Fire resistance of geopolymer concrete: A critical review
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Abstract: Although a novel inorganic family of geopolymer concrete (GPC) is a promising building material. The need for understanding its resistance against fire at high temperatures is considered essential to ensure its long-term durability. Physical examinations of the degree of cracking, spalling, brittleness, and loss of strength in GPC upon exposure to high temperatures and during fires provide an indicator of their resilience to such conditions. The addition of recycled fibers (RFs) to GPC has been reported as a strategy for overcoming these limitations and preventing concrete microstructure deterioration. Therefore, the development of RF-reinforced GPC (RF-RGPC) to resist fire has become research imperative. The use of RFs derived from industrial wastes provides additional benefits, such as waste reduction, resource conservation, reduced processing costs compared with virgin fibers, and the elimination of waste disposal in landfills. Moreover, RF-RGPC is an inorganic polymer binder made through the alkali activation of reactive aluminosilicate materials that comprise RFs, which increase its structural reliability. In this regard, conducting a critical literature review of current updates related to the fire performance of RF-RGPC subjected to elevated temperatures and during fires is urgently necessary. This study provides critical reviews on the type of RFs, spalling mechanism, physical inspection and properties of RF-RGPCs. It also comprehensively demonstrated the influence of fire on the properties of RF-RGPC after high temperature exposure. The major findings of this study are expected to introduce this unique, cutting-edge, accessible, and environment-friendly RF-RGPC as a promising, durable and heat- and fire-resistant building material for the current infrastructure and sustainable construction industries. 
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Abbreviations 
	ASR
	Alkali-silica reaction

