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Recent research has shown that the incorporation of fibres, such as steel and polypropylene fibres, in concrete can significantly improve its resistance to spalling under high-temperature conditions. However, the reported outcomes of studies on the spalling performance of Fibre Reinforced Concrete (FRC) vary significantly due to differences in cementitious matrix and fibre types, mix design, and testing techniques. Existing review studies have struggled to systematically and precisely consolidate the diverse aspects of the literature. To address these limitations, this paper adopts the latest approach for mining, processing, and analyzing data to interpret bibliographic data on the fire resistance of FRC. The primary objective of this study is to comprehensively explore the viability of FRC as a fire-resistant and refractory material. In pursuit of this goal, the paper thoroughly reviews various aspects of FRC behavior at elevated temperatures, including pore pressure behaviors. Moreover, this review also discusses spalling behaviors, mechanisms, and residual mechanical properties under high temperatures. The microstructural analysis of FRC is also discussed comprehensively to gain an in-depth understanding of its behavior under elevated temperatures. By analyzing available data, this study aims to shed light on the potential of FRC as a suitable material for resisting spalling in high-temperature scenarios. Additionally, the research delves into prospects and challenges in achieving sustainable FRC with enhanced spalling resistance, considering both material and structural levels.
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1 INTRODUCTION
In civil engineering structures, concrete is a primary construction material that is susceptible to fire attack during the design life of that particular structure, resulting in severe damages, associated property loss, and even casualties (Figure 1). Several efforts have been made, such as fibre incorporation (Zheng et al., 2013; Sun et al., 2022), utilization of supplementary cementitious materials (Fang et al., 2022; Wang et al., 2022), geo-polymerization (Zhou et al., 2021), and addition of waste materials (Huang et al., 2022b; Sun et al., 2023), aiming to enhance concrete properties and progress towards sustainable development simultaneously. The researchers are more attentive toward sustainable supplementary cementitious materials for heading toward sustainable development (Khan et al., 2022b; Ahmad et al., 2023; Lao et al., 2023a; Lao et al., 2023b; Khan et al., 2023; Riaz Ahmad et al., 2023). In the near past, considerable interest has been developed globally towards the utilization of fibre reinforced concrete (FRC), as a construction material, in civil engineering structures, owing to the significantly improved mechanical characteristics in comparison to typical cementitious concrete-like; higher strength against compressive and tensile loadings (Farooqi and Ali, 2018c; Shi et al., 2022b), higher strength at first-crack (Branston et al., 2016; Farooqi and Ali, 2018a), higher fracture toughness (Khan and Ali, 2016; Solhmirzaei and Kodur, 2017; Shi et al., 2022a), higher resistance against impact loading (Yang et al., 2018; Yang et al., 2019a; Yang et al., 2019b), and significantly enhanced energy absorption capability (Farooqi and Ali, 2018a; Farooqi and Ali, 2019; Khan et al., 2022a; Farooqi and Ali, 2022). But, the mechanical characteristics of concrete can deteriorate if exposed to elevated temperatures due to physicochemical variations that occur during the heating process (Ma et al., 2015; Varona et al., 2018b; Han et al., 2023). Consequently, evaluating FRC mechanical characteristics at higher temperatures is crucial in dealing with fire threats (Amin and Tayeh, 2020; Huang et al., 2022d; Guo et al., 2022). The FRC performance under elevated temperatures is subjected to several parameters like; the addition of substitute materials and the incorporation of fibres as dispersed reinforcement (Kalifa et al., 2001; Han et al., 2005; Khaliq and Kodur, 2012; Serrano et al., 2016). It has also been reported in the literature (Sideris et al., 2009; Bangi and Horiguchi, 2011; Bošnjak et al., 2013; Choumanidis et al., 2016) that different types of fibre influence FRC residual properties after the exposure to elevated temperature.
[image: Figure 1]FIGURE 1 | Building damaged due to fire (Wróblewski and Stawiski, 2020).
Polypropylene and steel fibres have been mostly explored (Huang et al., 2021; Zhang et al., 2022b; Sun et al., 2022). In addition, polymer fibre (Sim and Park, 2005; Arisoy and Wu, 2008; Hossain et al., 2013), glass fibre (Hossain et al., 2013; Khan and Ali, 2016), natural plant fibre (Savastano Jr et al., 2009; Farooqi and Ali, 2018b), and basalt fibre (Bhat et al., 2015; Khan et al., 2018; Khan et al., 2022a), have also been utilized, as dispersed reinforcement, in concrete to achieve various characteristics, like improvement in resistance against cracking and concrete toughness, exposure to elevated temperature (Colombo et al., 2010; Sukontasukkul et al., 2010; Huang et al., 2022a). The different types of fibres under general classification are shown in Figure 2. Fibres are broadly classified into two categories depending upon the concrete functions in terms of resistance against fire. One category comprising carbon, steel, and basalt fibres generally depicts virtuous mechanical characteristics at normal/room temperature and improved thermal stability at elevated temperatures. When incorporated into concrete, the fibres improve strength even against fire and resist the cracks’ initiation and propagation due to the bridging effect. The second group’s fibres, such as PVA and PP fibres, usually have lower melting points. After heating the FRC, having these fibres up to a specific temperature, melting fibres take place, ultimately resulting in water vaporization. Consequently, the decreased inner vapor pressure protects the concrete microstructure. Further, FRC’s temperature-based material characteristics also vary due to variations in fibre contents, size, shape, and orientation in a similar manner as at room temperature (Gao et al., 2012; Kim et al., 2013; Wu et al., 2016; Yoo et al., 2016).
[image: Figure 2]FIGURE 2 | Generic classification of fibres (Adamu et al., 2022).
However, the utilization of natural fibres as a sustainable alternative to synthetic and steel fibres presents an exceptional opportunity to enhance the resistance of FRC against spalling significantly (Zhang et al., 2022a; Zhang et al., 2021b; Krishna et al., 2022). Natural fibres, such as hemp, jute, sisal, and coir, possess a multitude of advantageous properties, including renewability, low carbon footprint, and biodegradability (Khan and Ali, 2018b; Khan and Ali, 2019; Khan et al., 2022a; Farooqi and Ali, 2023), as illustrated in Figure 3 by Mohamad Moasas et al. (2022). When incorporated into the concrete matrix, these fibres effectively reinforce the structure, improving mechanical properties and heightened resistance to spalling, especially under elevated temperature conditions (Krishna et al., 2022). The unique attributes of natural fibres, such as their high tensile strength, thermal stability, and inherent fire-retardant qualities, make them exceptionally suitable for integration into FRC applications (Farooqi and Ali, 2019). Beyond their performance benefits, the adoption of natural fibres in FRC fosters a reduction in reliance on non-renewable resources while simultaneously contributing to a reduced environmental impact throughout the entire lifecycle of concrete structures (Ahmad et al., 2022; Boumaaza et al., 2022; Khatib et al., 2022; Shah et al., 2022). As the construction industry increasingly prioritizes sustainability, utilizing natural fibres as a sustainable alternative in FRC signifies a notable stride forward in achieving enhanced spalling resistance while promoting environmentally-friendly practices.
[image: Figure 3]FIGURE 3 | Concept of sustainable development by using fibres in concrete (Mohamad Moasas et al., 2022).
At the same time, the incorporation of supplementary materials, like fly ash (Xu et al., 2001; Afroughsabet et al., 2016; Jang et al., 2016; Jawahar et al., 2016; Abid et al., 2017), silica fume (Afroughsabet et al., 2016; Gupta et al., 2016; Jang et al., 2016; Abid et al., 2017; Ali et al., 2017) ground granulated blast furnace slag (GGBFS) (Afroughsabet et al., 2016; Jang et al., 2016; Jawahar et al., 2016; Abid et al., 2017), slag powder (Abid et al., 2017), and metakaolin (Afroughsabet et al., 2016; Abid et al., 2017) also plays a vital role on FRC performance at elevated temperature. Such supplementary materials usually generate a denser microstructure. Despite the improvement in strength, the internal vapor pressure is hard to release upon heating, which leads to concrete spalling (Behnood and Ziari, 2008). Concrete spalling has a considerable impact on its fire performance and may be a governing parameter in defining the fire resistance of an FRC structural member (Çavdar, 2013).
