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[bookmark: OLE_LINK97]Abstract: As the problem of environmental deterioration becomes increasingly prominent, demand for reinforced concrete with favorable sustainability, durability and mechanical properties is growing. Fiber reinforced polymer (FRP) bar is more durable than traditional steel rebar. Supplementary cementitious materials (SCMs) are used as substitutions for cement, to reduce carbon emissions. A well-organized review on previous studies on FRP and SCMs is therefore necessary for developing the next generation of sustainable and durable construction materials. Therefore, this study aims to systematically compare the sustainability, durability and mechanical performances of FRP bars and SCM blended concrete. The sustainability of both materials are evaluated by their carbon emissions. The durability performance of FRP bars mainly includes resistance against alkali, chloride and freeze-thaw cycles. The durability performance of concrete includes resistance against alkali, chloride, sulfate attack, freeze-thaw cycles and carbonation. The effects of various SCMs on concrete are quantitatively analyzed. Analyses indicate that the alkaline corrosion of FRP bars may be mitigated by carbonating concrete. The combination of BFRP bars and carbonated SCM concrete potentially represents the next generation of sustainable and durable construction materials. 
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Introduction
Climate change and global warming have drawn great attention in recent years, with biodiversity loss and the threatened natural environment, in which anthropogenic activity is recognized as a major factor [1]. The Chinese government formulated dual carbon goals in 2020, appealing for reduced carbon emissions across every industry. In the construction industry, carbon emissions from construction materials account for over 10% of global carbon emissions [2]. The concept of sustainability was introduced to evaluate the negative effect of construction materials on the environment. In the context of carbon emissions reduction, the less carbon emission a construction material produces, the better sustainability it offers. Durability is another important characteristic of construction materials. Higher durability performance indicates higher resistance to harsh environments [3]. The durability of traditional concrete is not perfect since tiny pores can create passages which allow the ingress of external detrimental substances. At this point, not only can concrete get damaged but steel rebars embedded in concrete will corrode – this corrosion problem of traditional steel-reinforced concrete is challenging. Thus, sustainability and durability both play vital roles in maintaining a reliable service condition of construction over several decades.
In order to address the corrosion problem of steel reinforcement while maintaining sustainability and mechanical performance, fiber reinforced polymer (FRP) bar is adopted in practical projects as a substitute for steel rebar [4]. A major advantage of FRP bar is its lower susceptibility to corrosion in moist or saline environments compared to traditional steel rebar. It has been discovered that matrix coating can protect fibers from contact with moisture, aqueous solutions or alkaline environments [5]. However, results in recent experiments [6,7] show that the corrosion of FRP bar still exists: micro cracks of matrix have been seen to appear in corrosive environments and fibers thus lose protection and react with ions in solutions. The strength and stiffness of FRP bars decrease under this condition. 
[bookmark: OLE_LINK87]In addition to durability, the mechanical properties of FRP bar are also superior to those of steel rebar. Commonly used FRP bars are made of carbon FRP (CFRP), basalt FRP (BFRP) and glass FRP (GFRP), most of which have higher tensile strengths compared to steel rebars and can provide increased bearing capacity to structures. Moreover, although sustainability does not affect the mechanical performance of FRP bars, it does determine how likely a particular type of FRP is to be popularized to large-scale applications. It has been concluded that BFRP, GFRP and steel have comparable carbon emission factors while CFRP has a higher factor [8]. Nevertheless, CFRP continues to be favored by designers, albeit it appears to offer poorer sustainability, because CFRP has the advantages of light weigh, high strength, high stiffness and good durability.
[bookmark: OLE_LINK84][bookmark: OLE_LINK88]Ordinary Portland cement (OPC) concrete has been widely adopted in engineering projects. However, OPC is not a perfect cementitious material, largely due to its basic level of durability and high carbon emission [9]. One established solution used to improve the durability and sustainability of OPC is to add supplementary cementitious material (SCM) to the mixture. Typical SCMs include fly ash (FA), ground granulated blast furnace slag (GGBFS), metakaolin (MK) and silica fume (SF). A primary alteration made by the addition of SCMs to concrete is to reduce pore size, meaning that permeability is also reduced accordingly. The entry passages of corrosive salts, moisture and CO2 gas are also blocked, which is beneficial to the durability of concrete. 
[bookmark: OLE_LINK89]The global warming potential (GWP) of OPC concrete has elicited great concern since it contains a large amount of cement, which is the largest contributor of CO2 emissions of construction materials. Meanwhile, SCMs are sustainable as they emit lower carbon emissions, and they also help reduce the carbon emissions of OPC concrete since a certain amount of cement can be replaced by SCMs. Limestone calcined clay cement (LC3), which is a newly designed SCM with a ternary binder system [10], contains similar raw materials to cement but requires much less energy during the production process. LC3 can considerably reduce the amount of carbon emissions by its replacement of almost 50% of cement content.
Apart from OPC, two further types of frequently used concrete are seawater sea sand (SWSS) concrete and geopolymer concrete [11,12]. Seawater and sea sand are sustainable resources in coastal regions and offer a good alternative to river sand and freshwater. However, differences in the durability of OPC and SWSS concrete cannot be ignored, as detrimental salts dissolved in SWSS cause harm to concrete. Geopolymers are a series of aluminosilicates that are activated by alkaline solutions [12]. Alkalinity can trigger a pozzolanic reaction and accelerate the hydration of cement. Thus, alkaline environments can improve the durability of concrete to some extent. However, the carbon emission factors of alkaline solutions are nearly as high as those of cement, and so geopolymer concrete is inadequate in terms of sustainability. Fortunately, practice has proven that SCMs can be blended into SWSS and geopolymer concrete to reduce carbon emissions and improve durability [11,13].
Recent research on sustainable and durable construction materials has made significant progress [3,14]. Applications of FRP bar and SCMs have also achieved good results. However, no systematic review has been made on these aspects, and the reference values of research results have also not yet been properly employed. Although it has been proved that the use of construction materials possessing good sustainability, durability and mechanical properties would be preferable in the future, less research has considered this view. In this regard, SCM-modified FRP-reinforced concrete is a promising possibility for the next generation of construction materials, and this paper aims at reviewing the properties of FRP and SCM-blended concrete in order to provide a reference by which to compare the performances of different FRPs and SCMs. Analyses and discussions in this paper will be helpful to the design of the next generation of sustainable and durable construction materials.
[bookmark: OLE_LINK96]This paper reviews the mechanical properties, durability and sustainability of a variety of FRP bars and concretes, and consists of three parts. In the first part, the mechanical properties, sustainability and durability of CFRP, BFRP and GFRP are compared mutually. In the second part, the effects of SCMs on the strength formation, hydration process, durability and sustainability of concrete are analyzed in detail. In the third part, the mechanical properties and design guidelines of FRP-reinforced structures are promoted. Finally, some promising FRP bars, SCMs and useful measures are recommended for future research.
Mechanical performance, sustainability and durability of FRP bars
The properties of FRP bars can significantly affect the overall performance of structural components, especially in the long term. In order to properly demonstrate the short- and long-term properties of FRP bars, experimental results from previous studies are used to analyze the mechanical properties, sustainability and durability of various FRP bars in this section. These properties are compared with those of steel, by which the merits of FRP bars are well displayed.
Mechanical properties of FRP bars
[bookmark: OLE_LINK25]Researchers are motivated to employ FRP bars in reinforcing concrete structures on a large scale, due to the outstanding mechanical properties of various FRP bars [15]. While the superior mechanical properties of FRP bars have been thoroughly studied, fewer studies have undertaken systematic comparisons on the mechanical performance of FRP bars [16]. This section will start with comparisons among mechanical properties of various fibers and matrix, based on which the mechanical properties of the three aforementioned FRP bars will be compared, mainly from the aspects of tensile strength, elastic modulus and density. Limit strain and thermal expansion coefficient are also compared and discussed. Steel rebar is included in this section as a reference.
[bookmark: _Ref131672387]Table 1 Mechanical properties of matrix and fibers in different FRPs
	
	Types
	Density (g/cm-3)
	Tensile Strength (MPa)
	Tensile Modulus (GPa)
	Ref.