	FA
	Fly ash 

	FRP
	Fiber-reinforced polymer 

	GGBFS
	Granulated blast furnace slag 

	GPC
	Geopolymer concrete

	MK
	Metakaolin

	PA
	Polyamide

	PET
	Polyethylene terephthalate

	PP
	Polypropylene

	RCF
	Recycled carpet fibers

	RF
	Recycled fibers 

	RF-RGPC
	Recycled fiber-reinforced GPC

	RHA
	Rice husk ash 

	RM
	Red mud 

	RPF
	Recycled plastic fiber

	RSF
	Recycled steel fiber

	PVC
	Polyvinyl chloride

	SF
	Silica fume

	TC
	Thermochemical

	TF-RGPC
	Textile fiber-reinforced GPC

	TH
	Thermo-hygral

	TM
	Thermomechanical

	HDPE
	High-density polyethylene


[bookmark: _Toc59301215][bookmark: _Toc91940617]Introduction
[bookmark: _Toc59301234]Geopolymer concrete (GPC) was invented by Davidovits primarily for 3D amorphous aluminosilicates in late 1978 [1,2]. The hardened product of GPC is resistant to weather and can tolerate temperatures of up to 1000 °C–1200 °C [3]. Therefore, GPC is regarded as an alternate cementitious material that is generated by combining a base material with a high volume of silica and alumina [2,4–6]. One of the most important reasons for the increased interest in GPC compared with other types of concrete is the reduction in CO2 emissions achieved by using geological products in concrete. Recent research has reportedly focused on using GPC instead of ordinary Portland cement (OPC) to reduce CO2 emissions [7–10]. The geopolymerization mechanism comprises the reaction of alumina solids and amorphous silica with an alkali to produce amorphous aluminosilicate binders [11]. GPC can be composed of granulated blast furnace slag (GGBFS) [12], silica fume (SiF) [2], fly ash (FA) [10,13–16], red mud (RM) [17], rice husk ash (RHA) [18–21], and metakaolin (MK) [22] as primary raw materials with geological origin or common by-product materials [7,23]. The mechanism by which GPC dries and strengthens differs significantly from that of OPC. GPC exhibits exceptional mechanical characteristics, with compressive strength exceeding 100 MPa [24]. GPC demonstrates excellent potential for acid resistance, fire resistance, and alkali–silica reaction (ASR) [25]. It has an inorganic structure and does not burn in contrast with organic polymers; it is nontoxic, nonsmoking, and has a low processing temperature compared with ceramic composites [1]. Given its fire-resistant capability, GPC can be used as a green construction material with enormous possibilities for sustainable development and as infill [26]. 
[bookmark: bb0010]GPC is similar to its counterpart high-strength concrete in terms of losing its hardened strength after being exposed to fire, causing cracking, followed by spalling [27–32]. Moreover, concrete is acknowledged to perform considerably better under compression load than under tensile load because of its brittleness [33]. GPC is also comparable with normal concrete in terms of brittleness [7,34]. When the elastic tension of structural concrete elements without reinforcement reaches its limit, microcracks occur, followed by macrocracks, and eventually failure [35]. Water and other harmful elements seep into cracks, corroding steel. Therefore, small cracks exert a significant effect on concrete’s long-term resilience. In addition, GPC performs better than OPC at high temperatures [36,37]. Similarly, GPC retains its compressive strength under elevated temperatures, and the bond between its cement paste and steel bar is stronger than that of OPC [38,39]. GPC’s weakness arises from its brittle nature. Hence, the brittleness of GPC and OPC is also evaluated, with GPC having smoother fracture planes than OPC [40]. Changes in binder material morphology also affect the microstructure of the matrix, reducing fracture load. The brittleness of GPC has to be reduced to obtain a high-performance maintainable construction material [41]. Incorporating fibers into cement-based products can help overcome the aforementioned disadvantage [7]. Avoiding concrete microstructure degradation is another challenging issue [42,43]. One of the utmost practical solutions for this issue is the use of recycled fibers (RFs) (refer to RF classification in Fig. 1 [44]) from postconsumer or industrial waste, with additional benefits, such as waste reduction, resource conservation, lower processing costs than virgin fibers, and eliminating the need for waste landfills [45]. Moreover, the use of RFs in GPC can efficiently enhance the stiffness, shrinkage, and durability properties of concrete, such as resistance to fire, particularly the bending strength of reinforced GPC after exposure to elevated temperatures. Natural raw resources, such as fibers and aggregates, can be used to construct green and eco-friendly structures [46].
RF-reinforced GPC (RF-RGPC) is a noncombustible, heat-resistant, and inorganic polymer binder produced through the alkali activation of reactive aluminosilicate materials that comprise RFs, which increase its structural integrity. RF-RGPC is composed of randomly oriented and consistently distributed short discrete RFs [47]. RFs include recycled plastic fibers (RPFs) [48–52], recycled carbon fibers (RCFs) [53–56], recycled steel fibers (RSFs) [57–63], and recycled textile/fabric fibers [64–70], recycled natural fibers (RNFs) [66,71–80]; which imbue varying properties to concrete [81]. Moreover, the characteristics of RF-RGPC changes with varying concrete, geometry, RF material, orientation, distribution, and density. RFs should be uniformly distributed throughout the concrete mixture to function effectively [81]. They can increase concrete strength by improving the tensile and flexural strengths, toughness, and ductility of the RF-RGPC mixture [82–84]. Many types of fibers are recycled in concrete mixtures, and they are typically available in metallic or polymeric form. Examples include RSFs, RGFs, natural fibers, synthetic fibers, and pre-consumer/postconsumer waste fibers [85]. In accordance with previous studies, the use of polypropylene (PP) fibers in concrete is a common practice to reduce the risk of concrete spalling in case of fire [86–88]. Other scholars used maleic anhydride-grafted PP to cover the surface of waste plastic fibers to decrease de-bonding between concrete and fibers, improving the dispersion properties of RFs [89]. The addition of small-diameter PP fibers to the tunnel lining not only provides reinforcement but also reduces spalling and lining damage in the event of a fire accident [90].
The current comprehensive review determines that a green construction material with excellent fire-resistant and mechanical performance is required for structural applications [35]. A few studies also investigated RGFs [91,92], recycled tire steel fibers [93] (reported to have the highest melting point of 1435 °C) [94], textile fibers [95,96], and recycled carbon fibers [97,98] in GPC. Many scholars also conducted research on the performance of these RF types during a fire; such research is required to understand the effect of fire on the long-term performance of GPC [81]. 
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Types of RF used to reinforce GPC composites
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Fig. 1: Classification of RFs used to reinforce GPC composites (Adapted from [44])

