Wang et al. 
(2024b) 

Freezing and 
thawing 
resistance 

0.02–0.08 +(0.55–2.7) Yu and Wu 
(2020) 

Chloride 
migration 
coefficient ( 
× 10− 12 m2/ 
s) 

0.02–0.08 − (5.66–9.72) Yu and Wu 
(2020) 

Pre-wetting 7 d-Water 
sorptivity 
(mm/s1/2) 

0.01 − 30.3 Lu et al. (2023a) 

Pre-wetting Total charge 
passed 
(Coulombs) 

0.01 − 58.7 Lu et al. (2023a) 

Pre-coating 7 d-Water 
sorptivity 
(mm/s1/2) 

0.01 − 32.9 Lu et al. (2023a) 

Pre-coating Total charge 
passed 
(Coulombs) 

0.01 − 63.4 Lu et al. (2023a)  
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4.3.4. Resistance to carbonation 
Carbonation is the process of producing calcite by the reaction be

tween the cement hydration product Ca(OH)2 (CH) and carbon dioxide 
(Xing et al., 2022). When the concrete was carbonated, it exhibited low 
alkalinity (Lu et al., 2023f). Moreover, the alkaline protective layer in 
reinforced concrete (RC) can become acidic, resulting in the corrosion of 
the reinforcing steel. This corrosion process significantly impacts the 
service life and durability of the structure (Liu et al., 2022). Temperature 
variations, relative humidity, pressure and carbon dioxide concentration 
play a crucial role in influencing the carbonation of RAC (Ouyang et al., 
2020). The introduction of GO is reported to improve the microstructure 
and pore structure of RAC, which in turn increases the resistance to CO2 
intrusion (Yu and Wu, 2020). Typically, the carbonation depth of RAC is 
higher than that of ordinary concrete, simply because of the poorer RCA 
quality and the multiple poorer ITZs in RAC (Zheng et al., 2021). As 
such, the performance of RAC can be improved by employing 

high-quality RCA or introducing some admixtures (Ouyang et al., 2020). 
Fig. 10b presents the impact of GO on the porosity and carbonation 
depth of RAC, and the introduction of GO can reduce the porosity of RAC 
by about 50%, and the carbonation depth decreases accordingly. 
Accordingly, the introduction of GO can potentially reduce the 
carbonation depth of RAC, especially for RAC samples containing 0.05% 
GO, which has the lowest carbonation depth (Fig. 10c). The surface 
chemistry of GO plays a critical role in the ionic cross-linking process 
within the cement matrix, as evidenced by studies (Luo et al., 2019a; 
Long et al., 2018; Chu et al., 2020). GO can promote the formation of 
calcium-silicate-hydrate (C–S–H) and enhance the microstructure of 
RAC (Devi and Khan, 2020a,b; Yu and Wu, 2020). Resisting carbonation 
is essential for sustainable cement-based materials, and incorporating 
GO in RAC presents a viable approach (Malazdrewicz et al., 2023). 
However, further investigation is necessary to fully understand the 
strengthening efficiency of GO, highlighting the need for future research 

Fig. 8. (a) Sorptivity test of RAC samples (Devi and Khan, 2020b); (b) initial sorptivity (Devi and Khan, 2020b); and (c) sorptivity (Devi and Khan, 2020b).  

Fig. 9. (a) Preparation of specimens immersed in acid solution (Devi and Khan, 2020a); and (b) percentage change in mass for different exposure periods compared 
to mass before exposure to sulfate solution (Chiranjiakumari Devi and Ahmad Khan, 2020). 
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studies in this area. 
In general, the current research on the durability of GO-modified 

RAC is very limited, particularly regarding its shrinkage performance. 

It is well-known that shrinkage is a significant issue in RAC that has yet 
to be effectively addressed (Esmaeili et al., 2023; Makul, 2020). The 
incorporation of SCMs in RAC often exacerbates early-age shrinkage 

Fig. 10. Carbonation chamber used for experiment (Chiranjiakumari Devi and Ahmad Khan, 2020); (b) carbonation depth of RAC samples at exposure to CO2 (Devi 
and Khan, 2020a); and (c) visual images of carbonation depth of RAC samples (Chiranjiakumari Devi and Ahmad Khan, 2020). 