	Matrix
	Epoxy
	1.2 ~ 1.3
	55 ~ 130
	2.75 ~ 4.1
	[17]

	
	Vinylester
	1.03 ~ 1.95
	30.3 ~ 312
	3 ~ 3.5
	[17]

	
	Polyster
	1.1 ~ 1.4
	34.5 ~ 103.5
	2.1 ~ 3.45
	[17]

	Fibers
	Basalt fiber
	2.65
	3800 ~ 4840
	93.1 ~ 110
	[18]

	
	Carbon fiber
	1.7 ~ 2.15
	3000 ~ 7000
	200 ~ 700
	[19]

	
	S-glass fiber
	2.53
	4600
	79
	[20]

	
	E-glass fiber
	2.54 ~ 2.58
	3400 ~ 3445
	72 ~ 76
	[21]


The mechanical properties of FRP are contributed by both matrix and fibers. Commonly employed resins in FRP bars include epoxy, vinylester, and polyster, while fibers such as basalt, carbon and glass fibers are typically utilized. Glass fiber thereinto contains strength glass (S-glass) fiber and electrical glass (E-glass) fiber. Mechanical properties of different types of matrix and fibers are presented in Table 1. As for matrix, their densities range from 1 to 2 g/cm-3. Tensile strengths exhibit considerable variation, ranging from about 30 MPa to over 100MPa, and even reaching up to 300 MPa for vinylester. The tensile moduli of different matrix are similar, with values typically falling between 2 and 4 GPa. Among matrix, vinylester has the lowest density, and is possible to reach a relatively high tensile strength. Concerning the fibers, the densities exhibit a degree of similarity, ranging from 1 to 3 g/cm-3. CFRP demonstrates the lowest density alongside the highest tensile strength and modulus. Mechanical properties of basalt and glass fibers are quite similar. But basalt fiber can reach higher tensile strength and modulus. In addition, S-glass fiber marginally outperforms E-glass fiber.
Tensile strength, elastic modulus and density are three major properties affecting the mechanical performance of FRP-reinforced structures [5]. These properties are dependent on the diameter, matrix type and constituents of fibers [15], whose values are generally varied within a range. Values of the mechanical properties of FRP bars, as well as traditional steel reinforcements, are collected from previous literature [15,22–26] and are shown in Figure 1. Each white sign represents a data point, and the violin-shaped color blocks describe the distributions of the data set. The wider a block is, the more densely the data are distributed, and vice versa.


[bookmark: _Ref114577228]Figure 1 Comparisons of tensile strength, elastic modulus and density among FRPs and steel.
[bookmark: OLE_LINK39]The tensile strengths of FRP bars and steel reinforcements fall within a wide range. In view of the distribution of data, CFRP bars are generally found to possess the highest strength, which leads to a higher strength-to-weight ratio. The strengths of BFRP and GFRP bars almost exclusively lie within the range 1000 to 2500 MPa, but BFRP bars can achieve a high-strength exceeding 4800 MPa (even greater than ordinary CFRP bars) by adjusting the alignment of fibers and changing the matrix material [26]. In comparison with FRP bars, steel rebars exhibit a lower strength ranging from 300 to 1000 MPa but, with the advancement of manufacturing techniques, high-strength steel with a strength exceeding 1300 MPa has been developed and applied in real projects [27].
[bookmark: OLE_LINK13]Discrepancies of elastic moduli exist among FRP bars. CFRP bars have an elastic modulus within a large range, which is driven by different types of carbon fiber. It is generally thought to have a similar elastic modulus to steel, which is approximately 200 ~ 250 GPa [28,29]. The elastic moduli of GFRP and BFRP bars are relatively low compared to CFRP bars and steel reinforcements.
The densities of these FRPs are similar, within the range 1 ~ 2.5 g/cm3 [28,29]. Variation of density depends on the densities of the matrix and the content of the fibers [28]. The densities of FRP bars are lower compared with those of steel, resulting in the lightweight features of FRP bars.
Meanwhile, some other physical properties of FRPs are summarized [15,30,31]. These values can depict the mechanical behaviors of FRP bars in detail. For an intuitive demonstration, graphs provided by the literature at [15] and [30] are cited here and are further combined in Figure 2.


[bookmark: _Ref114595011]Figure 2 Constitutive relationships between various FRP bars and steels [15,30].
It is found that the ultimate strain potential of GFRP bars is typically greater than that of others, whilst that of CFRP bars is commonly the lowest; this can result in a higher elongation rate of GFRP bars and small elongation of CFRP bars. However, due to the low ductility nature of all FRP bars, the elongation rates of FRP bars are all lower than those of steel reinforcements. Meanwhile, it is also difficult to observe a yielding stage from the stress-strain relationships of FRP bars. The thermal expansion properties along the longitudinal direction of FRP bars are entirely different. BFRP bars have the largest thermal expansion coefficient, which can improve the thermal conductivity of composite material [28]. GFRP bars possess a lower thermal expansion coefficient and strong thermal insulation properties [32–34]. In contrast, CFRP bars contract after being heated, contributing to a negative expansion coefficient.
Aramid fiber, a synthetic high-performance material, is commonly utilized in the fabrication of textiles and FRP [15]. The performances of aramid FRP (AFRP) bar-reinforced concrete have been studied for numerous years. According to Figure 2, AFPR generally exhibits greater strength and elastic modulus compared to GFRP and BFRP. However, AFRP has not gained widespread application as a structural reinforcement bar because of its availability and high cost [30].
[bookmark: OLE_LINK18][bookmark: OLE_LINK19]In conclusion, FRP bars are all similar in density, but other properties differ greatly. CFRP bars have the properties of high strength, high elastic modulus and low limit strain. BFRP bars are recognized for their moderate limit strain, elongation rate and high thermal expansion coefficient. GFRP bars possess a high limit strain and a low thermal expansion coefficient. All FRP bars have considerable tensile strengths and much lower densities in comparison with steel reinforcements, which can contribute to a lower weight and higher loading capacity of FRP-reinforced concrete structures.
[bookmark: OLE_LINK20]Sustainability of FRP bars
[bookmark: OLE_LINK5]Since FRP bars act as a key component within a structure, their sustainability should be carefully considered during the design stages of sustainable FRP-reinforced concrete structures. It has been proved that some FRP bars are sustainable and environmentally favorable in addition to their properties of good mechanical behaviors [8]. Thus, from the perspective of sustainability, FRP reinforcement can be adopted as a substitute for steel in concrete structures.
The sustainability of FRP reinforcements mainly focuses on the aspect of carbon emission [35]. In order to draw a comparison of sustainability among different FRP bars, quantifying the carbon emission factors is important. The carbon emission measurement of FRPs is usually in units of kg CO2 eq/kg [36–43], which represents the emission of CO2 per kilogram of FRP produced. Due to the fact that different FRP bars have different densities, the total weight of each FRP differs greatly, even when they provide similar reinforcement to the same structural element [44]. In order to remain objective, carbon emission factors are compared herein on the basis of both weight and volume of FRP.
The factors of GFRP, BFRP, CFRP and steel rebars are gathered from the literature [36–43]. All the data have been standardized according to weight, volume, strength, and modulus, with the respective values expressed in units of ton CO2 eq/m3, kg CO2 eq/kg, kg CO2 eq/m-3/MPa, and kg CO2 eq/m-3/GPa. In Figure 3(a), a comparison is made among embodied carbon of different materials on both weight and volume bases, while Figure 3(b) compares embodied carbon of different FRPs in terms of strength and modulus aspects. Bivariant kernel density plotting is adopted to portray the distribution of data of each material.