Long-term performance characteristics, such as the shrinkage, creep, and fatigue performance of concrete with RFs, will require a more detailed and comprehensive investigation in the future. However, a careful mix design is required to achieve significant chemical stability, low-volume variations, strength endurance, and spalling resistance [35]. Factors, such as precursor choice, aggregates, total alkali content, and water content, are critical and should be controlled. GPC can predictably satisfy this requirement. However, to determine the updated behavior of GPC during a fire, a critical literature review should be performed on current state-of-the-art developments related to the fire-resistant performance of RF-RGPCs subjected to high levels of temperature and during a fire. Table 1 summarizes the previous findings on the effect of varying temperatures on GPC specimens.
Table 1. Previous studies on the effects of fire on GPCs
	Temperature level, °C
	Observations
	Refs.

	300–700
	GPC mortar exhibited more tensile and bending strength temperature depreciation than OPC mortar but less bond and compressive strength degradation.
	[99]

	600
	Compressive strength was considerably improved with a Na2SiO3/NaOH ratio of 3, and residual compressive resistance was increased to 600 °C.
	[100]

	200–800
	During heat cycles, the compressive resistance of GPC decreased. Loss of mass and compressive strength increased as temperature rose.
	[101]

	500
	Even after exposure to high temperatures, the MK/FA-based GPC samples presented bending and compressive performance similar to the OPC specimens. GPC based on MK/FA is a feasible alternative to normal OPC.
	[102]

	100–900 
	The strength of combined sodium and potassium GPC (30%–40%) remained unaltered after exposure to elevated temperatures, whereas the strength of GPC produced with sodium was reduced by 10%.
	[103]

	800
	The study identified the two most important characteristics for GPC activity at high temperatures (800 °C), namely, 10 mm aggregate size and GPC matrix. The result of a large loss of GPC concrete at high temperatures is thermal instability between the GPC matrix and aggregates at low and high temperatures. 
	[104]

	1300–1400
	GPC exerted a considerable effect on thermal shrinkage reduction as Si/Al ratio increased due to porosity reduction during sintering and dehydroxylation.
	[105]

	800–1000
	Following fire exposure, the GPC samples suffered less damage in terms of cracking than the OPC concrete specimens. For exposure between 800 °C and 1000 °C, significant spalling was observed in the OPC samples, but not in the GPC samples. 
	[106]

	550
	Compared with the original strength value, the strength of GPC paste increased by 192% at 550 °C, while the strength of OPC paste only changed slightly. Nevertheless, the proportion residual strength of GPC and OPC after heating to 550 °C was similar.
	[107]

	900
	All the GPC specimens presented reduced compressive strength after being exposed to a high temperature of 900 °C. Although the GPC mixtures exhibited excellent chemical stability at the microscale, their volume was weakly maintained at the mesoscale, and thermal shrinkage was extremely high.
	[108,109]

	800
	GPC beams had the same deformation characteristics as reinforced cement beams at room temperature. The strain compatibility technique underestimated the deformation behavior of enhanced GPC beams when subjected to high temperatures.
	[110]

	600–900
	The amount of Si-O-Na bonds in the GPC samples was reduced via cross-linking polymer modifications at 600 °C. After the occurrence of large morphological changes, such as the formation of a complex pore structure, thermal action at 900 °C considerably reduced oxygen and articulated sodium.
	[111]

	800
	The linear dimensional stability of GPC paste and mortar remains unaltered until 800 °C. The inclusion of 10% micro silica increased the filling effect, improving compressive strength while compromising the integrity of the bulk GPC specimen.
	[112]

	200–800
	The rubberized GPC lost strength at increased heats only slightly more than the control GPC because of irregularities in the thermal expansion of integral materials.
	[113]