Fig. 11. (a) SEM images of crystal morphology in RAC samples (Long et al., 2018); and (b) typical microcracks in concrete samples (Lu et al., 2023a).  
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(Makul, 2020; Steiner et al., 2015). However, GO shows potential in 
promoting early hydration of cement, which can lead to densification of 
the microstructure and potentially reduce early-age shrinkage in RAC 
(Zeng et al., 2023). Considering that GO is a two-dimensional nano
material, its scale is far different from that of the concrete system (e.g., 
macro-scale materials such as fine and coarse aggregates), which is a 
fundamental reason for the limited research on GO-modified RAC. 
Fortunately, the surface area of the aggregate phase is relatively small 
compared to cement, suggesting that coating RCA with a very low 
dosage of GO could target the enhancement of the ITZ in RAC, thereby 
significantly improving its permeability resistance. However, favorable 
evidence supporting this concept is currently limited, necessitating 
further research for validation. 

5. Roles of admixed GO in the RAC system 

This section discusses the mechanisms underlying the influence of 
GO admixture on the properties of RAC. Based on previous studies (Devi 
and Khan, 2020a; Zhao et al., 2018; Alvi et al., 2023; Malazdrewicz 
et al., 2023), in RAC, pores with diameters larger than 50 nm are widely 
recognized as crucial factors affecting its mechanical and durability 
performance, whereas pores smaller than 50 nm are linked to the 
dimensional stability of concrete (Xiao et al., 2018; Yoda and Shintani, 
2014; Wu et al., 2018). The typical particle size of GO ranges from 5 to 
50 nm, which is significantly smaller than that of cement particles (~20 
μm) (Lu and Zhong, 2022; Wang et al., 2020). Previous studies (Devi and 
Khan, 2020a,b; Alvi et al., 2023) have reported that the incorporation of 
GO can fill voids, refine the microstructure of concrete, and facilitate the 
formation of low-density C–S–H. Notably, GO has demonstrated the 
ability to reduce porosity in RAC, particularly in the range of 0.02–0.1 
μm (Chu et al., 2020). Overall, adding GO has a refining effect on the 
pore structure of RAC. Consequently, it is important to establish a cor
relation between the pore structure and the durability of GO-modified 
RAC in future research studies. 

GO, owing to its unique two-dimensional lamellar structure, can act 
as a bridging agent, effectively inhibiting the propagation and expansion 

of microcracks in RAC (Alvi et al., 2023; Chiranjeevi et al., 2023). 
Fig. 11a presents evidence of the bridging effect of GO in RAC, 
demonstrating its ability to impede crack expansion (Chiranjiakumari 
Devi and Ahmad Khan, 2020; Bahraq et al., 2022). In a study by Long 
et al. (2018), it was observed that the addition of GO effectively sup
pressed the extension of microcracks by deflecting or forcing cracks to 
tilt and twist around the GO sheets. Similarly, in the C-GO@RCA sam
ples, a significant portion of microcracks propagated through the sub
strate, as indicated by the purple arrows in Fig. 11b. 

The addition of GO can initiate heterogeneous nucleation by 
reducing the critical ion concentration. This effect is primarily attributed 
to the creation of additional nucleation sites through the crystal growth 
of hydrates. The microhardness of the GO-modified recycled mortar 
(GORM) samples containing 0.05 wt‰ GO is almost equal to that of GO- 
modified normal mortar (GONM) (Luo et al., 2019a). According to 
Fig. 12d, the microhardness of the concrete incorporating GO-coated 
recycled aggregate concrete (GO@RAC) was higher compared to that 
of the traditional RAC. Specifically, the microhardness of the GO@RAC 
sample was approximately 52 HV, whereas the RAC sample had a 
microhardness of around 43 HV. Additionally, the thickness of the ITZ 
was reduced by 44.4% in the GO@RAC sample, indicating the beneficial 
impact of GO coating on the ITZ (Lu et al., 2023a). Based on the pub
lished reports, it can be indicated that the conventional method of 
mixing GO-modified cement with RCA has a relatively low efficiency in 
enhancing the ITZ of RAC (Zhan et al., 2022; Devi and Khan, 2020b). In 
contrast, the process of using GO-coated RCA can efficiently enhance the 
microstructure and microhardness of the ITZ (Lu et al., 2023a). In the 
future, it is necessary to utilize tools such as nanoindentation and 
backscattered electron microscopy (BSE) to further investigate the 
impact of introducing GO on the porosity and micro-mechanical prop
erties of multiple ITZs in RAC. Additionally, efforts should be made to 
establish the relationship between the micro-mechanical characteristics 
of RAC and its macroscopic performance, aiming to predict the perfor
mance evolution of RAC in long-term service. 