(a) Comparison on weight and volume bases.


(b) Comparison on strength and modulus bases.
[bookmark: _Ref114647932]Figure 3 Comparison of carbon emission factors of FRPs and steel.
[bookmark: OLE_LINK65]From the perspective of weight, CFRP bars have the largest carbon emission factor, greatly exceeding that of other materials. The weight-based factors of steel bars are slightly lower than those of B/GFRP bars. Nevertheless, if these values are compared from the volumetric aspect, the situation would be different. CFRP bars continue to be the most significant contributors to global warming gas, compared with other bars of the same volume. Steel reinforcements are no longer the most attractive material when considering carbon emissions based on per unit volume. The carbon emission factors of BFRP and GFRP bars are lower than those of steel because the densities of BFRP and GFRP bars are lower.
When the mechanical properties, namely tensile strength and modulus, are of concern, discrepancies among GWPs of various materials are not as pronounced as in Figure 3(a). From the aspect of strength, steel produces the greatest carbon emission, and BFRP bars yield the lowest strength-based emission factors. CFRP bars no longer have the most significant environmental impact in this scenario, as CFRP bar exhibits an exceptional tensile strength. When a comparison is made among modulus-based factors, CFRP bars maintain the highest factors, while BFRP bars have the lowest values. Steel rebars display factors comparable to those of BFRP bars.
[bookmark: _Hlk114654096]From these four perspectives, different conclusions made in different studies concerning the same materials can reasonably be explained. Inman et al. [40] stated that BFRP tendons and reinforcement steel have similar emission factors, whilst Garg [39] found BFRP bar to be more environmental friendly than steel reinforcement; the former argument was made by comparing two materials of the same weight, whilst the latter considered the whole structure where less BFRP bar was required to achieve the same mechanical performance. In contrast, CFRP bar always contributes the highest carbon emissions in terms of per unit weight and per unit volume [36,38]. This is a growing consensus among almost all researchers, and so no conflict of opinion exists in previous studies.
Moreover, different matrix types can result in different carbon emission factors of FRP bars. Resin has been shown to be the greatest contributor to the carbon emissions of FRP tendons, and the polyester resin's emission factor is a little higher than that of epoxy resin [44]. Thus, FRP matrix type should be carefully selected during the design stage for sustainable structures.
Durability of FRP bars
[bookmark: OLE_LINK21][bookmark: OLE_LINK68]The durability of FRP bars refers to their capacity to maintain their initial properties during service life [22]. The deterioration mechanism of FRP bars is different to that of steel reinforcements. FRP bars are composed of FRP fibers and matrix. The type of fiber, matrix and bond behavior on the interface are important factors in the durability performance of FRP bars [4,45]. On the aspect of durability, the most focused properties of FRPs are their resistance to alkaline- and chloride- attack, creep rupture period and performance after freeze-thaw exposure [46].
[bookmark: _Ref114817922]Resistance to alkaline attack
[bookmark: OLE_LINK98]FRP bars have been largely used as an alternative to reinforcing steel because of their excellent anti-corrosion capacity against many chemical substances. However, FRP bars still corrode in alkaline solution. Indeed, alkaline corrosion has been characterized as the most challenging durability problem of FRP bars [47,48]. The alkaline resistance of various FRP bars has been studied previously [47–51]. In most cases, FRP rods were immersed in an alkaline solution under specific temperatures over certain durations. The retention ratio of tensile strength generally acts as an indicator to measure the negative effect the alkaline solution has on a specimen. The greater the strength a rebar retains, the more durable it is. Concentration of the alkaline solution is also an influential factor. Alkalinity and dosage of alkali were determined as specified in ACI 440.3R-04 [52].


(a) Different temperatures.


(b) Different durations.
[bookmark: _Ref114668552]Figure 4 Tensile strength retentions of FRP specimens after immersion in alkaline solution
with different temperatures and durations.
Experimental data recorded in [47–51] are gathered in Figure 4. This plot exhibits relationships among retention of strength, environmental temperature and soaking duration in different experiments. Fitted lines have roughly portrayed these relationships by fitting data points belonging to different FRP bars using a least squares method. For all three types of FRP, it is evident that residual tensile strength decreases as temperature increases and soaking time is prolonged. CFRP, according to the uppermost lines with a gentle slope in both Figure 4 (a) and (b), is the least susceptible to alkaline attack, as 75% of its strength can still be retained after undergoing the most intense immersion. BFRP and GFRP perform similarly during the early stage, but the performance of GFRP is poorer following long-term exposure. The retention values of BFRP all exceed 65% and are mostly concentrated in the range 85 ~ 95%; these values are notably larger than the lowest strength retention of 52% for GFRP.
Alkali is detrimental to GFRP because of the ease with which glass can react with alkali solution. Hence, once the resin coat is broken and the protection of the matrix disappears [53], a GFRP bar will easily corrode in the alkaline concrete environment. CFRP possesses greater resistance to alkali since carbon fiber does not absorb liquids; thus, it also has significant resistance to acid [47]. Although BFRP is less competent than CFRP in alkaline environments, it is nevertheless recommended by many researchers because it outperforms GFRP [24].
Long-term behavior and creep rupture performance
Another factor controlling the design and durability of FRP-reinforced structures is creep rupture. Creep rupture is a failure phenomenon in which the rupture occurs abruptly after long-term loading [46]. Creep rupture performance is an important indicator of the long-term performance and durability of FRP bars. In recent years, FRP tendons have been gradually applied to prestressed structures [54,55]. It is necessary to investigate creep behaviors to meet demands for reliable, long-term performance.


[bookmark: _Ref114749466]Figure 5 Relationship between sustained load level and time of creep rupture of different FRP specimens.
The factors influencing creep behavior are mainly the magnitude and duration of loadings [56]. The magnitude of loading is generally represented by the ratio of applied load to the short-term tensile strength of the bars. The duration of loading is quantified using the unit of year. Other factors affecting creep rupture failure modes are typically the environmental variables, including alkalinity, chloride content and temperature. Studies have indicated that these factors can significantly degrade creep behaviors [3,14,15], but they are not discussed in this section since they are simply the results of the synergistic effects of several independent factors.
In order to compare the creep rupture behaviors of different FRP bars, a group of data are obtained from related articles [55–59], as shown in Figure 5. This data group includes the time at which creep rupture occurred, as well as the corresponding loading levels. All the data were measured at room temperature in the range 25 ~ 40℃. Data belonging to identical types of FRP bars are fitted using a linear method, which is represented by straight lines. Additionally, for CFRP, the load level can be maintained at 0.9 until the exposure duration reaches approximately 10-0.9 years. Therefore, a piecewise fitting line is selected to depict the trend of CFRP. The data points and fitted line of CFRP are all above those of both BFRP and GFRP at different loading stages, which means that CFRP can sustain a higher load level given the same loading duration or can maintain a certain load level for a longer period. As for GFRP, although it outperforms BFRP under a higher stress level (around 85%), when the given load level slightly reduces to 0.7 ~ 0.8, the creep rupture failure of both the BFRP and GFRP bars occurs at almost the same moment. When the load level further decreases, the duration of the sustained load is greater for BFRP than for GFRP, as indicated by the regression lines, which means BFRP degrades slower under sustained load in comparison to GFRP.
Mechanical properties after freeze-thaw cycles
The freeze-thaw cycle is a major threat to FRP-reinforced structures in frigid regions [25,60,61]. The performance of FRP bars following freeze-thaw cycles has been investigated in [25,60], and information therefrom concerning freeze-thaw resistance is combined and presented in Figure 6.
[bookmark: OLE_LINK70]Indicators of the freeze-thaw performance of FRP bars include the elastic modulus, tensile strength and rupture elongation. The values of these indicators are normalized based on the values without freeze-thaw effects. The elastic modulus of every FRP bar appears to be insusceptible following a freeze-thaw cycle. Moreover, the elastic moduli of BFRP and CFRP even increase with the number of cycles, presumably due to the embrittlement of the matrices of the FRP specimens [60]. With regard to tensile strength, a rising tendency for the tensile strength of BFRP is shown whilst the strengths of CFRP and GFRP are found to decrease when the number of freeze-thaw cycles increases. Different to the aspects of elastic modulus and tensile strength, the freeze-thaw cycle does adversely affect the rupture elongation of various FRPs. However, the effects are not stable and degradation of the elongation values fluctuate widely throughout the tests. It has been mentioned that the elastic modulus could partially influence rupture elongation [25]. Hence, the elongation of BFRP undulates severely as the elastic modulus increases during alternations between freeze and thaw. In contrast, the rupture elongation of GFRP loses stability because of the almost invariant elastic modulus of GFRP during freeze-thaw exposure.