[bookmark: _Toc91940618]The fibers
The use of fibers has been effective in enhancing the toughness, shrinkage, durability, and cracking resistance of concrete by bridging cracks in concrete before the latter is pulled out or stressed to the point of rupture [114–118]. Moreover, the use of RFs contributes to proper waste management and conventional resource conservation [119]. Fibers can be natural or artificial [120,121], and they can be classified into the following categories in accordance with their shape: i) continuous fibers [122,123], ii) discontinuous fibers [124,125] (typically short fibers with a diameter of 3–5 μm) [126,127,73,128,129], iii) whiskers (typical diameter is <1 μm) [130], and iv) particulates. Fibers can be further classified on the basis of their inter-filament configuration , as follows: RSFs [81], RCFs [131], rCFs [132], polyvinyl alcohol (PVA) fibers [133], RGFs [127], sisal fibers [79], and linen fibers [134]. These categories can be further classified into i) nonwoven fibers (PP [135,136], flax [115], and cotton fibers [137]) and ii) woven fibers (glass mat , cotton fabric [138], tyre fibers [93,139] and flax fabric fibers [115]). Meanwhile, biodegradable, nontoxic, and renewable fibers, such as flax [115], sisal [140], bamboo [121], pulp [141], jute [121], and sugarcane [142], are classified as cellulosic fibers [143] (some of these RFs are depicted in Fig. 2 [44]). 
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Fig. 2: Typical RFs used to reinforce GPC composites (Adapted from [44])
The use of spiral-shaped and hooked-end RSFs reportedly improved the tensile strength and compressive strength of GPC [144]. Moreover, an improvement of approximately 32.1% in bond strength was noted when wavy RSF composite was used [145].
[bookmark: _Toc91940619]Recycled inorganic and carbon fibers
Inorganic fibers are typically considered cost-effective alternatives to RCFs in terms of high-temperature resistance [52]. When subjected to high temperatures of up to 1000 °C, the mechanical strength of basalt fiber-reinforced GPC improved due to enhanced bonding between recycled basalt fibers (RBFs) and the matrix after the sintering process [146]. At 600 °C–1000 °C, the use of alumina fibers and recycled refractory particles  promotes the retention of the high mechanical strength and energy absorption of MK-GPC due to the controlled composite volumetric contraction of thermally stable fibers [147]. Moreover, the use of inorganic fibers, such as silicon carbide or alkali-resistant (AR) glass, in GPC results in high thermal stability at 1000 °C [148]. 
However, defects due to the use of inorganic fibers at high temperatures have also been reported [149]. For example, a flexural strength of 194 MPa at 600 °C was recorded without significant deterioration when RBF-reinforced GPC was used, but it crystallized and melted at higher temperatures [150]. This situation can be compounded by oxygen transition through the porous matrix [151]. A tensile strength of 245 MPa was also observed with the use of RCF-GPC composite, sustaining approximately 60% of its strength after exposure to fire at 800 °C [152]. A nearly similar observation was made when GPC reinforced with micro RCFs was used, retaining more than 50% of its compressive strength at 800 °C [153]. This result may be explained by the adequate interaction between RCFs and the binder at higher temperatures, hindering the formation of cracks and the deformation of the matrix [92,151,154]. Meanwhile, sol (SiO2) impregnation improved the mechanical strength of RCF-reinforced GPC by approximately 35% at higher temperatures up to 900 °C [155]. Despite several benefits, such as improved mechanical strength, high thermal resistance, and high energy absorption, high cost and partial carbon oxidation at high temperatures still limit the practical application of RCF-reinforced GPC [151,156].
[bookmark: _Toc91940620]Recycled steel, basalt, and textile fibers