Fig. 12. Microhardness of cementitious composites: (a) Indentation points for testing (Lu et al., 2023a); and (b) microhardness of RAC (Lu et al., 2023a).  
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6. The potential applications, benefits, and limitations of GO- 
modified RAC 

6.1. The potential applications 

In most developing countries, RCA is often underutilized. Generally, 
RCA is primarily used in lower-grade applications such as sidewalks, 
direct landfills, and road subbases (Wu et al., 2018). Based on previous 
experimental results and engineering cases (Shi et al., 2016; Ouyang 
et al., 2020; Xu et al., 2022), it is feasible to incorporate approximately 
40% or higher proportions of RCA in new concrete construction, espe
cially with the implementation of GO-modified RAC, this can further 
increase the utilization of RCA ratio in RAC preparation, leading to 
savings in limited natural aggregate resources, reduced energy con
sumption, and decreased CO2 emissions, thus providing significant 
economic and environmental benefits, as presented in Fig. 13. 

For instance, GO-modified RAC can be directly applied to various 
pavements, including rigid and flexible pavements, as well as concrete 
infrastructures such as buildings, bridges, dams, and tunnels. GO- 
modified RAC can also be used in building construction, for example, 
in lightweight structures for upper-level buildings. Due to its high 
porosity and the presence of voids in RCA, it can also be used as a sound- 
absorbing material, where materials with numerous internal voids can 
effectively absorb sound energy. 

Considering the substantial reduction in landfill waste and the sig
nificant economic and environmental advantages of applying GO- 
modified RAC, extensive foundational research should be conducted to 
understand the mechanisms and long-term performance evolution of 
GO-modified RAC, this will promote the practical applications of GO- 
modified RAC and realize low-carbon and sustainable construction. 

6.2. Economic and environmental evaluation 

The cost of implementing GO-modified RAC presents a challenge for 
their practical applications in the construction industry (Ma et al., 
2022). Typically, the price of GO is approximately $100/kg and 
assuming the amount of GO in RAC production is assumed to be 0.05 wt 
% of the cement, namely, the additional cost of GO-modified RAC is 
5.6% of that of concrete, according to the local price of C35 concrete 
(https://price.ccement.com). However, the usage of GO can signifi
cantly enhance the performance and prolong the service life of RAC 
structures (Liu et al., 2023; Velardo et al., 2022). Therefore, the cost of 

GO-modified RACs is deemed acceptable over the entire life cycle of the 
structure. Moreover, the utilization of RCA in place of NA offers sub
stantial benefits in terms of natural resource conservation and social 
sustainability. The recycling of RCA has been reported to conserve 
approximately 60% of NA resources and reduce CO2 emissions by 
15–20% (Shi et al., 2016). Recognizing that the economic and envi
ronmental impacts of RACs cannot be adequately represented by CO2 
emissions or costs alone, two indices, namely Cp (cost index) and CI (CO2 
emission index), have been employed to assess the overall performance 
of GO-modified RAC.  

CP = Cost/fc                                                                                   (1)  

CI = Cweight/fc                                                                                 (2) 

where Cost is the total cost of RAC, $/m3; Cweight is the total mass of CO2, 
kg/m3; fc is the compressive strength of RAC at 28 days, MPa. The 
replacement of NA with RCA can reduce the Cp by 2–15%. 

Concrete production is reported to consume about 5 billion tons of 
cement per year and accounts for 6% of the world’s CO2 emissions 
(Ismail and Ramli, 2013; Kim et al., 2018; Gupta et al., 2021). By using 
GO, the CO2 emissions of RACs can be reduced by enhancing the 
strength and durability performance of RACs (Cui and Chang, 2022; Cui 
et al., 2021). Currently, there is a trend to add GO to buildings; however, 
there is still a lack of understanding of its production and environmental 
impact on concrete. For LCA of GO-modified RACs, raw materials, GO 
fabrication, superplasticizers, adhesives and RCAs can be used as the 
main inputs to the model (see Fig. 14). In conclusion, the use of 

Fig. 13. GO can be directly mixed with cement and then bound with RCA. Also, GO can coat the RCA surface and then be mixed with cement (Lu et al., 2022a,d). The 
application of GO-modified RAC can reuse RCA and reduce carbon footprint. 