(a) Variation of rupture elongation.


(b) Variation of tensile strength.


(c) Variation of elastic modulus.
[bookmark: _Ref114754745]Figure 6 Variations of elastic modulus, tensile strength and rupture elongation of different FRPs
as number of freeze-thaw cycles increases [25,60].
Resistance to chloride attack
Chloride ions exist in seawater and de-icing salts, which can result in the deterioration of FRP bars. Previous studies [23,57] indicate that chloride ions have a negative effect on various types of FRP bars to some extent, and many mitigation techniques have been proposed. However, the resistance capacities of FRPs against chloride ions have not yet been compared systematically. Thus, comparisons of the durability performances of FRPs towards chloride attack are drawn in this section.


(a) Different temperatures.


(b) Different durations.
[bookmark: _Ref114817609]Figure 7 Mechanical performance of FRP specimens after exposure to chloride environment
with different temperatures and durations.
[bookmark: OLE_LINK73]The major variables affecting chloride-induced degradation are environmental temperature and duration of exposure, according to existing studies [23,57]. All the data collated from these studies are gathered in Figure 7. Similar fitting lines to those in section 2.3.1 are adopted here, to fit data points and analyze trends of data. On the whole, the mechanical performance in all instances deteriorated following immersion in chloride solution, with the extent of degradation increasing with temperature and duration. Similar to the poor alkali resistance, GFRP is only minimally resistant to chloride and is likely to be seriously damaged in the marine environment [38], with the retention of tensile strength only lying within the range of 30 ~ 70 of original strength. In contrast, CFRP and BFRP proved insensitive to chloride attack, with the retained ratio of strengths of all specimens remaining in excess of 70%. Meanwhile, retention of the mechanical properties of CFRP was shown to be 160% higher than that of BFRP [5].
Mechanical performance, sustainability and durability of SCM-blended concrete
In FRP-reinforced elements, concrete both co‑operates with and protects FRP bars. The long-term properties of concrete not only affect the quality of reinforcements but also determine the reliability of the whole structure. Hence, the performances of different types of concrete are discussed and compared in this section. Since it is frequently used in FRP-reinforced structures to modify the long-term properties of concrete, SCM is introduced here.
[bookmark: _Ref115643808]Mechanical properties of SCM-blended concrete
SCMs have been widely used to reduce the use of OPC, reducing the hydration heat of concrete and producing ultra-high-performance concrete. Seawater and sea sand are also adopted in projects as alternatives to fresh water and normal river sand. High chloride content, sulfate content, and alkalinity in seawater and sea sand play important roles in influencing the strength of SWSS concrete. Geopolymer concrete can also affect concrete properties, by using alkali to activate a solid precursor. It has been concluded that these factors can either enhance or weaken the mechanical behaviors of concrete depending on cement type, water-to-binder ratio, mixture proportion, environment conditions, etc. [11].
[bookmark: OLE_LINK74]As the most commonly used indicator of mechanical behavior, compressive strength is used in this section to analyze the effects of SCMs on the mechanical performance of OPC-based concrete, SWSS concrete and geopolymer concrete. The cube compressive strengths of concrete specimens with different mixture proportions, constituents and additives are collected [62–69] and exhibited in Figure 8. This figure consists of 14 sub-pictures, which are named (a) ~ (n) and distributed over three columns and five rows. Each sub-picture represents the compressive strength of a specific type of concrete at different curing stages. The concretes in these three columns are ordinary Portland cement (OPC) concrete, SWSS concrete and geopolymer concrete, from left to right. The SCMs added to the concrete in each of the rows are FA, GGBFS, MK, SF and LC2, respectively. The gray dots in each picture represent the strength of the specimens, measured during different experiments. The corresponding water-to-binder ratios of specimens range from 0.35 ~ 0.45. Boxplots have shown distributions of data points and removed the interference of outliers. In Figure 8 (a) ~ (j), all strengths are normalized, based on controlling specimens which do not contain SCMs. Since geopolymer concrete must contain SCMs, in Figure 8 (k) ~ (n) the strengths of specimens are normalized based on the strengths of OPC concrete with the same water-to-binder ratios. Some articles have provided changes in strength with SCM content, where the related values are collected and shown in small plots within Figure 8 (a) ~ (d) and (f) ~ (j). Similar plots in Figure 8 (e) and (k) ~ (n) are missing because of a lack of proper data.