Moreover, the residual properties of concrete may also be affected by aggregates (Yang et al., 2009; Marques et al., 2013; Xie et al., 2015; Li et al., 2018; Ozawa et al., 2019). Varied chemical components of aggregate (Yang et al., 2009; Xie et al., 2015) and aggregate size (Li et al., 2018) would result in the varied performance of FRC. For instance, there is more risk of spalling in the case of siliceous aggregates at elevated temperatures compared to carbonate ones (Kodur and Dwaikat, 2008). In addition to the mix design of FRC, the heating curve design in testing material, like the highest temperature, heating rate, cooling method, and temperature holding time, would also considerably affect the FRC properties. The FRC microstructure would be more damaged in case of the highest heating temperature, leading to the FRC’s worse residual properties (Poon et al., 2004a). The heating rate is also critical for concrete spalling (Choe et al., 2019). The more severe spalling in FRC would be caused by fast heating, as per the fire curve of the ISO-834 standard (Zhao et al., 2017). Furthermore, the evaluated FRC compressive strength has decreased because of a longer holding time at peak temperature (Al Qadi and Al-Zaidyeen, 2014). Moreover, the different methods for cooling, such as water and nature cooling, may lead to varied residual strengths for FRC after being exposed to elevated temperatures (Luo et al., 2000). Figure 4 shows the condition of a concrete structure after firefighting.
[image: Figure 4]FIGURE 4 | Concrete condition after firefighting (Wróblewski and Stawiski, 2020).
Extensive investigations have explored fibre reinforced concrete’s residual properties at high temperatures. However, its fire resistance remains uncertain, necessitating thorough investigation before using it in fire-prone structures. It is challenging to assess its significance compared to steel fibre reinforced concrete due to scattered research on polymeric/natural fibres. Understanding its performance in preventing spalling damage and mechanical deterioration under high temperatures is also lacking and complex due to variations in materials, mix design, and testing techniques. Additionally, available research outcomes on fibre reinforced concrete’s fire performance vary significantly due to differences in the cementitious matrix and fibre types. Synthetic fibres like steel and polypropylene have shown noteworthy improvements in spalling resistance under high-temperature conditions. Conventional review studies have limitations in systematically and precisely connecting various aspects of literature. To address this issue, this study adopts a novel approach to mine, process, and analyze bibliographic data concerning fibre reinforced concrete fire resistance. This methodology comprehensively explains the material’s potential as a refractory material. In this study, we utilize an innovative review method with specialized software, which helps overcome these limitations. Our focus is on conducting a scientometric analysis of bibliographic data related to the fire resistance applications of FRC, aiming to establish cohesive links between different literature aspects that are challenging to achieve through traditional review-based studies. For recent research, co-occurrence, scientific visualization, and co-citations are highly complex features (Ahmad et al., 2021a; Amin et al., 2022; Zhang et al., 2022a; Huang et al., 2022c). The analysis reveals the primary publication sources and authors with the highest number of articles and related citations, the co-occurrence of keywords, noteworthy contributing countries, and the most cited articles in the FRC fire resistance applications field. Furthermore, a comprehensive review thoroughly investigates the feasibility of FRC as a material with fire resistance and refractory properties. This in-depth exploration covers various aspects, including pore pressure analysis, spalling behavior and mechanism, residual mechanical properties, and microstructural characteristics of FRC. Additionally, the study extensively reviews existing literature concerning the performance of FRC in terms of spalling under elevated temperature conditions. Moreover, the study examines the potential for sustainable FRC with improved spalling resistance, exploring prospects and challenges in this regard. The statistical and graphical representation of bibliometric data facilitates knowledge exchange among young scientists, enabling them to share state-of-the-art concepts and methods and collaborate on joint ventures.
2 METHODOLOGY
In the current study, a scientometric analysis is performed on bibliographic data (Zhong et al., 2019; Darko et al., 2020; Afgan and Bing, 2021; Antwi-Afari et al., 2021; Amin et al., 2022; Huang et al., 2022c) to quantify its numerous properties. Scientific mapping is used by scientometric analysis, a method researchers invented to explore bibliometric data (Markoulli et al., 2017; Amin et al., 2022). As several articles are available in the understudied research area; therefore, the engagement of a reliable search engine is necessary. Scopus and Web of Science are the two highly suggested databases to attain the study objective (Afgan and Bing, 2021; Huang et al., 2022c). Accordingly, Scopus is used to collect bibliographic data relevant to the fire resistance application of FRC research. Several filters are also employed to scrutinize irrelevant data. A comprehensive flowchart depicting all the methodical steps, like retrieving data, data analysis, and applying different filters in the analysis, is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Research methodology flowchart.
In literature, several types of research have reported the employment of the same method (Oraee et al., 2017; Jin et al., 2018; Park and Nagy, 2018). The Scopus database’s stocking is done using CSV format to perform added evaluation by employing suitable software. An open-source, freely accessible mapping tool, i.e., VOS viewer (version 1.6.18), is applied to conduct the quantitative assessment and scientific visualization of gathered data (Zuo and Zhao, 2014; Darko et al., 2017; Ahmad et al., 2021b). Thus, the objectives of this research are accomplished by using a VOS viewer. The subsequent CSV file is updated on the VOS viewer and added assessment is done on data consistency and dependability. The scientometric analysis evaluates widely used keywords, publication sources, the authors having the most citations and articles, the contributions of different countries, and the highly cited papers. The features, their co-occurrences, and interconnectivity are developed using maps. To identify a particular element in the map, allocation of colors is done for the groups. Likewise, specific colors, such as rainbow, depict density mapping, and plasma, rainbow, and Viridis are used for density visualization.
3 RESULTS AND ANALYSIS
3.1 Relevant subject areas and annual publications
A Scopus analyzer is used to identify the most relevant research areas. Figure 6 shows that most documents, i.e., 49%, are generated in the “Engineering” discipline, followed by “Materials Science” with almost 32% of documents. As a whole, 81% of papers are generated by these two disciplines. Furthermore, the analysis of the Scopus database is also conducted to determine the type of publication in the understudied research domain (Figure 7). It is extracted from this evaluation that the percentage of journal articles is 58, 27% are conference articles, and approximately 10% are conference review papers. It is pretty inspiring to note that the fire resistance application of FRC is gaining the researchers’ attention.
[image: Figure 6]FIGURE 6 | Articles disciplines.
[image: Figure 7]FIGURE 7 | Documents types published in relevant research area.
3.2 Sources of publications
VOS viewer is applied to bibliographic data to determine the sources of publication. The most active journals in the area of fire-resistant application of FRC are “Construction and Building Materials,” “Engineering Structures,” “Applied Mechanics and Materials,” and “Composites Part B: Engineering.” “Journal of Structural Fire Engineering” also receives considerable citations in the same context. Figure 8 shows the visualization mapping for publication sources having a minimum of five articles. The circle dimensions demonstrate the impact of the source on this research field in terms of document count, depicting that the bigger the circle, the more the effect is. In this scenario, it may be noted that “Construction and Building Materials” has a bigger circle than others, showing its greater impact in the fire resistance application of the SFRC research area. Four groups are formed, and a specific color is allocated to every group on the map (red, green, blue, and yellow). The level of publication source and co-citation frequency is the basis for forming each group (Wuni et al., 2019). The group formation for journals is made by applying VOS viewer, depending upon the capacity of co-citation in published articles. For example, in the green group, eight journals have recurrent co-citations in the same field of research. Moreover, the distance between each group shows the linkage between publication sources. As can be seen, “Construction and Building Materials” is more closely related to “Journal of Materials in Civil Engineering” as compared to “Journal of Building Engineering” or “Cement and Concrete Composites.”