The use of 0.5% RSFs (by volume) in GPC exhibits strength retention up to 600 °C [157]. It is reported that the stainless steel-reinforced GPC retained approximately 59% and 44% of its flexural strength at 800 °C and 1050 °C, respectively. The incorporation of steel fibers improves the tensile strength and flexural strength of GPC [158,159]. Moreover, the use of steel fibers improves the shear strength of GPC [160]. When steel fibers were utilized in proportions of 0–3% by volume and heat-cured, durability properties (water absorption, sorptivity, and water permeability) significantly improved as reported in [161]. Alumina chopped fibers can be utilized to enhance GPC at elevated temperatures [162]. RBFs from melting volcanic rocks at 1500 °C–1700 °C are inexpensive inert filler with excellent strength, durability, and thermal properties [163]. The Moh’s hardness scale of RBFs is typically within the range of 8–9; RBFs exhibit superior abrasion resistance and satisfactory acid attack resistance [52,164]. The applicability of RBFs ranges from extremely low (nearly −200 °C) to extremely high (nearly 700 °C–800 °C), but RBFs may undergo structural changes at higher temperatures [165]. 
Although fiber-reinforced polymer (FRP) has several benefits, its application is limited due to its low resistance to high temperatures [166]. Textile fiber-reinforced GPC (TF-RGPC) offers a promising solution to mitigating the poor resistance of FRP to high temperatures. TF-RGPC composites consist of fabric grids and a cementitious agent (typically mortar) that functions as matrix and binder. Textile-reinforced mortar (TRM) composites exhibit higher fire resistance compared with epoxy resin utilized in FRPs; TRM is also more compatible with the concrete substrate [167]. 
[bookmark: _Toc91940621]Recycled polymer fibers
Synthetic polymer fibers are extensively manufactured from raw materials or recycled from plastic waste [52]. The utilization of RFs in civil engineering applications is a formidable and sustainable solution for the proper waste management of widely used plastics, such as polyethylene (PE), PE terephthalate (PET), PP, and PVA [168]. PET is the most widely used plastic; it is used in the manufacturing of containers for liquids, foods, and others. An alternative solution to proper waste management is the shredding of PET bottles and containers to produce short fibers of various lengths, commonly known as polymeric fibers. PP, which is derived from monomeric C3H6, is a pure hydrocarbon like paraffin wax with various shapes, sizes, and properties [169]. Low cost, inert characteristic at high pH, controlled concrete plastic shrinkage, and easy dispersion are some of the benefits associated with the use of such polymeric fibers [170]. However, using these polymeric fibers can also result in low thermal resistance, low elastic modulus, and poor interfacial contact with the cement matrix due to their inherent hydrophobic characteristics [171–173]. Nevertheless, the production of polymeric fibers through the recycling of PET bottles has a promising future in the concrete industry. 
The use of PET fibers will not only exhibit comparable mechanical properties but will also yield cost-effective and environmental benefits [174]. Meanwhile, the use of PVA fibers can achieve higher tensile strength and concrete modulus within the range of ~0.8–2.5 GPa and ~29–42 GPa, respectively. Such result is attributed to the strong chemical bond with the cement matrix caused by the presence of the hydroxyl group in PVA’s molecular chains [175]. However, the cost of PVA is high; in addition, its high chemical bond can lead to fiber rupture, limiting the tensile strength capacity of GPC [52,176–178]. By contrast, the characteristics of PE fibers are highly dependent on their molecular mass, polydispersity, and crystallinity degree of [179]. High-density PE fibers are reported to have a tensile strength and modulus of elasticity of approximately 3.5 GPa and 110 GPa, respectively [180]. In addition, PE fibers are hydrophobic [181]. However, when eco-friendly and energy-efficient polymeric fibers are preferred, monofilament cellulosic fibers, such as jute, hemp, kenaf, bagasse, and sisal, can be utilized as alternatives in cement composites [143]. Cellulosic fibers are abundantly available at a low price; they have low density, reduce thermal conductivity, and provide satisfactory mechanical properties when used in cementitious composites. 
However, the use of cellulosic fibers in cement composites has four major problems, which are as follows: i) poor durability, ii) reduced workability of fresh composite at high fiber content, iii) varying material properties, and iv) poor matrix interaction [143,182,183]. The incorporation of volatilizable and low-temperature decomposable fibers is also not suggested for high-temperature applications due to high shrinkage and porosity formation in GPC at high temperatures [146,184–186]. Table 2 summarizes the influence of type and contents of materials used in RF-RGPC/RC at different temperatures and its effect on various GPC properties.