[bookmark: _Ref115188173][bookmark: OLE_LINK2]Figure 8 Normalized compressive strengths of concrete with different constituent types, ages of concrete and SCM contents. Compressive strengths of experimental specimens are normalized based on control specimens. Experimental groups and control groups in each subgraph: (a) ~ (e): OPC concrete with/without SCMs; (f) ~ (j): SWSS concrete with/without SCMs; (k) ~ (n): geopolymer concrete with SCMs and OPC concrete with same water-to-binder ratio.
[bookmark: OLE_LINK78]According to Figure 8 (a) ~ (e), all the SCMs appear to gradually improve concrete strength and enhance long-term strength to a higher level relative to concrete without added SCMs. With regard to the strength development process, these SCMs mainly fall into two categories: (a) those that slow early strength development, including FA, GGBFS and LC2; and (b) those that improve concrete strength from the very beginning (approximately three to seven days), such as MK and SF.
With the first type, early compressive strength is reduced due to the replacement of cement with SCMs and the hydration reaction of SCMs is slower than that of cement. Calcium hydroxide content can increase during the early stages of cement hydration but the pozzolanic reaction of SCMs can consume hydroxide and produce hydrated gels. The produced gels can both bind cement particles and fill micro pores, and thus later improve compressive strength [70]. Meanwhile, reduced alkalinity in pore solution can accelerate hydration to further improve the strength of concrete. Hence, most concrete containing FA, GGBFS and LC2 gain extra strength compared to normal concrete at the ages of 28, 56 and 90 days.
As for the second type, the strength of MK-blended concrete is greater than that of normal concrete after seven-day curing. Subsequently, MK-modified concrete has advantageous compressive strength over reference concrete at all stages. Similar to MK, SF helps concrete to gain a higher strength during the early stages and maintain the stable development of compressive strength above that of normal concrete. This result is generally thought to result from a combination of the seeding effect and filler effect, and the preferential adsorption of SF particles [71].
[bookmark: OLE_LINK76]It has been concluded that MK and SF can both ameliorate the mechanical properties of concrete by refining pore structure, but the mechanisms of each are slightly different. The addition of MK is an approach used to refine pore structures within concrete as the amount of coarse pores increase and the amount of fine pores decrease, but the total volume of pores, or porosity, does not remarkably change [72]. In contrast to MK, SF refines pore structure using its filler effect (i.e., filling large pores by means of a small volume of SF particles).
Different from OPC concrete, the mechanical properties of SWSS concrete are negatively affected by high salt content. Thus, SCMs are always adopted to compensate for loss in strength caused by sea sand or seawater. From plots (f) ~ (j), SCMs can be seen to confer similar effects on concrete: the strength of FA-, GGBFS- and LC2-blended concrete are lower during the earlier stages and gradually develop to higher strengths compared to normal concrete. MK- and SF-blended concretes possess higher strength than reference specimens throughout every stage. Nevertheless, the growth tendency shown in each graph is less obvious than that of OPC concrete because early strength is slightly increased whilst later strength is decreased due to the detrimental effects of SWSS. Thus, the rising trend is not clear, visually. In addition, it has been pointed out that SWSS concrete with LC3, MK and SF exhibits higher early strength and better long-term mechanical properties than FA and GGBFS concrete [65,73,74]. This provides a reference for the mixture design of SWSS concrete.
[bookmark: OLE_LINK77]Different from the gradually rising trend of normalized strength in OPC and SWSS concrete, geopolymer concrete improves rapidly during the early stages, and the gap between geopolymer concrete and normal concrete reduces with time, as indicated in Figure 8 (k) ~ (n). Geopolymer concrete is produced using different types of alkali activators to react with cement and SCMs [70]. The alkalinity of the pore solution is increased after activation, which can trigger pozzolanic reactions among activators and different kinds of SCMs [75]. In other words, the hydration reaction of SCM composition can be ‘activated’ and hydrates will strengthen the compressive strength of geopolymer concrete. For the involved SCMs, FA, GGBFS and SF can initially improve compressive strengths to almost one and a half times the strength of normal concrete. However, the long-term strength of FA-containing geopolymer concrete is lower than that of Portland cement concrete while the other two materials can maintain their geopolymer content to stay ahead of their reference specimens. Moreover, the normalized strength of MK-blended geopolymer concrete is scattered over a wide range at different ages. This phenomenon is generally ascribed to its mutability of strength, given different water-to-binder ratios, alkaline activator to MK ratios and aggregate content [75,76].
Sustainability of SCM-blended concrete
[bookmark: OLE_LINK45][image: ]
[bookmark: _Ref115337832]Figure 9 Annual availability of common SCMs [10].
[bookmark: OLE_LINK46][bookmark: OLE_LINK40][bookmark: OLE_LINK41]When it comes to sustainability, the adverse effects of various cementitious materials on natural resources and ecological environments are noteworthy since resources are largely consumed along with abundant greenhouse gas emissions during infrastructure construction. The sustainability of cementitious material has thus been introduced into engineering practices, largely in respect of remaining environmentally and economically affable. In this section, cementitious materials are compared in terms of their contribution to sustainability and recommended for different application scenarios.
[bookmark: _Hlk115297007]The stability of raw resource supply is a major guarantee of sustainability while the annual availability of SCMs is selected as an indicator to reflect sustainable supply conditions [10], as shown in Figure 9. Industrial waste is a classic sustainable substitute for traditional Portland cement, due to its low energy consumption and economic efficiency. FA and GGBFS are industrial byproducts generated from power generation and the steel industry, and are commonly used to promote the durability of concrete. However, the supply chains of FA and GGBFS are threatened due to a slowdown in the iron industry and a reduction in coal power plants [77]. Natural pozzolanas and SF have been proved to largely improve the mechanical properties of concrete, but they are largely deemed unable to dominate the global market due to their low production. According to Figure 9, the only two materials that can compete with cement are limestone and clay, which lays a good foundation for the sustainable usage of LC3. This stable supply marks a promising application of LC3.


[bookmark: _Ref115340248]Figure 10 Carbon emission factors of different components of concrete.
[bookmark: OLE_LINK79]Lower global warming potential represents the better sustainability of cementitious material and concrete [78]. The carbon footprints of some common components of concrete are given in Figure 10, based on the Ecoinvent database [79]. According to Figure 10, clinker, cement and alkaline activators in geopolymer have the highest carbon footprint, at almost triple or even dozens of times that of the emission factors of SCMs. Thus, SCMs are used to replace part of the cement content in practice, to reduce carbon emissions and guarantee reliable mechanical properties [78]. The commonly used SCMs can be generally categorized into several groups, among which calcined natural SCMs, such as metakaolin, contribute to the highest amount of carbon emissions due to thermal energy-consuming calcination [80]. Meanwhile, industrial by-products, such as FA, possess lower factors as they are reused from waste. In particular, limestone-containing ternary binders (especially LC3), although containing certain amounts of carbon emission potential, can reduce total emissions considerably since they are produced at under half the temperature required to produce Portland cement and can replace OPC at a significant level. Hence, it is commonly accepted that LC3 has the least greenhouse potential, saving almost 30% more carbon dioxide than OPC [81].
[bookmark: OLE_LINK57]Due to the wide range of feedstock in geopolymer groups, their carbon emissions have a great deal of variability, which can be 97% lower or 14% higher than those of OPC [82]. However, it should be noted that alkaline activators, as well as activator solutions, always contribute the greatest volume of carbon emissions. Carbon dioxide from SWSS concrete is ordinarily 40% lower than that from OPC concrete because of the wider availability of sea sand and seawater, and SWSS-related emissions are mainly focused on manufacturing and transportation procedures [73].
To conclude, despite the potential for carbon emissions to be altered to varying degrees with the application of different ingredients and procedures, the global warming potential of SCM-modified concrete and SWSS concrete always outperforms that of OPC. Nevertheless, carbon emissions from geopolymers are diverse and one should properly select raw sources in order to achieve an ideal carbon footprint.
Durability of SCM-blended concrete
The durability of cementitious materials plays a crucial role in their application towards sustainable construction. The performance of durability mainly focuses on chemical resistance, anti-carbonation capacity and freeze-thaw resistance, according to previous research [80]. These performances are likely to be decided by admixture types since different admixtures lead to different pore structures, chemical substance content (e.g. calcium, magnesium, aluminum) and the pozzolanicity or hydraulicity of concrete [83–85]. Concrete blended with different SCMs, containing SWSS and activated by alkaline perform differently in terms of durability [86,87], and the discrepancies among them should not be ignored.
Chemical resistance capacities
Chemical resistance capacities commonly include chloride resistance, sulfate-attack resistance and the potential of alkali-silicate reaction (ASR) in construction materials. Chloride penetration always occurs in saline-alkaline or marine environments and SWSS concrete, and contributes significantly to the corrosion of steel reinforcement [87]. Sulfates in groundwater, fertilizers and industrial effluents are the main source of sulfate attack on concrete. Concrete under sulfate attack shows a considerable loss of stiffness and strength [88]. ASR appears to arise as a result of a reaction between dissolved silica and the alkaline pore solution. The expansion of ASR gel can lead to detrimental effects such as the cracking and spalling of concrete [89].


(a) Effects of different contents of SCMs on concrete expansion due to sulfate attack.


(b) Effects of different contents of SCMs on chloride diffusion coefficient of concrete.