[image: Figure 8]FIGURE 8 | Scientific visualization for sources of publication having a minimum of five publications in the relevant research domain.
3.3 Keyword cooccurrence
In research, the keywords are essential for differentiating and emphasizing the main theme of a specific research study (Song et al., 2021). “Fire Resistance,” “Reinforced Concrete,” “Concrete,” “Fires,” and “Steel Fibres” are among the most widely utilized keywords in the fire resistance application of the FRC research field. It is found from the analysis of keywords that fire resistance applications of FRC have been explored to have fire resistance materials. Figure 9 illustrates a map for the frequency of occurrence depending on density and connections. Once again, in Figure 9A, the circle dimensions for a particular keyword represent the keyword frequency, and the circle’s position depicts its co-occurrence in articles. Moreover, the circle size is relatively bigger in the case of leading keywords than others, depicting their impact in exploring literature on the fire resistance application of FRC. Again, the group formation represents keywords co-occurrences in various publications. Several colors are assigned to each distinct group to indicate the co-occurrences of keywords in published documents. The different colors show four discrete groups (Figure 9A). Likewise, diverse, unique colors signify the density concentrations of the keyword (Figure 9B). The color schemes are organized based on density like green being applied for maximum density followed by blue, red, yellow, and purple colors representing further lesser densities. Fire resistance and concretes are important keywords shown by green colors, demonstrating their higher density of occurrences. This finding would benefit young scholars in selecting keywords that can minimize the efforts to explore this particular research area-relevant publications.
[image: Figure 9]FIGURE 9 | Keyword analysis: (A) Scientific visualization; (B) Density visualization.
3.4 Authors
The impact of any author in a particular research area is revealed from their citations (Yu and Hayes, 2018). An author’s standing is difficult to get by simultaneously considering all the parameters like publication quantity, citations, etc. Instead, the assessment of their ranking may be done for each parameter independently. Hence, it is revealed from the analysis that Kodur V., Correia J.R., Firmo J.P, and Green M.F.are among the prominent researchers in the considered field, i.e., fire resistance application of the FRC research field. Figure 10 shows the connectivity among different authors having a minimum of five publications. It is summarized in this analysis that there is substantial inter-connectivity between authors in terms of citations who are working on FRC fire resistance application.
[image: Figure 10]FIGURE 10 | Authors’ scientific visualization in the considered research area.
3.5 Documents
The importance of a particular research paper in a specific research field is revealed from the received citations. The pioneer articles in a particular research domain have the highest citations. The density concentration and scientific visualization of the citations for inter-related articles in fire resistance application of FRC research are presented in Figure 11. The connected articles based on citations extracted from the VOS viewer are presented in Figure 11A. The circle size for a particular article is directly related to the impact of that article in the considered research domain. Furthermore, the enhanced density concentrations for the leading articles based on citations are extracted from the density mapping, as depicted in Figure 11B.
[image: Figure 11]FIGURE 11 | Scientific mapping of citations for published papers in considered research area till 2022; (A) Citations based connected articles (B) Connected articles density.
3.6 Countries
The contribution of some countries in terms of research on fire resistance application of FRC is comparatively significant. Systematic mapping is developed for bibliophiles to assess the most contributing countries on fire resistance application of FRC research to predict its characteristics. It may be noted that China, the United States, and India are among the leading countries. Figure 12 depicts the citation mapping depending on the inter-connected countries and density concentration visualization. The respective circle’s dimension shows a specific country’s impact on the considered research field (Figure 12A). Similarly, it is extracted from Figure 12B that countries with more publications show higher density. Representing statistical and graphical output for contributing countries would benefit young researchers in developing scientific collaborations joint ventures, and exchanging novel/innovative concepts/techniques. Academics from various countries interested in working on the fire resistance application of FRC may team up with related field professionals to benefit from their expertise.
[image: Figure 12]FIGURE 12 | Scientific visualization of countries in considered research domain till 2022: (A) Network visualization; (B) Density visualization.
4 SPALLING BEHAVIOR OF FRC AT ELEVATED TEMPERATURE
4.1 Behavior of FRC at high temperature
Concrete is a widely used construction material worldwide, with annual production exceeding ten billion tons (Meyer, 2009). Anticipations suggest that the demand for concrete will reach 18 billion tons by 2050 (Monteiro, 2006). Concrete finds extensive applications in structures such as buildings, bridges, parking structures, and industrial pavements. Due to the ongoing progress in the construction and infrastructure sectors, there has been a rapid surge in the construction of tall buildings and underground structures. Nevertheless, the vulnerability of these edifices to fire has escalated due to the extensive utilization of gas and electrical appliances, along with the intricate nature of their functionalities (Zhang et al., 2020c). Over the past few years, there has been a noticeable rise in the number of fire incidents in such structures across the globe. These incidents pose a significant risk to the safety of individuals and properties. Consequently, researchers have begun to give more attention and engage in discussions regarding the residual performance of concrete when subjected to high temperatures, as well as the mechanical properties of concrete under such conditions (Noumowe et al., 1995; Arioz, 2007). Studies have revealed that when exposed to elevated temperatures or fire, concrete undergoes various physical and chemical reactions, such as dehydration and decomposition. The elevated temperature can impact the durability and strength of concrete structures, as it induces physical deterioration processes (Huang et al., 2017; Chidighikaobi, 2019). These reactions not only cause significant harm to the microstructure of concrete but also reduce its strength and stiffness. Consequently, this can lead to explosive spalling and a decline in the mechanical integrity of the concrete (Handoo et al., 2002; Li et al., 2004; Caetano et al., 2019; Krishna et al., 2019). Kim et al. (2023) evaluated the effect of natural minerals, i.e., ‘hwangto’ in concrete at elevated temperatures. The mechanism of such concrete at elevated temperatures is shown in Figure 13, as presented by Kim et al. (2023).
[image: Figure 13]FIGURE 13 | Concrete mechanism at elevated temperature (Kim et al., 2023).
After being exposed to high temperatures, concrete’s chemical composition and physical properties can undergo alterations. This can lead to permanent damage within the structures, affecting the serviceability and safety of concrete. In severe cases, such damage can even result in the collapse of the structure (Arioz, 2007; Huang et al., 2017; Chidighikaobi, 2019). Multiple prior research endeavors have demonstrated that the build-up of vapor pressure within concrete pores, coupled with thermal stresses, plays a crucial role in the mechanism of strength degradation and the occurrence of explosive spalling during fire incidents. These factors greatly compromise the mechanical properties of concrete (Janotka and Bagel, 2002; Fu et al., 2006; Peng et al., 2006; Ma et al., 2015; Chen et al., 2016). Heat-induced spalling is an irreversible form of damage that concrete experiences when exposed to high temperatures (Zhang et al., 2020b; Holan et al., 2020). This phenomenon arises from the development of thermal stresses and rapid evaporation of water, increasing pore pressure (Liu et al., 2018). It is a widely recognized fact that concrete, as a heterogeneous and multi-scale composite material, acquires its properties from the various elements it comprises. When subjected to fire, these constituent ingredients undergo disintegration caused by the phenomenon referred to as ‘thermal inconsistency of the ingredients,’ resulting in a decline in mechanical properties (Sancak et al., 2008). The construction industry has made significant advancements in research and development, resulting in high-performance concrete mixes that exhibit enhanced microstructure and improved mechanical properties, including increased strength, toughness, and durability. Nevertheless, recent studies have revealed that these high-performance concretes do not possess equivalent fire endurance compared to traditional concrete (Kodur and Khaliq, 2011; Hulin et al., 2016; Xiao et al., 2017). Changes in the microstructure of concrete occur in correspondence with the heating process, ultimately resulting in structural failure of the concrete. These modifications begin at the onset of the heating process, even at a temperature increase as low as 105°C (Hager, 2013). Nonetheless, concrete can generally be regarded as relatively secure and stable at temperatures ranging from 200°C to 300°C (Ma et al., 2015), minimizing potential hazards. However, as the temperature rises over a specific exposure period, irreversible changes occur in the concrete microstructure, resulting in structural damage (Cree et al., 2013). Cree et al. (2013) examined the physical and chemical changes that occur in concrete across different temperature ranges, as presented in Figure 14.