Table 2. Influences of the type and contents of materials used in RF-RGPC/RC at different temperatures
	Type of RFs
	Dosage in concrete, vol%
	Size of fiber, mm
	Aluminosilicate
	Activators
	Observations
	References

	
	
	
	
	NaOH
(√)
	Na2SiO3 (√)
	Temperature/curing condition, °C
	Major findings
	

	RSFs
	0.5, 1.0, 1.5, 2.0
	6–13 L
	GGBFS, SiF
	√
	√
	100
	Drying shrinkage decreased with increasing RSFs.
	[187]

	Macro and micro RSFs
	1.0, 1.5, 2.0
	6 ± 1 L
0.2 ± 0.05 D
	FA, GGBFS
	√ (14 M)
	√
	23 ± 2
	RSF-RGPC exhibited better resistance to corrosion.
	[188]

	RSFs
	0.25, 0.5, 0.75, 1.0
	30 L, 0.5 D, AS of 60
	FA
	√ (10 M)
	√
	60–105
	GPC presented better durability characteristics with RSF inclusion.
	[189]

	Micro RSFs, PP
	0.5, 1, 2, 3, 4
	12–22 0.04–0.20 D
	FA
	√ (16 M)
	√
	60–105
	Inclusion of PPF reduced flexural strength. 
	[190]

	RSFs
	0.5, 0.75, 1.0
	~5–10
	FA
	√
	√
	~100
	Inclusion of RSFs increased flexural and fracture properties.
	[191]

	Crimped RSFs
	0.25, 0.75, 1.5, 1.75, 2
	12–20 L
40–150 µm D
	FA
	√ (14 M)
	√
	20 ± 2
	Addition of RTS fibers resulted in reduced crack widths.
	[63]

	Hooked-end RSFs
	0.4, 0.5, 0.6, 0.8
	35 L, 65 AR
	GGBFS, POFA
	√ (12 M)
	√
	26–29 
	RSFs, oil palm shell as coarse aggregate type (crushed or uncrushed).
	[192]

	RSF, HSPE, and PP
	2–4
	0.30 D, 25 L
	FA, GGBFS
	√ (12 M)
	√
	3–80 
	GPC retained integrity at higher levels of confinement.
	[193]

	Hooked-end RSFs
	0.5, 1, 2
	30 l, 40 AR
	GGBFS, nano-silica FA
	√
	√
	~70
	RSF inclusion improved flexural performance and bonding strength.
	[194]

	Polyolefin, hooked-end RSFs
	0.35
	60 L, 0.5, 0.75
1D
	FA
	√
	√
	~1100
	Increased durability and substantially reduced carbon emissions.
	[195]

	Macro RSFs and PP
	0, 0·45, 0·90, 1·80
	19 L
	FA
	√
	√
	23 ± 2
	Slight reduction in compressive strength was observed with the use of PP fibers.
	[196]

	RSFs
	~1.5
	8–25 L, 
1D
	GGBFS
	-
	√
	24–60
	RSF inclusion exhibited a mechanical performance
	[197]

	RSFs
	2, 3, and 5
	30 D, 0.5 L
	FA
	√
	-
	60–300
	RSF inclusion increased flexural strength.
	[198]

	RSFs and  PVA
	1, 2
	0.6–1.18 D 
	FA
	√ (8 M)
	√
	20–60
	RSF/PVA/hybrid improved ductility.
	[199]

	RSFs
	0.5, 1.0
	35 L, 12 D, 65 AR
	FA
	√ (14 M)
	√
	~60
	Shear capacity improved with RSF inclusion.
	[200]

	RSFs and zirconia 
	0.5, 1.0
	3.5 μm D, 20–35 L
	FA
	√, KOH
	√, K2SiO3
	200–1000
	RSFs enhanced the stiffness of the composite.
	[147]

	RSFs
	0.5, 1.0, 2
	13 L, 0.16 D
	FA, GGBFS, SiF
	-
	K2SiO3
	21–90
	RSFs improved fiber–matrix interfacial bond.
	[201]

	RSFs and  PP
	1, 2
	30–30 L, 0, 5 D, 65 AR
	FA, GGBFS
	√
	
√
	23 ± 2
	RSF/PP fibers increased the flow of FA-based GPC.
	[202]

	Galvanized RSFs
	~1
	1 D
	FA
	√ (4 M,6 M,8 M)
	√
	21 ± 2
	An increase in the interfacial bond between the matrix and fibers.
	[203]