[bookmark: OLE_LINK80](c) Effects of different contents of SCMs on concrete expansion due to alkali-silicate reaction.
[bookmark: _Ref115346668]Figure 11 Chemical resistance capacities of concrete blended with different amounts of SCMs.
[bookmark: OLE_LINK83]The use of SCMs is a common method by which to improve the chemical resistance ability of concrete, whereby the pore structures and chemical constituents are altered to different levels. Data with respect to the chemical resistance of concrete incorporating SCMs have been collected from previous research [90–96] and presented in Figure 11. Relationships between the indicators of durability and SCM content are approximately represented by straight lines constructed by way of the least square fitting of data points.
It is obvious that all negative effects can be mitigated as the contents of SCMs increase. Furthermore, although some specimens within Figure 11 are developed under various conditions (i.e., period and humidity of curing, water-to-binder ratios or period of exposure to adverse environments may differ), the influences of one SCM on each aspect of durability are similar, as relative positions of fitted lines in different graphs are basically the same. This is because all three performances are principally controlled by the pore structure of concrete, and the effect of the same SCM on pore structure is essentially consistent [9].
When it comes to comparing mitigation effects towards one type of chemical-induced degradation, different SCMs perform diversely. Based on Figure 11 (a), (b) and (c), SF and MK are always found to be more effective than others, reducing negative effects to a lower level with less mixing. FA and GGBFS are not able to mitigate performance deterioration by significantly increasing dosage, but acceptable mitigating effects have been observed in many practical cases [90,93]. Although LC3 performs poorly at low content, it appears to outperform other traditional SCMs when its proportion in the binder system exceeds 50%. Moreover, it is worth mentioning that the ASR expansion of concrete is exaggerated with a low content of LC3, because cement dominates cementitious materials when the amount of LC2 is low, and the inhibitory effects of LC3 are limited at this point [97,98]. Nevertheless, the most recommended dosage of LC3 is half that of the cementitious material (i.e., cement replacement ratio is 50%), whereupon the ASR expansion of concrete has been markedly reduced, as shown in Figure 11 (c).
[bookmark: OLE_LINK81][bookmark: OLE_LINK82]The beneficial effects of SCMs on chemical resistance capacity are generally attributed to three mechanisms: (a) reducing calcium content; (b) reducing concrete permeability; and (c) controlling tricalcium aluminate (C3A) content. Expansions triggered by ASR and sulfate are mainly caused by the formation of ettringite, gypsum and silicate gel [88,89]. These products contain high amounts of calcium and it is difficult for them to form in the absence of sufficient calcium sources. The pozzolanicity of SCMs is helpful for the consumption of calcium content and to inhibit both sulfate ingress and ASR. Concrete with lower permeability is more susceptible to chloride or sulfate ingress while SCMs (especially MK and SF) can effectively refine the pore structure of concrete by filling pores and enhancing hydrates [71], and thus reducing the permeability of concrete. Moreover, C3A is an important reactant in sulfate attack. By replacing part of the cement with SCMs, the amount of C3A can be reduced proportionally [88]. Sulfate resistance is thereupon improved.
Moreover, and slightly different to OPC, SCM-blended SWSS and geopolymer concrete have some special features. For instance, stronger chloride impermeability is exhibited in SWSS concrete owing to its internal chloride and minor internal concentration gradient [11]. The sulfate erosion resistance of SWSS concrete is only slightly superior to its chloride resistance capacity, but the addition of FA and GGBFS can improve sulfate resistance remarkably [73]. Susceptibility to ASR is a defect of geopolymer concrete due to the existence of alkaline activators, but the pozzolanic reaction among SCMs and activators can both restrain ASR and refine pore structures. In this way, lower diffusion coefficients towards chloride and sulfate could be observed in some geopolymers – typically fly ash- and slag-blended concrete [99].
Carbonation susceptibilities
[bookmark: OLE_LINK60][bookmark: OLE_LINK58]Carbonation susceptibility is distinct for concretes containing different SCMs. Carbonation coefficient, which refers to standardized carbonation depth based on concrete age, is an index commonly used to evaluate the severity of carbonation. The carbonation coefficients of concrete specimens used in previous experiments are gathered to determine the effects of SCMs. Related data are shown in Figure 12, and fitted by straight lines.
[bookmark: OLE_LINK61][bookmark: OLE_LINK1]The fitting lines in Figure 12 all have rising tendencies, meaning that carbon depth increases with increased content of SCMs. This is because the substitution of Portland clinker and pozzolanic reaction lead to a lower amount of portlandite, and the alkalinity inside pores is reduced. Furthermore, calcined natural SCMs, such as metakaolin and calcined bentonite, are more likely to suffer from calcination since the content of portlandite is lower after calcination [100]. This could account for the maximum slope of the fitting line representing MK-blended concrete. Meanwhile, the carbonation coefficient of LC3 concrete increases sharply as more LC3 is blended, since the content of calcined clay increases proportionally. As for non-calcined SCMs, SF-blended concrete has higher carbonation coefficients than FA and GGBFS calcium silicate hydrate (C-S-H) levels in SF-blended concrete are higher [101].


[bookmark: _Ref115365714]Figure 12 Carbonation susceptibility of concrete blended with different amounts of SCM.
The carbonation of geopolymer is more intense than that of OPC due to its higher calcium content, but it is slightly more gentle than that of SCM-blended concrete because the alkaline environment accelerates the consumption of atmospheric carbon [102]. Salinity in SWSS is proven to have no effect on the carbonation of concrete [103] while some SCM additives (e.g. fly ash and slag) can considerably increase the carbonation rate of SWSS concrete due to more portlandite being produced during secondary hydration [104].
Freeze-thaw resistance capacities
Freeze-thaw resistance capacity is vital to construction in alpine and cold regions. This property is thought to be strongly correlated to the pore structure inside concrete [93]. In this regard, traditional OPC is not quite capable of resisting freeze-thaw cycles [105]. In contrast, most SCMs can refine pore fineness and reduce water penetration, thus improving the freeze-thaw resistance of concrete [83]. However, GGBFS does not always enhance the freeze-thaw resistance of concrete because it cannot produce perfect pore structure, and also causes poor de-icing salt scaling resistance [106].
It has been found that the application of SWSS can either aggravate or mitigate freeze-thaw damage to concrete, depending on the air content of SWSS concrete members [107]. Geopolymer always exhibits greater endurance to freeze-thaw cycles than OPC and SCM-blended concrete [12], which is attributed to a higher content of calcium in geopolymer ingredients. Meanwhile, alkaline solutions adopted to activate raw materials can make concrete more resistant to the freeze-thaw process [108].
In this respect, SWSS, SCMs and geopolymer all exhibit excellent performance compared with OPC. Nevertheless, it should be highlighted that durability relies on specific types of these materials, and the ingredients and additives of concrete should be carefully selected to cater for specific durability requirements in each project.
Flexural behaviors of FRP-reinforced concrete structures
FRP-reinforced concrete has similar mechanical properties to steel-reinforced concrete but it is necessary to discriminate between these two types of concrete. Due to the low elastic modulus and high tensile strength of FRP, FRP-reinforced concrete is always over-reinforced [15]. The long-term deflection of FRP-reinforced members is higher because of the creep behaviors of FRP [109]. As the main form of deformation of structural components, flexure behavior should be thoroughly investigated. Therefore, this section briefly introduces characteristics of an FRP-reinforced concrete element concerning flexural strength and deflection. Related design methods are also introduced.
Flexural strength
[bookmark: OLE_LINK29][bookmark: OLE_LINK28]The flexural strength design of an FRP-reinforced component depends on different failure modes [110,111]. ACI 318-19(22) [111] has defined an indicator of balanced reinforcement ratio to determine the failure mode of an FRP-reinforced concrete element. The descriptions in ACI 318-19(22) [111], ACI CODE 440.11-22 [112], and ACI 440.1R-15 [113] collectively suggest that when an element is over-reinforced – namely, the FRP reinforcement ratio is greater than the balanced ratio – the element fails when the concrete is crushed; when the element is under-reinforced, FRP rupture constitutes a failure mode. Furthermore, the failure modes of a hybrid FRP-steel reinforced concrete beam fall into three types. Apart from the over- and under-strengthened conditions, the other mode is defined as concrete crushing after the yielding of steel rebars and before FRP rupture [114,115]. This type of beam is known as a moderately reinforced beam [110]; it has the preferable failure mode and ideal ductility.
[bookmark: _Hlk131509799][bookmark: _Hlk131509863]In a design process, strength reduction factor is prescribed by codified provisions [111,112], as well as recommended by guide [113] to conservatively amend calculated nominal flexural strength considering the brittle failure mode of FRP. The reduction factor is set to 0.55 when element failure is controlled by FRP rupture (i.e. the under-reinforced condition) and to 0.65 where the reinforcement ratio is greater than 1.4 times the balanced ratio, whereby failure mode occurs upon concrete crushing. The factor is transited linearly between 0.55 and 0.65. With regard to hybrid FRP-steel beams, this interval is changed to 0.75 ~ 0.9 for spiral reinforced elements and to 0.65 ~ 0.9 under other conditions [113]. Calculation of nominal flexural strength is associated with the equilibrium of forces and moments, which is defined in detail in the codes [111,112] and guide [113].
[bookmark: _Ref109942521][bookmark: OLE_LINK31]Table 2 Results of experiments on flexural performance of FRP-reinforced elements.
	Ref.
	Experimental Models
	FRP
Types
	FRP
Forms
	Studied
Parameters
	Main Conclusions