[image: Figure 14]FIGURE 14 | Effects of various temperatures on concrete [Statistics by Kim et al. (2023)].
Thermal conductivity, thermal diffusivity, and specific heat are regarded as fundamental thermo-physical properties of concrete. Among these, thermal conductivity is paramount as the principal factor impacting heat conduction within concrete (Bhattacharjee and Krishnamoorthy, 2004). Using concrete with a low thermal conductivity contributes to reducing heat transfer and energy consumption in buildings. Thermal conductivity refers to a material’s ability to conduct heat. When examining heat transfer, steady-state and transient conditions are recognized as distinct modes of heat transfer across various materials (Bindiganavile et al., 2012). Concrete is a solid material that exhibits heterogeneity and permeability. At typical operational temperatures, heat transfer within concrete primarily occurs through conduction. The properties of concrete are significantly influenced by its constituents’ distribution and volume ratio, including aggregate, water-cement ratio, and voids (Asadi et al., 2018). The presence of voids within concrete plays a crucial role in shaping its mechanical and thermal characteristics (Chung et al., 2016). Variations in specific properties of concrete give rise to distinct thermal conductivity values. Kim et al. (2003) investigated the impact of seven variables on the thermal conductivity of cement paste, mortar, and concrete. These factors include the humidity level of the specimen, age, temperature, water-cement (w/c) ratio, fine aggregate fraction, type of admixture, and total volume fraction of aggregates. The primary influential factors on the thermal conductivity of concrete were found to be the condition of the specimen, moisture, and the volume fraction of aggregates. Past research has indicated that the thermal conductivity value of concrete is predominantly influenced by various factors such as the aggregate type, moisture content, density, percentage of cement paste, porosity, presence of supplementary cementitious materials (SCMs), environmental temperature, and the specific measurement method and equipment utilized (Bentz et al., 2011; Shin and Kodide, 2012).
4.2 Pore pressure of FRC at high temperatures
Pore pressure accumulates from moisture movement up to temperatures reaching 320°C. The moisture content within concrete exists in various states: free, adsorbed, and bonded (Rawat et al., 2021). During stage I (ranging from 30°C to 100°C), moisture can be attributed to the evaporation of unbound water. In stage II (ranging from 100°C to 300°C), the moisture content is derived from a combination of unbound water, absorbed water, a portion of chemically bonded water, and inter-layered water originating from the C-S-H gel. During stage III (ranging from 300°C to 500°C), moisture results from the decomposition of Ca (OH)2, forming CaO and H2O. As for stage IV (ranging from 500°C to 700°C), any remaining moisture within the C-S-H layers will be released due to the decomposition of C-S-H. Spalling at high temperatures is primarily attributed to thermally induced stress (Liu et al., 2018). This stress arises from the temperature disparity between the surface and interior of UHPC when exposed to elevated temperatures. Several studies suggest that both pore pressure and thermally induced stress contribute to spalling (Liu et al., 2018), working in conjunction. Between the 220°C–320°C temperature range, thermo-hydraulic spalling transpires due to thermally induced stress and pore pressure. This specific type of spalling is triggered by the expansion of evaporated pore water caused by elevated temperatures, leading to heightened internal pressure that can result in cracking and spalling. During this stage, a portion of the C-S-H undergoes dehydration.
One potential approach to enhance the resilience of concrete against high temperatures is introducing fibre reinforcement. Extensive research has confirmed that the inclusion of randomly dispersed fibres in concrete leads to a notable enhancement in its compressive strength, tensile strength, ductility, and impact resistance under ambient conditions (Romualdi et al., 1968; Ding et al., 2012; Eik et al., 2015; Abdallah et al., 2016). Fibre reinforced concrete (FRC) finds broad applications in construction, including ground-supported slabs, road paving, and tunnel linings, thanks to its remarkable ability to improve concrete’s tensile strength and effectively manage crack propagation (Laranjeira et al., 2010; Zīle and Zīle, 2013; Abdallah et al., 2016). Hence, in recent years, there has been a growing interest in studying the impact of fibres on the remaining mechanical properties of concrete following exposure to high temperatures and their influence on concrete’s susceptibility to explosive spalling during fires or elevated temperatures. Numerous research studies have been carried out to investigate the residual properties and explosive spalling behavior of FRC (Zheng et al., 2013; Varona et al., 2018b; Li et al., 2019b). During a fire or high-temperature exposure, fibres in concrete have several beneficial effects. It helps to decrease water vapor pressure within concrete pores, bridges internal cracks, and mitigates temperature gradients by facilitating heat absorption into the concrete. These factors collectively reduce the risk of explosive spalling and cracking, thereby enhancing the fire resistance of concrete (Purkiss, 1984; Faiyadh and Al-Ausi, 1989b; Poon et al., 2004b; Gao et al., 2012). Furthermore, there is substantial potential for significant enhancement in the residual mechanical properties of concrete in a post-fire setting (Purkiss, 1984; Faiyadh and Al-Ausi, 1989a; Lau and Anson, 2006). However, inconsistencies in international regulations and standards hinder the widespread adoption of FRC in high-temperature environments.
Incorporating natural or artificial fibres is a proven method to enhance the strength of composites, both at room temperature and following exposure to high temperatures (Khan and Ali, 2016; Khan and Ali, 2018a; Farooqi and Ali, 2018c; Cao et al., 2019; Khan and Ali, 2019; Khan et al., 2020; Farooqi and Ali, 2022). In the construction industry, there has been significant progress in utilizing hybrid fibre reinforced concrete (HFRC) in recent decades (Machovič et al., 2013; Li et al., 2020). Moreover, combining basalt fibre with synthetic fibres represents a novel approach with vast potential applications within hybrid fibres (Machovič et al., 2013). Earlier investigations have demonstrated that incorporating basalt fibre into composites substantially improves their mechanical properties and toughness. Basalt fibre is a compatible reinforcing material for cementitious composites (Jiang et al., 2014; Campione et al., 2015; Yang et al., 2019c; Khan and Cao, 2021). Steel fibres exhibit superior thermal conductivity and thermal stability, along with crack-resistant characteristics that mitigate thermal stress, even at elevated temperatures. These properties arise from steel fibres’ effective heat transfer phenomena (Cao et al., 2019). Steel fibres offer a bridging effect in fibre reinforced concrete across a wide temperature range and retain their structural integrity even at temperatures below 1,300°C (Deshpande et al., 2019). Moreover, the micro-level performance of calcium carbonate (CaCO3) whiskers, functioning as micro-fibres, has been notable, and they decompose within the range of 800°C–900°C in composites (Cao et al., 2019).