Fig. 14. Life Cycle Assessment (LCA) calculation of RAC.  
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GO-modified RAC produces lower CO2 emissions, making it an ideal 
choice for the construction industry. Replacing NA with RCA for pre
paring concrete has great environmental benefits such as carbon emis
sion reduction (Wu et al., 2018; Kou et al., 2014; Liang et al., 2022). The 
use of RCA also provides other benefits such as mitigation of natural 
resource depletion and negative impact on the environment (Xiao et al., 
2018; Yoda and Shintani, 2014; Xu et al., 2022). Overall, this review 
work proposes to concentrate on the environmental performance of 
GO-modified RAC in specific applications, such as coastal environments 
and extremely cold regions. 

6.3. The limitations of previous studies and potential research prospects 

The existing research primarily focuses on enhancing the properties 
of mortar containing recycled fine aggregates through the use of GO, 
while the product used in practical engineering is concrete (containing 
RCA), therefore, the studies on the durability of GO-modified RAC are 
very limited. The optimal dosage and reinforcement mechanism for 
enhancing the durability of GO-modified RAC remains unclear. Further 
investigations in this area are necessary to promote the practical ap
plications of GO-modified RAC. 

The relationship between the dosage of GO and the mechanical/ 
durability performance of GO-modified RAC is unclear, especially since 
there is a lack of well-established methods for determining the optimal 
dosage of GO to enhance the performance of RAC. Developing machine 
learning models for predicting the strength and durability performance 
of GO-modified RAC would be the next step, to develop and understand 
the relationship between the GO dosage and the strength and durability 
performance indicators of RAC. 

Currently, there is a limited amount of research on the LCA assess
ment and cost analysis of GO-modified RAC, particularly with a lack of 
data from actual engineering projects. The next step should involve 
studying the LCA assessment of GO-modified RAC, emphasizing its 
environmental impact for practical applications. Detailed cost analysis 
can further demonstrate the feasibility of its practical applications. 

7. Conclusions and prospectives 

This review work has systematically reviewed and compared the 
impact of introduced GO on the performance and microstructure of RAC 
prepared by different modification methods. First, the characteristics of 
GO and its usage methods in preparing RAC are introduced. Next, the 
admixed GO on the performance of RAC and its roles in the RAC system 
is analyzed and discussed. Subsequently, the economic and environ
mental evaluation of RAC and GO-modified RAC are compared. Finally, 
the limitations of previous studies and potential research prospects in 
the future are provided. Based on this, the following findings and pro
spectives can be made:  

(1) The mechanical and durability performance of GO-modified RAC 
is primarily influenced by certain parameters, including the 
dosage of GO, the quality of dispersion, and the distribution of GO 
within the concrete matrix. By optimizing these parameters, GO 
can effectively improve the mechanical and durability properties 
of RAC, enabling its application in various scenarios such as un
derground construction, corrosion protection, and other concrete 
structures subjected to harsh environmental conditions.  

(2) The utilization of RCA as a substitute for NA offers significant 
benefits, including the reduction of CO2 emissions and mitigation 
of environmental issues. Moreover, incorporating GO in the 
development of RAC can substantially enhance its mechanical 
and durability properties, thereby amplifying the environmental 
and economic advantages of RAC. Nevertheless, due to the higher 
cost associated with GO, it is advisable to focus future research 
efforts on assessing the environmental performance of GO- 

modified RAC in specific applications, such as coastal environ
ments and extremely cold regions.  

(3) When applying a nanocoating of GO onto the surface of RCA 
particles, GO tends to distribute itself on the RCA surface, tar
geting the improvement of RAC properties. However, the 
bonding strength between the RCA and GO is relatively weak. 
Therefore, it is crucial to enhance the bonding between the RCA 
surface and the coated GO film to enhance the overall perfor
mance of RAC. The direct growth of GO on the RCA surface 
presents a promising approach for nano-modification, which 
holds the potential for enhancing the performance of RAC.  

(4) The use of GO-coated RCA can counterbalance the reduction in 
workability observed in RAC production. This is primarily due to 
the nano-coating process that can prevent GO agglomeration. 
Additionally, the relatively small specific surface area of the ag
gregates implies that minimal amounts of GO are required for 
nano-coating, allowing for using very small dosages of GO to 
enhance RAC performance. Consequently, in terms of workability 
and mechanical properties of nano-modified RAC, priority should 
be given to coating RCA with GO suspensions, as they can be 
easily employed in practical applications. 
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