	[30]
	BFRP-reinforced beams
	BFRP
	Bar
	FRP type
	· BFRP bars can augment flexural strength

	[109]
	BFRP-reinforced beams
	BFRP
	Bar
	Reinforcement
ratio
	· Increasing reinforcement ratio can improve flexural capacity

	[114]
	BFRP/steel-reinforced
OPC/IPC beams
	BFRP
	Bar
	Concrete type
	· Flexural strength of IPC is lower than that of OPC

	[115]
	GFRP/steel-reinforced
OPC beams
	GFRP
	Bar
	Concrete type
	· GFRP can slightly reduce flexural strength and increase deflection and crack width

	[116]
	BFRP-FRC beams
	BFRP
	Bar
	Fiber length
Fiber content
	· Increasing fiber length can improve flexural capacity

	[117]
	Prestressed BFRP
reinforced beams
	BFRP
	Tendon
	Degree of
prestress
	· Prestressing of BFRP can improve flexural performance of beams

	[118]
	Theoretical BFRP
bar model
	BFRP
	Bar
	FRP shape
	· Strength of bent BFRP can be largely lower than straight part, which can further weaken flexural capacity

	[119]
	BFRP-reinforced
beams/slabs
	BFRP
	Bar
	FRP surface
treatment
	· Sand-coated BFRP bar provides higher flexural capacity than ribbed BFRP

	[120]
	BFRP-steel
reinforced beams
	BFRP
	Bar
/grid
	FRP location
	· Placement of BFRP-wrapped steel bar in the bottom area can improve flexural performance

	[121]
	G/CFRP sheet
strengthened beams
	GFRP
/CFRP
	Sheet
	Combination of FRP
	· Hybrid FRP sheet can improve flexural strength

	[122]
	B/CFRP sheet
strengthened beams
	BFRP
/CFRP
	Sheet
	Combination of FRP
	· Hybrid FRP sheet can improve flexural strength


The flexural strengths of FRP-reinforced members are likely affected by many variables. Previous studies have explored parameters and factors concerning flexural strength through a series of experiments. These factors can be empirically classified into six types: type, form, length, content, location and reinforcement ratio of the fiber [15,30]. The results of a number of related studies are summarized in Table 2. Therein, BFRP was creatively added to concrete as a reinforcement a decade ago [30]. The BFRP-reinforced beam exhibited greater loading capacity and flexural performance compared to conventional RC beams. GFRP and CFRP also served as substitutes for steel reinforcement to enrich flexural capacity in thousands of projects [29,32]. Meanwhile, using hybrid FRP composed of several FRPs is a better approach by which to improve the performance of elements. Choobbor et al. [122] compared the bending performance of beams strengthened with various combinations of BFRP and CFRP sheets and RC beams. The loading capacities and flexural strengths of hybrid-reinforced beams were found to be greater than those of the control RC beams by 66 ~ 75%, and greater by almost 108% than a beam strengthened only with CFRP. The combination of GFRP and CFRP was also studied [121], in which glass-carbon FRP composite sheets were used to strengthen concrete beams. The ductility and flexural strength of beams were improved compared to beams bonded only with carbon sheeting.
In addition, it has been proved that fiber length impacts on the flexural properties of members. Basalt fibers of two different lengths were introduced in different bending tests [116]. The results indicated that longer fibers can provide higher moment capacity to FRC beams than shorter fibers, by 5 ~ 12%. Another study [123] considered the effect of an increase in recycled carbon fiber length on the properties of strengthened beams. Flexural strength was found to be approximately 6% greater than that offered by fibers of normal strength.
[bookmark: OLE_LINK34]FRP content is another important influencing factor. Mastali [124] demonstrated how flexural strength can be increased by 10 ~ 30% by increasing the fiber content in CFRP. Abed [116] claimed that the failure of members can be delayed when fiber content is raised. Additionally, several SWSS beams, reinforced by BFRP bars in the longitudinal direction and by BFRP grids along the transverse direction, were tested in a four-point bending experiment [120]. When a BFRP-wrapped steel bar was placed in the bottom zone of a beam, flexural strength improved significantly. Finally, another factor is the form of FRP components, which has not been widely studied. FRP members are straight in most cases but Imjai et al. [118] chose to investigate the mechanical behaviors of curved FRP components. Various theoretical models were applied to this study, and results showed that the strength of curved FRP is largely lower than that of straight FRP, which can lead to a reduction in the flexural strength of FRP-reinforced elements. 
Moreover, the compressive behaviors of components reinforced with FRP bars should also be considered in design, as compression failure may arise in over-reinforced beams [111,125]. Enhancing the core structural RC elements is critical for improving compressive strength [15]. Benmokrane et al. [33,126] revealed that CFRP-reinforced components exhibit similar manners to those reinforced with steel rebars, and GFRP is also applicable to replace steel in compressive components when maintenance and durability are of concern. BFRP can also contribute to higher axial compressive strength, particularly when employed in conjunction with sandwich laminate configurations [127].
Deflection
[bookmark: OLE_LINK26][bookmark: _Hlk131583475]Deflection is a major problem when considering the serviceability of FRP-embedded structures, and largely controls the geometrical design since FRP bars have lower elastic moduli [116]. Provisions in ACI 318-19(22) [111] and ACI 440.1R [113] have stipulated deflection limitations under both short- and long-term loads. Two approaches were recommended therein to control deflection [113]: (1) controlling the minimum thickness of elements so as to curb deflection, which is an indirect method; and (2) imposing limitations on deflections directly, which is a direct method. Practically, the direct method is widely used to determine deflection. The indirect method can be adopted in primary design, after which the initial data is modified by the direct method.
[bookmark: OLE_LINK91][bookmark: OLE_LINK27][bookmark: OLE_LINK32][bookmark: OLE_LINK33]Determination of immediate deflection depends on mechanical analysis and effective moment of inertia Ie [113]. Branson [128] first introduced the concept of effective moment of inertia to account for the transition from gross moment of inertia Ig to that of a cracked section Icr. Many equations were designed to define Ie in various ways [129,130] but Ie is always a function of Ig and Icr under specific loads, which depends only on the elastic moduli of both concrete and rebars. Hence, although limitations were defined on the basis of different boundaries and structural types, instantaneous deflection is controlled by the elastic modulus of materials. Meanwhile, considering the low ductility and modulus of FRP elements, even holistic designs of FRP-reinforced members are controlled by the elastic moduli of FRPs.
[bookmark: OLE_LINK35][bookmark: OLE_LINK36]Among prevalent FRP materials, GFRP has the lowest elastic modulus, while CFRP exhibits the highest. Basalt fiber gains a higher modulus than glass fiber, and thus the higher modulus of elastic is mostly attributed to BFRP [131]. Nevertheless, epoxy-based BFRP could present a similar modulus to GFRP since matrices and fiber content can noticeably influence the elastic moduli of FRP elements [132]. Experimental results have indicated that deflections in beams and slabs with CFRP are consistently larger than those with GFRP-reinforced members [133]. Meanwhile, operating deflections of BFRP-reinforced beams fall between those of CFRP- and GFRP-strengthened beams of the same size [131]. These conclusions coincide well with qualitative results deducted by elastic modulus.