4.3 Spalling behavior of FRC at high temperature
Spalling in concrete occurs due to the interplay of thermal, hydraulic, and mechanical degradation processes (Gawin et al., 2005). When exposed to fires or high temperatures, concrete undergoes substantial deterioration in its mechanical properties, leading to a rapid decline in the bearing capacity of concrete elements. This poses a significant threat to concrete structures’ overall safety and stability (Fu et al., 2006). The concrete’s explosive spalling phenomenon at elevated temperatures is attributed to two primary factors, which have been extensively recognized in the literature. One of the factors contributing to the accumulation of pore pressure in concrete is the internal vaporization of water within the material (Chen et al., 2016; Li et al., 2021a). Free water, water chemically bonded in calcium hydroxide (CH), and interlayer water in C-S-H all coexist in concrete. The evaporation of free water begins at about 100°C, which causes the pore pressure within the matrix to rise. The dehydration process affects the interlayer and chemically bonded water in the C-S-H gel as the temperature increases from 300°C to 400 °C. Subsequently, between 400°C and 500°C, calcium hydroxide dehydration occurs, leading to concrete shrinkage and a significant reduction in strength. Ultimately, at approximately 900°C, the C–S–H gel undergoes complete decomposition (Fletcher et al., 2007; Henry et al., 2014; Lim, 2015). The free and chemical water in the concrete’s pore structure undergoes evaporation with the temperature rise. While a significant portion of the water evaporates and moves towards the center of the heated concrete, some are ejected to the surface. Due to the lower temperature inside the concrete, the vapor gathers and starts to condense. Over time, a saturated layer starts to develop within the concrete, hindering the movement of vapor toward its inner parts. Consequently, the vapor preferentially migrates toward the concrete’s surface and is released into the atmosphere on a larger scale. This leads to a gradual increase in pore pressure within the porous network, and if the tensile stress of the concrete cannot withstand this pressure, it results in the explosive spalling of concrete (Consolazio et al., 1998; Kalifa et al., 2000). By taking measurements of the temperature field and pore pressure, Kalifa et al. (2000) verified that a quasi-saturated layer in concrete existed before the drying front. Furthermore, it has been observed that concrete with lower permeability develops this saturated layer more rapidly, and it is located closer to the heated surface, resulting in higher pore pressure and pressure gradient. A graphical representation of the entire process of concrete spalling with and without fibre caused by pore vapor pressure is illustrated in Figure 15, as presented by Hager and Mróz (2019a).
[image: Figure 15]FIGURE 15 | Mechanism of pore pressure distribution and spalling at elevated temperature in concrete with and without fibres (Hager and Mróz, 2019a).
The development of cracks brought on by thermal strains brought on by temperature gradients is the second reason causing the concrete to spall (Chen et al., 2016). A thermal gradient, also called “thermal shock,” is produced between the heated surface and the inside of the concrete when exposed to high temperatures or flames. Rapid increases in the surface temperature of concrete lead to its shrinkage, resulting in the generation of compression stress parallel to the heated concrete’s surface. Additionally, tensile stress is induced perpendicular to the surface. The critical point for concrete spalling lies when the compressive stress surpasses the tensile stress (Debicki et al., 2012; Ozawa et al., 2012). The mechanism for thermal stress-induced explosive spalling in concrete is shown in Figure 16. Additionally, heterogeneity is brought on by the different ways that different concrete components behave at high temperatures, resulting in considerable thermal cracking at the interfaces (Varona et al., 2018a). The porous network makes it easy for water vapor to move through it and quickly evaporate. The moisture blockage forms earlier and closer to the heated surface in denser and less porous concrete. As shown in the pictogram in Figure 17 a nearly impenetrable layer that is entirely saturated forms (Hager and Mróz, 2019b). Over time, a dry zone emerges in the concrete subjected to the most significant temperature rise, where the cement paste undergoes dehydration. After that, a drying zone where no free water is left forms next to the saturated and impermeable concrete layer.
[image: Figure 16]FIGURE 16 | Mechanism of concrete spalling due to thermal stress (Duan et al., 2023).
[image: Figure 17]FIGURE 17 | Evolution of hydraulic processes in fire-exposed concrete (Hager and Mróz, 2019b).
The impact of steel fibres on concrete’s resistance to explosive spalling under high temperatures or fires is still uncertain. Several studies (Hertz, 1992; Aydın et al., 2008; Sideris et al., 2009) have suggested that adding steel fibres did not decrease the concrete’s tendency to undergo explosive spalling. Using experimental data, Hertz (1992) concluded that adding steel fibres did not reduce the risk of explosion. Surprisingly, specimens with a larger concentration of steel fibres showed a higher likelihood of explosive spalling. Contrary to this conclusion, some investigations have suggested that using steel fibres may help prevent explosive spalling in concrete exposed to high temperatures. This is mainly due to the steel fibres’ contribution to lowering the pore pressure within the concrete at high temperatures. Peng et al. (2006) provided evidence of steel fibres’ ability to mitigate the accumulation of steam pressure. Bangi and Horiguchi (2012) reported that incorporating steel fibres in heated concrete enhanced its resistance to pore pressure. In addition, the application of steel fibres decreased the pore pressure in high-strength concrete specimens exposed to high temperatures, according to Düğenci et al. (2015) and Bangi and Horiguchi (2012). Furthermore, the influence of steel fibres in decreasing pore pressure in the inner regions of concrete was notably more pronounced during rapid heating than gradual heating. This is explained by the fact that steel fibres have better thermal conductivity than cement substrates and coarse aggregates. As a result, cracks brought on by thermal gradients within the concrete are diminished as heat is more evenly distributed throughout the steel fibre reinforced concrete. Felicetti (2007) found that the heat diffusion coefficient of SFRC was higher than that of traditional concrete in his investigation. Additionally, it was found by Gao et al. (2012) and Zheng et al. (2013) that adding steel fibres improved heat transport within the concrete, resulting in fewer temperature gradients and lessening the effects of thermal shock at the concrete surface. This result is consistent with earlier studies by Zhang and Ju (2005) and Zheng et al. (2012b). Due to its ability to lower temperature gradients, SFRC demonstrated remarkable resistance to explosive spalling. Moreover, the incorporation of steel fibres has been shown to enhance the tensile properties of concrete. Concrete’s tensile strength is essential in preventing internal vapor pressure and thermal stress brought on by high temperatures, thus protecting it from explosive spalling. Additionally, the random distribution of steel fibres within the concrete matrix contributes to reduced crack tip opening displacement, leading to delayed crack formation and restricted crack propagation. Consequently, this diminishes the likelihood of explosive spalling, as supported by previous findings (Zheng et al., 2013). Under high-temperature conditions, the accumulation of pore pressure and thermal stress brought on by temperature gradients is the main cause of explosive spalling in concrete. Hossain et al. (2021) reported the exposure of hybrid and polyvinyl alcohol fibre reinforced concrete specimens to 60 cycles of high temperature (i.e., 175°C). Figure 18 illustrates the specimen condition of hybrid and polyvinyl alcohol fibre reinforced concrete spalling after exposure to 60 cycles of set temperature and the cracking pattern on the spalled specimens. The reported basic cause for concrete spalling is the dense microstructure, that do not allow moisture to escape upon exposure to elevated temperatures. By incorporating fibres into the concrete mix, the risk of such explosions can be mitigated. This is achieved through improvements in the concrete’s thermal conductivity and tensile properties, as well as the reduction of pore pressure at elevated temperatures.
[image: Figure 18]FIGURE 18 | Concrete spalling (A) reference specimens, (B) slight spalling in hybrid fibre reinforced specimen and partial spalling in polyvinyl alcohol fibre reinforced specimen, (C) spalled reference specimen, and (D) cracking at spalled specimens (Hossain et al., 2021).
5 SPALLING MECHANISM OF FRC AT ELEVATED TEMPERATURE
The working mechanisms of different fibres in cementitious composites may vary. The different spalling damages observed in concrete at elevated temperatures are shown in Figure 19. Two mechanisms have frequently been reported in the literature to explain how different fibres work in concrete, i.e., vapor migration via pressure-induced tangential space (Khoury and Willoughby, 2008) and vapor migration via melting of fibres (Zhang et al., 2021a). Khoury and Willoughby (2008) first proposed this mechanism to explain the working mechanism of PP fibre. The polarity difference between PP fibre and matrix produces poor/weak interfacial adhesion. This weak bond region, called PITS, is susceptible to disruption by steam pressure at high temperatures. PITS can create a space for water vapor migration and offer a pressure release route even before fibre melting. Besides PP fibre, it has been reported that this mechanism also exists in steel fibre and jute fibre reinforced concrete. Ozawa et al. (2019) stated that the carbonation of the straw-like structure of jute fibre results in PITS between the fibre and matrix interface. The release of vapor pressure through PITS of steel fibre was also stated in a previous study (Li et al., 2021b). In summary, the PITS mechanism provides a viable explanation for the working mechanism of different fibres in concrete, which can help to improve spalling performance. The mechanism of PITS is the same regardless of the type of fibre used.