	Hooked RSFs
	0.25, 0.50, 0.75
	60 L, 35 D, 80–65 AR
	POFA, MK
	√ (14 M)
	√
	28–65
	RSF addition improved toughness.
	[204]

	RSFs
	~5
	16 L, 0.8 D, 20 AR
	GGBFS
	√ (12 M, 14 M, 16 M)
	-
	~ 70
	RSF content attained high-strength GPC composite.
	[205]

	Micro and macro RSFs
	1, 2
	6–18  L, 0.2–0.55 D, 30–33 AR
	FA, GGBFS
	√ (14 M),
	√
	21 ± 2
	Addition of hybrid RSFs provided the highest improvement in peak axial load and ductility.
	[206]

	E-RGFs
	0.25–1
	3, 6, and 8 L
	FA
	√ (14 M)
	√
	21 ± 2
	Strength properties were found to be improved by 1%.
	[207]

	RGFs
	0.01, 0.02, 0.03, 0.04
	12 L, 14 5 μm D
	FA
	√ (14 M)
	√
	
21–90
	RGF inclusion achieved higher strengths in short curing (72 h)
	[208]

	RGFs
	0.1–0.5
	600 AR
	FA
	√
	√
	27–100
	Split tensile strength increased.
	[209]

	RGFs
	~2
	16 D
	FA, GGBFS
	√
	-
	21 ± 2
	Serviceability performance was enhanced with higher reinforcement ratio.
	[210]

	RCFs
	1–2
	6 L, 7 μm D
	MK, FA
	-
	√, K2SiO3
	25–800 
	RCF inclusion attained higher fire resistance
	[102]

	RCFs, E-glass, PVA, and PVC
	~1
	7±1 L, 10–18 µm D
	MK, ladle slag
	√ (8 M)
	√
	~700
	Inclusion of fibers exhibited an increase in toughness.
	[158]

	RBFs
	1–2
	18 L, 15 µm D
	FA, GGBFS
	√ (8 M)
	√
	23 ± 2
	RBF inclusion significantly improved deformation.
	[211]

	Alumina-coated RSFs
	0.25, 0.50, 0.75
	0.66 D, 45 AR
	MK
	-
	-
	10–80
	Alumina-coated RSF contents enhanced bond strength.
	[212]

	RSFs
	0.5, 1
	300 L, 0.6 D
	FA
	√ (12 M)
	√
	20–60
	1% RSF had the highest compressive strength
	[213]

	RSFs
	0.5, 1, 1.5
	30 L, 0.5 D
	GGBFS
	√
	√
	
	RSFs decreased fracture energy and increased ductility.
	[214]

	RSFs
	~1.5
	15 L, 0.12 D
	FA, GGBFS, SiF
	√
	√
	20 ± 2
	RSF inclusion, ceramic ball aggregates.
	[215]

	RSFs
	1, 2, 3
	6–13 L, 0.12–0.20 D
	FA, GGBFS, SiF
	√
	√
	20–80
	Toughening efficiency and  inferior strengthening 
	[216]

	RSFs
	0.20, 0.15, 0.10
	61–66 L, 0.75–0.8 D
	FA, GGBFS
	√
	√
	20 ± 2 
	Effect of NiTi–RSF on the fresh and mechanical properties of GPC
	[217]

	RSFs
	1, 2, 3
	6–13 L, 0.12 D, 108 AR
	FA, GGBFS, SiF
	√
	√
	20–80
	Reducing RSF content improved fracture performance
	[218]

	RBFs
	1–2
	25–25.62 µm D
	RHA
	√  (12 M)
	√
	20–25 
	RBF content helped reduce drying shrinkage
	[219]

	PP
	0.5, 1, 2
	30–36 L, 0.5 D
	MK
	√
	-
	20 ± 2 
	PP inclusion increased the flow of GPC
	[220]

	PP, micro RSFs
	0.5, 1, 2, 3, 4
	12–20 L, 0.04–0.2 D
	FA
	√ (16 M)
	-
	20–150
	RSF/PP inclusion significantly improved energy absorption
	[190]