[bookmark: _Ref110887111][bookmark: _Ref110887090]Figure 13 Neutral axis moves and stress redistribution at a section as a crack develops.
[bookmark: OLE_LINK37]When it comes to calculating long-term deflections, increased displacement due to the effects of creep, crack and shrinkage should be taken into account [113]. Extra deflection implies the lower flexural stiffness of a continuously loaded beam. Two contrary effects lead to a reduction in stiffness, the first being a decrease in effective elastic modulus and the second an increase in neutral axis depth [133]. Elastic modulus reduction comes as a result of concrete creep, with movement of the neutral axis being driven by the widening of cracks, as shown in Figure 13.
A viable approach to control the time-dependent deflection of FRP-reinforced elements is employing pre-tensioned FRP reinforcement to improve the stiffness of an element, so as to restrict concrete creep and control the development of cracks [134]. Many studies have proved that prestressed FRP tendons work well in controlling deflections, strengthening flexural stiffness and improving the mechanical performance of structural members [117,135].
Future development
Based on the above analyses, the future development of sustainable and durable construction materials should not only consider carbon emissions and performance in harsh environments but should also synthetically take availability, mechanical properties and economic factors into account. In this respect, some suggestions concerning next generation construction materials are provided:
(a) BFRP bar is a promising material for reinforcing concrete. CFRP bars and plates have been widely used as reinforcement but the carbon emission factor of CFRP is much higher than that of other FRPs. BFRP is an excellent sustainable material with lower carbon emissions than other FRPs and steel. Although the mechanical properties and durability of BFRP are inferior to those of CFRP, BFRP performs better than commonly used GFRP. Mechanical properties, durability towards alkaline or chloride attack, and freeze-thaw cycles can satisfy the requirements of reliable reinforcement. Therefore, whether from the perspective of sustainability, durability or mechanical properties, BFRP performs well as a suitable reinforcement for the next generation.
(b) FA and LC3 are ideal SCMs, conforming to the future development of concrete. Adding SCMs is a viable method by which to improve the performance of concrete. By reviewing related papers, MK and SF appear to have the best effect in promoting the mechanical properties and durability of concrete. However, in terms of sustainability, the annual availability of these two SCMs is very low, which has an adverse effect on the large-scale popularization of MK and SF. As analyzed by Scrivener [10], the only two SCMs offering availability competing with cement are limestone and clay. These two SCMs are source materials of both cement and LC3 but the production process of LC3 consumes much less energy than that of cement, which broadly reduces carbon emissions. Therefore, replacing OPC with LC3 is a future direction of construction materials. Another recommended SCM is FA. Although coal power generation is in recession, the availability of FA as a by-product remains substantial. Considering the performance of FA is not negative in every aspect, it may continue to occupy a large market share over the next several decades.
(c) The use of carbonated SCM concrete may reduce the alkaline corrosion of FRP bars. Carbonation is a disease of concrete as it reduces alkalinity and embedded steel rebars are likely to corrode. However, carbonation is beneficial to FRP-reinforced concrete since the alkaline corrosion of FRP would be mitigated in the neutral environmental after concrete carbonation. However, BFRP has poorer durability than CFRP. The use of SCMs can reduce the permeability of concrete and form a stronger protection to BFRP. Although the addition of SCMs increases the susceptibility of concrete to carbonation, BFRP does not lose performance. Hence, SCM, concrete and BFRP cooperate closely to compensate for the drawbacks of each other and improve the performance of the whole system synergistically.
(d) Prestress should be applied to decrease deflection in FRP-reinforced concrete structures. The long-term deflection of FRP-reinforced concrete is greater than that of steel-reinforced concrete due to the creep behavior of FRP. Thus, time-dependent deflection is recognized as a prominent problem in FRP-reinforced concrete. Although the creep endurance of BFRP is lower than that of CFRP, the rate of degradation of BFRP is slower compared to GFRP, which means that BFRP has the potential to satisfy the engineering requirements. In order to control the development of deflection and make full use of the high strength of BFRP, it is suggested to apply prestress to BFRP tendons, and increase the stiffness of elements.
Conclusions
The main research outcomes of this paper are summarized as follows:
(a) FRP bars have higher tensile strength, lower elastic modulus and lower density than steel rebars. Among CFRP, BFRP and GFRP, CFRP has the highest tensile strength and elastic modulus, as well as the lowest density. The mechanical performances of BFRP and GFRP are similar.
(b) The carbon emissions factor of CFRP is the highest compared with BFRP, GFRP and steel. BFRP and GFRP have similar carbon emission factors to steel, on the basis of per unit weight, but comparisons based on volume show BFRP to have the lowest carbon emissions factor. Considering the quantity of the various materials, BFRP typically offers better sustainability than other materials.
(c) CFRP has superior durability towards alkaline attack, chloride attack and creep behaviors, compared to BFRP and GFRP. BFRP is the least resistant to freeze-thaw cycles, but is inferior to CFRP and GFRP in terms of creep behavior. The durability of GFRP is the lowest, especially when exposed to alkaline or high-chloride environments.
(d) FA, GGBFS and LC3 can reduce the early strength of concrete, but increase the 28 day strength. The improvement effect is more evident when concrete age is greater than 56 days. MK and SF can improve the early strength of concrete. SCMs can also contribute a similar strength-improvement effect to SWSS concrete, but detrimental salt in seawater and sea sand can weaken this improvement trend. In geopolymer concrete, the existence of alkaline activators accelerates strength development in the early stages, but this acceleration is gradually reduced in the mid-term.
(e) Clinker in cement has the highest carbon emissions factor. The replacement of cement with SCMs can reduce the carbon emission of concrete. The availability of limestone and clay is comparable to that of cement, whilst some commonly used SCMs (such as MK and SF) have much lower availability. Thus, LC3 is an ideal sustainable SCM, whether from the perspective of carbon emissions or availability.
(f) The durability of concrete is strongly related to pore structure and permeability. SCMs refine concrete pores by accelerating hydration and filling pores. Thus, SCMs can improve the resistance of concrete against freeze-thaw cycles and aqueous solutions of sulfate and chloride ions. SCMs can also consume portlandite in pozzolanic reaction, which mitigates the alkali-silica reaction but aggravates the carbonation of concrete.
(g) The flexure strength of FRP-strengthened elements can be affected by the type and geometrical form of both fibers and FRP bars, which should satisfy stipulations in codes. The long-term deflection of FRP-reinforced concrete members gradually develops mainly due to the creep behavior of FRP bar. By applying prestress to FRP tendons, long-term deflection can effectively be reduced and flexural stiffness increased.
(h) Considering the alkaline corrosion-mitigation effect of carbonated concrete on FRP bar and the excellent sustainability of BFRP, carbonated SCM-modified concrete and BFRP are expected to become the next generation of durable and sustainable construction materials.
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