[image: Figure 19]FIGURE 19 | Manifestations of damage observed in diverse concrete types during fire exposure (A) aggregate spalling, (B) continuous and progressive surface spalling, (C) discrete and progressive explosive spalling, (D) corner spalling, (E) surface peeling during cooling (Hager and Mróz, 2019b).
However, in the case of vapor migration through the channels formed by the melting of fibres, Table 1 enlists the melting points of various types of fibres. Specifically, LLDPE, UHMWPE, PP, PA, and PET (polyethylene terephthalate) fibres exhibited melting points of 121.4°C, 144.3°C, 164.6°C, 257.8°C, and 250.5°C, respectively. When these polymer fibres undergo melting, empty channels can be created that allow for the release of trapped vapor pressure. These empty channels may also be connected by microcracks in concrete, facilitating vapor migration. No significant cracking was observed at room temperature, but microcracks in the radial direction at the PP fibre interface were observed at 105°C. The significant dimensional changes of PP fibres at 105°C (41 times greater than cement paste) resulted in radial microcracks (Zhang et al., 2021a), which could be widened with an increase in temperature or applied load. The interconnecting network of microcracks along the radial direction of PP fibres was observed at 150°C. Furthermore, debonding of fibres from the matrix was reported, and microcracks expanded in width and length at 170°C after melting PP fibres. Most PP fibres disappeared with further temperature increases to 200°C and 300°C, and the microcracks continued to widen. This study emphasizes the importance of an interconnected microcracks network both before and after the melting point of fibres in enabling vapor migration via empty channels created by the melting of polymer fibres. Moreover, Bian et al. (2016) found that melting PP/PVA fibres was the primary reason for improved spalling resistance, and no significant contribution of steel fibres was observed. Thus, the findings suggest that the channels formed by the melting of polymer fibres can facilitate vapor migration, and an interconnected microcracks network is crucial for this process, highlighting the potential of hybridization with steel fibre to control cracking under elevated temperatures.
TABLE 1 | Fibre melting and degradation point in concrete at elevated temperatures.
[image: Table 1]6 RESIDUAL COMPRESSIVE STRENGTH OF FRC AT ELEVATED TEMPERATURE
Past research has extensively explored the compressive strength of FRC (fibre reinforced concrete) under room temperature conditions. Overall, the impact of fibres is considered to be minimal. When steel and basalt fibres are introduced, FRC’s compressive strength is slightly improved, while including PP fibres may reduce FRC’s compressive strength (Poon et al., 2004a). The investigations that have already been done on FRC at higher temperatures have mostly focused on FRC with reinforcement composed of PP and steel fibres. The effect of high temperatures on the compressive strength of steel fibre reinforced concrete has been documented in several previous studies (Chan et al., 2000; Zheng et al., 2012a; Zheng et al., 2012b; Chen et al., 2014a; Guo et al., 2014). The residual compressive strength of steel fibre reinforced concrete is notably influenced by the temperature to which it is exposed. In general, it is reported that there is a significant linear decline in the relative compressive strength of steel fibre reinforced concrete as the temperature increases. Moreover, the extent of strength reduction can be influenced by the type of replacement material used (Chan et al., 2000; Poon et al., 2004a; Zheng et al., 2015). Additionally, it has been found that all steel fibre reinforced concrete samples exhibit comparable relative compressive strength drop rates at relatively low temperatures (between room temperature and 200°C). However, as the temperature surpasses this range, steel fibre reinforced concrete containing 20% silica fume and 10% slag (Zheng et al., 2015) exhibits a notably more rapid decline in relative compressive strength than other mixtures. Steel fibre reinforced concrete without any replacement material demonstrates the highest relative compressive strength at elevated temperatures. The compressive strength of steel fibre reinforced concrete is influenced by the volume fraction of steel fibres, particularly at room temperature. In an experimental study conducted by Zheng et al. (2012b) and Zheng et al. (2015), it was observed that steel fibre reinforced concrete with 1% steel fibres exhibited the lowest compressive strength, while steel fibre reinforced concrete with 3% steel fibres demonstrated the highest strength among the three volume fractions tested (1%, 2%, and 3%). Additionally, when steel fibre reinforced concrete is exposed to elevated temperatures, the fibres’ dosage may also impact its compressive strength. Other studies (Tai et al., 2011a; Zheng et al., 2012a; Guo et al., 2014; Xie et al., 2018) have similarly indicated enhanced compressive strength for steel fibre reinforced concrete with 1%–2% steel fibres. However, the dosage of steel fibres does not seem to have a significant effect when steel fibre reinforced concrete comprises 20% SF and 10% slag (Zheng et al., 2012b). Notably, a fibre dose of 2% demonstrates the best residual compressive strength at 600°C. Figure 20 presents the findings from the literature on the relative compressive strength of steel fibre reinforced concrete following exposure to high temperatures (Lau and Anson, 2006; Zhao et al., 2006; Chen et al., 2010; Tai et al., 2011b; Zheng et al., 2012a; Chen et al., 2014b; Ismail et al., 2014; Düğenci et al., 2015; Shaikh and Hosan, 2016; Xie et al., 2018; Li et al., 2019a).
[image: Figure 20]FIGURE 20 | Reported relative compressive strength of FRC at higher temperatures (Zhang et al., 2020c).
In previous research, PP fibre has been a significant area of interest as a concrete reinforcement material. According to (Aslani and Kelin, 2018), a modest amount of PP fibres added to FRC at room temperature increases the material’s compressive strength. Additionally, PP fibres prevent FRC from spalling damage when subjected to high temperatures, improving residual compressive strength (Canbaz, 2014; Sanchayan and Foster, 2016; Eidan et al., 2019). The residual compressive strength of PP fibre reinforced concrete with 25% FA and 10% SF (Zheng et al., 2012a) gradually increases to 400°C. The remaining compressive strength, however, gradually decreases above this temperature and eventually approaches a level comparable to the other mixes. Similar behavior is shown by PP FRC with 30% FA, 22.5% slag, and 7.5% SF (Aslani and Kelin, 2018), with the highest residual compressive strength being attained at 300°C. The increased C-S-H production during the initial phases of heating at high temperatures during this event could be related to the rapid hydration. Drzymała et al. (2017)’s experimental testing on PP FRC with 0.17% PP fibres and aggregated basalt chippings revealed a similar trend. Their investigation found that the compressive strength increased initially as the temperature rose, reaching 350°C. However, there was a minor decline in temperature between 350°C and 450°C, followed by a sharp drop when the temperature hit 450°C. There is a wide range in how PP fibre affects the remaining compressive strength of FRC. A fibre dosage of 0.05% shows the optimum performance in the case of PP FRC with 22% FA (Al Qadi and Al-Zaidyeen, 2014), and this is also true for PP FRC with 30% FA, 22.5% slag, and 7.5% SF (Aslani and Kelin, 2018). However, additional test findings indicate that the effect of PP fibre dose is negligible (Zheng et al., 2012a; Eidan et al., 2019). Interestingly, 0.2% PP fibre offers greater relative compressive strength for PFRC with 25% FA and 10% SF at 800°C (Zheng et al., 2012a), but a declining trend is seen for PFRC with 10% silica fume (Poon et al., 2004a). These variances could be explained by differences in the tests’ curing and heating procedures. Figure 21 shows PP FRC’s compressive strengths, as Li et al. (2023) reported, following exposure to high temperatures.
[image: Figure 21]FIGURE 21 | Compressive strengths of PP FRCs at higher temperatures (A) 600°C (B) 800°C (Li et al., 2023).
Different types of reinforcing fibres can play specific functions in improving fire resistance in FRC. For example, steel fibres limit the development and spread of microcracks, whereas PP fibres open channels to release water vapor. Researchers are interested in hybrid fibre reinforced concrete to take advantage of various fibres. Several researchers have reported on the combined effect of steel fibre and PP fibre on FRC performance (Zheng et al., 2012a; Canbaz, 2014; Yermak et al., 2017). According to Poon et al. (2004a), HFRC’s compressive strength at room temperature and 800°C is marginally higher than PP FRC’s but lower than SFRC’s. HFRC contains 1% steel fibres and 0.222% PP fibres. HFRC reinforced with steel and PP fibres demonstrated greater residual compressive strength than regular concrete in an experimental investigation by Yermak et al. (2017) in the temperature range of 20°C–300°C. Even at 300°C, the residual compressive strength of FRC containing 0.77% steel fibres and 0.08% PP fibres increased by 16%. The residual compressive strength of all FRC specimens made with hybrid steel and PP fibres increased from 20°C to 200°C compared to the strength at room temperature, according to research by Zheng et al. (2012a). They continued to have an equivalent compressive strength to that seen in ambient circumstances, even at 300°C. When reinforced with blended fibres, the types, shapes, doses, and concrete mix designs can all impact the fire resistance of FRC. Most recent experimental studies have concentrated on examining the interactions between PP and steel fibres, with relatively little attention paid to alternative forms of HFRC.
7 MICROSTRUCTURAL (SEM) ANALYSIS OF FRC AT ELEVATED TEMPERATURE
The available research on the fire resistance of FRC has primarily considered the combined and individual inclusion of steel and polymer fibres. Polymer fibres, like low-density polyethylene, polypropylene, polyvinyl alcohol, and polyamide, are highly effective against spalling (Liu and Tan, 2018b; Zhang and Tan, 2020). Such fibres help to enhance permeability at higher temperatures and reduce vapor pressure. Numerous studies have confirmed that elevated temperatures can significantly impair concrete’s chemical composition and microstructure. However, incorporating steel fibres offers a potential solution to enhance the concrete’s microstructure to a certain extent. Huang et al. (2018), using Scanning Electron Microscopy (SEM) observations, noted alterations in the diameter of steel fibres and observed an increase in the oxygen content within the steel fibres as the temperature rose. This phenomenon could be attributed to small pores surrounding the steel fibre, hindering water evaporation. Consequently, a considerable amount of water vapor accumulates within the matrix, leading to the rusting of steel and the deposition of oxidation products on the fibre’s surface. Kalifa et al. (2001) demonstrated that at 400°C, ordinary concrete exhibits a significantly lower microcrack density than FRC. Microcracks in FRC typically have a thickness of 1 mm and occur between and around the skeleton of the sand and aggregate. On the other hand, conventional concrete often has microcracks that are around 10 mm thick and typically form between large aggregates. According to a study by Lau and Anson (2006), the porosity of concrete increased as the maximum heating temperature rose. However, compared to concrete without fibres, steel FRC had reduced porosity and a smaller average pore diameter. The microstructure of the matrix-fibre interface in steel FRC subjected to high temperatures was studied by Ahmad et al. (2019). The study’s findings showed that the binding strength between the matrix and the fibres gradually deteriorated as exposure duration increased. After prolonged exposure to high temperatures, the matrix-fibre bond eventually underwent progressive rupture, which caused a slow decline in the activation effectiveness of the steel fibres. This phenomenon may be due to the constriction brought on by the capillary water discharge and the prolonged oxidation of certain hydrates at high temperatures. The influence of steel fibres on the high-temperature performance of concrete may be lessened as a result. Still, it is crucial to remember that this does not completely eliminate the effect. Figure 22 shows the SEM analysis of FRC conducted by Hager and Mróz (2019b). Two conjectures have been proposed to explain the occurrence of additional cracking in FRC. Firstly, during the heating process, the fibres experience a dilation of approximately 7%–10% (Pasquini and Addeo, 2005), generating local stresses and initiating cracks. Secondly, the arrangement of fibres within the concrete contributes to localized crack formation, as depicted in Figure 22. The growth of fractures near the fibres helps to lower the pressure of water vapour in the pores of the concrete. According to a numerical analysis by Bentz (2000), this phenomenon is thought to be caused by the interaction between the melted fibre network with the material’s inherent porosity.
[image: Figure 22]FIGURE 22 | SEM analysis of FRC specimens: (A) untreated, (B) heated to 150°C, and (C) post-exposure to 600°C (Hager and Mróz, 2019b).
The effect of steel fibre hybridization with polyvinyl alcohol and independent polyvinyl alcohol fibre in concrete exposure to elevated temperature is explored at micro-structural level by Hossain et al. (2021). The fibre-matrix interaction was investigated by conducting SEM analysis of samples from its core. There was a significant difference in the porosity of polyvinyl alcohol and steel fibre due to its repeated exposure to 175°C temperature (Figure 23). Incorporating natural fibres as an alternative to artificial/synthetic fibres has also been studied after exposure to high-temperature applications. For example, Zhang et al. (2020a) reported a 64% weight loss between 250°C and 400°C of jute fibre and henceforth also owns a considerable possibility of enhancing the permeability for vapor pressure releasing. Similarly, the micro-analysis of jute fibre reinforced concrete at ambient and elevated temperatures (i.e., 200°C) is conducted. The shrinkage of jute fibre is enhanced with increasing temperature. Furthermore, the application of ultra-high molecular weight polyethylene fibres is also enhancing to attain both high ductility and high strength at the same time and at the normal temperature (Yu et al., 2018). But, the sole incorporation of these fibres is inadequate to resist spalling (Liu and Tan, 2018a). It may also be noted that the melting point of all polymer fibres mentioned above is very low (i.e., 120°C–250°C), which can badly affect the FRC mechanical performance at elevated temperatures. In past research, it has been reported that using a combination of high melting point steel fibres and polymer fibres can be proved as an effective approach for overcoming the said lacking and may also enhance ductility and strength after being exposed to elevated temperature (Liu et al., 2017; Deshpande et al., 2019). In addition, steel fibres also help resist crack propagation at higher temperatures (Tai et al., 2011a). A comparatively novel category of fire-resistant fibres is polybenzimidazole fibres, which suffer weight loss of only 35% up to 600°C (Fares et al., 2015). However, research on these fibres or other fire-resistive fibres such as basalt and glass is still limited to validate their performance merits.
[image: Figure 23]FIGURE 23 | SEM analysis of fibre-matrix bonding (A) steel and polyvinyl alcohol before melting, (B) steel and polyvinyl alcohol after melting, (C) sewing effect due to steel fibres, (D) development of microchannel due to melting of polyvinyl alcohol fibre, (E) irregular voids, and (F) developed micro-cracks (Hossain et al., 2021).
8 FUTURE RESEARCH PROSPECTS
Furthermore, the available review-based conventional research studies are not able to connect different literature aspects in a precise manner. Subsequently, the systematic review conducted in the current study provides the mapping among bibliographic data and its statistical analysis on the fire resistance application of FRC research. In this manner, the identification of frequently used keywords, the countries that are contributing the most relevant articles, the sources that are producing the most relevant articles, and the most credible authors in terms of articles and citations in the fire resistance application of FRC research domain are made in the current study. The keywords assessment shows that the fire resistance application of FRC has been explored to have fire resistance materials. Similarly, the highly contributing countries in the research domain are characterized by literature with citation-based linkages. This analysis would aid the researchers in collaborating to advance research in this field. With the help of scientometric analysis to evaluate keywords and inter-linked literature, the current study further emphasizes the future perspectives in research of fire resistance application of FRC. Accordingly, the following prospects are proposed for this research area.
• Studies on the determination of FRC thermal properties at higher temperatures are limited. Specific heat is enhanced upon increasing temperature, whereas heat conductivity usually reduces. But, the variation pattern is considerably influenced by mix ingredients and fibre’s capability to conduct heat; hence, there are different observations in the case of various studies that need to be explored regarding behavior prediction.
• It is well-known that the impact of supplementary cementitious materials depends on the content and type. Hence, it is vital to devise vibrant standards/guidelines regarding the quantity with minimum/maximum limitations of various supplementary material types to achieve enhanced properties at higher temperatures and FRC strength and durability at normal temperatures.
• The available research primarily considers the polymer fibres volume to assess performance improvement at the higher temperature. However, FRC mechanical characteristics are observed to rely on both aspect ratio volume and aspect ratio. Hence, further study is required to optimize the volume for various aspect ratios and lengths of fibre in FRC.
• The literature on polyvinyl alcohol fibre reinforced concrete is still very limited in developing a clear interpretation of their general performance. So, their performance at higher temperatures requires further examination of the cementitious matrix interdependency with fibre and the independent behavior.
• Existing research on the spalling performance of concrete under high temperatures mainly focuses on the volume of natural fibres used. However, the mechanical properties of fibres, such as aspect ratio, volume, and coefficient of thermal expansion, also play a crucial role. Therefore, further studies are required to standardize the appropriate natural fibre type, volume, fibre length, aspect ratio, and coefficient of thermal expansion in concrete.
• Extensive experimental investigations have been conducted on the fire resistance of hybrid fibre reinforced concrete incorporating steel and polypropylene fibres. However, limited research exists on the fire resistance of HFRC reinforced with alternative fibre types. Exploring the synergistic effects of different fibre combinations on enhancing the fire resistance of FRC would be advantageous.
• The available findings on the impact of the cooling method type and size of the specimen are also not dependable, and further investigation is required to indicate their exact effects.
• Furthermore, future work should establish standard testing procedures to reduce the variables’ impact on the output.
• Eurocode 2 (Code, 2005) only stipulates the propylene fibres minimum volume for decreasing spalling risk in high-strength concrete. However, resistance against spalling relies on fibre volume and aspect ratio as well as on the ingredients of the matrix. Consequently, the current requirements stated in Eurocode 2 (Code, 2005) may not be acceptable. A detailed standard is obligatory for optimum volume for various fibre types for an appropriate mix design and a particular aspect ratio.
• Moreover, numerical and experimental research is also needed to validate the analogy of the collective effect of different fibre types and micro-defects in improving the spalling resistance.
• Likewise, the sole addition of ultra-high molecular weight polyethylene fibres, although they provide higher ductility and strength simultaneously, their sole incorporation for better resistance against spalling, remains an investigative area for future research.
• The available research on thermally stable fibres like polybenzimidazole, basalt glass, etc., is also quite limited in validating the respective FRC performance, indicating a gap for future research.
• An in-depth study is required to improve the spalling behavior of UHPC with hybrid steel and natural fibres, promoting its use as a sustainable material for elevated temperatures. Future studies should focus on the MIP analysis of natural fibres in UHPC to understand their swelling/shrink effect, which can influence pore size/diameter at high temperatures.
9 CONCLUSION
Fibre reinforced concrete (FRC) has significant advantages, but its fire resistance remains a critical concern. The scientific community has leveraged abundant information and innovative communication networks to propose a reliable bibliometric metric based on statistical analysis. This metric allows evaluating FRC-related publications from research groups, institutions, individuals, and countries to draw scientifically sound conclusions. A review-based study is ideal for identifying emerging trends in the literature on FRC’s fire resistance application, providing valuable insights for young scholars and researchers. The main aim is to conduct an in-depth analysis of the existing literature, delving into various aspects of FRC behavior at elevated temperatures. This includes discussing pore pressure behaviors, spalling behavior and mechanisms, residual mechanical properties, and microstructural analysis under high temperatures, as it pertains to FRC’s application in fire resistance. The drawn conclusions are as follows.
• The widespread use of concrete in various structures has increased fire vulnerability, leading to physical and chemical alterations, reduced strength, explosive spalling, and safety issues; thermal conductivity and specific heat are crucial thermo-physical properties affected by factors like aggregate type, moisture content, density, porosity, SCMs, environmental temperature, and measurement methods. Fire-induced spalling, which can result from increased pore pressure, heat-induced stress, or a combination of these variables, is a serious problem for concrete. High tensile strength fibres, like steel fibres, can prevent the development and spread of microcracks by serving as bridges during heating and cooling cycles. Conversely, fibres with lower melting points, like polypropylene fibres, might open up channels for water vapour to escape when temperatures are high. This enhances concrete’s resistance to spalling by reducing the harm done by temperature gradients and internal pore pressure.
• When subjected to high temperatures, concrete undergoes physical and chemical reactions that result in strength degradation and the risk of explosive spalling. Introducing fiber reinforcement, particularly in HFRC with steel and synthetic fibers, holds potential for enhancing concrete’s resistance to elevated temperatures and improving its mechanical properties. The thermal conductivity of FRC is a crucial aspect affecting heat conduction, which can be influenced by factors such as aggregate type, moisture content, and density. Gaining insights into these factors can aid in the development of more fire-resistant and thermally efficient FRC structures.
• Fiber reinforcement in concrete improves its resilience against high temperatures, reducing spalling caused by thermally induced stress and pore pressure accumulation. FRC, especially HFRC with steel and synthetic fibers, exhibits enhanced mechanical properties, crack management, and fire resistance. Steel fibers play a crucial role in mitigating thermal stress due to their thermal stability and crack-resistant characteristics. However, challenges in international regulations and standards hinder the widespread adoption of fiber-reinforced concrete for high-temperature applications.
• Spalling in concrete under high-temperature conditions results from the interplay of thermal, hydraulic, and mechanical degradation processes. Vaporization of water within the concrete leads to the accumulation of pore pressure, while thermal gradients cause thermal stress-induced cracking. The explosive spalling of concrete can be mitigated by using steel fibers, which lower pore pressure, improve thermal conductivity, and enhance the concrete’s tensile properties. The incorporation of fibers into the concrete mix offers potential benefits in reducing the risk of explosive spalling by improving its behavior under elevated temperatures.
• The working mechanisms of different fibers in cementitious composites may vary. Two mechanisms have been reported in the literature, i.e., vapor migration via pressure-induced tangential space (PITS) and vapor migration through channels formed by the melting of fibers. The PITS mechanism, independent of the fiber type used, provides a viable explanation for fiber behavior in concrete, enhancing spalling performance. On the other hand, the melting of polymer fibers can create empty channels for vapor pressure release and facilitate vapor migration through an interconnected network of microcracks. Hybridization with steel fibers can control cracking under elevated temperatures, further enhancing spalling resistance. Understanding these mechanisms offers valuable insights for improving concrete’s behavior during fire exposure.
• The addition of fibers to concrete significantly enhances its residual compressive strength, and incorporating steel fibers along with a higher content of natural fibers improves spalling resistance. The study emphasizes that the compressive strength of FRC is affected by the type and volume fraction of fibers and the exposure temperature. Steel fibers generally demonstrate a pronounced linear decline in relative compressive strength as the temperature increases, while the influence of polypropylene (PP) fibers depends on the fiber dosage and replacement materials. Hybrid fiber-reinforced concrete shows promise in enhancing fire resistance. Significant variations in the mechanical properties of FRC have been observed in reported studies, mainly due to the utilization of diverse heating and cooling techniques. Therefore, it is crucial to establish a standardized testing method to ensure consistency and facilitate future research in this field.
• The SEM analyses indicate that polymer fibers effectively mitigate spalling and enhance permeability at elevated temperatures, whereas steel fibers improve FRC’s microstructure and reduce porosity, enhancing its high-temperature performance. Nevertheless, prolonged exposure to high temperatures may lead to a weakening of the matrix-fiber bond in steel FRC, presenting potential drawbacks. Additional cracking during heating is attributed to fiber dilation and arrangement. According to SEM analysis, steel fibers restrict crack propagation and enhance connectivity between voids and interfacial gaps in concrete. Conversely, polymer and natural fibers produce radial microcracks that facilitate vapor migration. The hybridization of steel fibers with polyvinyl alcohol and natural fibers results in diverse effects on FRC properties at elevated temperatures.
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