	PP
	0.2–0.8
	3 L, 10 µm D
	MK, FA
	√
	-
	80–900
	PP inclusion considerably improved strength and toughness
	[221]

	RSFs, PP, and PVA P
	0.4, 0.8, 1, 1.2
	6–12 L, 0.075–0.17 D
	FA, GGBFS
	√ (12 M)
	-
	23–80
	PP, PVA, and RSF inclusions improved toughness, shrinkage behavior, and abrasion resistance
	[222]

	PP and RSFs
	1.8–9
	58–60 L
	FA
	√ (14 M)
	√
	20–60
	Addition of hybrid RSF/PP improved flexural strength and toughness. 
	[223]

	PP
	0.3, 0.5, 1
	~30 L, 0.5 D
	MK
	√ (8 M),
	√
	20 ± 2
	PP inclusion dramatically improved durability
	[224]

	Micro PP and RSFs
	0.25, 0.5, 0.75, 1
	12–20 L, 0.04–0.2 D
	FA, GGBFS
	√ (10 M, 12 M, 14 M),
	√
	20 ± 2
	Hybrid PP inclusion improved mechanical properties.
	[225]

	PP, RBFs, and RSFs
	0.1–0.5
	12–13 L, 18–30 μm D, 0.2 D
	FA, GGBFS
	√
	√
	150–196
	Addition of PP and RBFs improved strength properties.
	[226]

	PP
	0.05, 0.15
	~30 L, 0.5 D
	FA
	√ (8 M)
	√
	70–90
	PP inclusion enhanced ductility and compressive strength.
	[227]

	PP
	0.02–0.06
	6  L, 18 μm D
	MK
	√ (12 M)
	√
	65–1000
	PP inclusion attained higher fire resistance.
	[186]

	PP
	0.5, 1
	6 L, 20 µm D, 300 AR
	RHA, nano-Al2O3
	√
	√
	200–700
	PP fibers improved mechanical properties.
	[228]

	Cotton fiber
	~0.025–0.05
	4–16 D
	FA
	√ (8 M)
	√
	20 ± 2
	Cotton fiber inclusion exhibited tendencies for crack bridging.
	[229]

	STF
	1, 3, 5
	30 L,  0.5 D
	FA
	√ and Na–K water glass
	
	60–105 
	Addition of STF improved bonding and matrix of GPC.
	[230]

	Coconut and sisal fibers
	0.5, 0.75, 1.0
	35–40 L, 20–179 µm D 
	FA
	√ (10 M)
	√
	25–60
	Coconut and sisal fiber content improved indirect tensile strength.
	[231]

	Jute and sisal fibers
	0.5–3.0
	10 L, 53 and 137 µm D
	Fired clay
	√
	√
	~65
	Sisal and jute fiber content significantly increased properties.
	[232]

	PVA fibers
	0.5, 1, 1.5, 2
	8 ± 0.5 L, 
12 ± 0.5 L,
40–100 µm D
	FA, GGBFS
	√
	-
	20 ± 2
	Inclusion of PVA fibers improved tensile properties and flexural toughness
	[233]

	PVA
	~0.02 
	12  L, 39 µm D
	GGBFS
	CaOH
	√
	
23 ± 3
	PVA fiber exhibited high ductility and self-controlled crack width
	[234]

	PVA
	~1 - 2
	12 L, 0.015 D
	FA, GGBFS, SiF
	-
	√, K2SiO3
	20 ± 2
	PVA fiber inclusion, GPC cover depth
	[235]

	PE and PVA
	~0.2
	8–12 L, 12–40 µm D
	FA, GGBFS
	NaOH powder
	-
	23–60
	PE and PVA fiber inclusion exhibited higher  tensile  ductility
	[180]


Annotations: Length (L), Diameter (D), and Aspect ratio (AR)
[bookmark: _Toc91940622]Spalling mechanism of RF-RGPC
Concrete deterioration due to fire damage is generally caused by two mechanisms: i) thermal dilation, which is directly associated with the temperature field [Fig. 3 (a)], and ii) vapor pressure, which is associated with mass transfer of liquid phases [Fig. 3 (b)] [236]. In general, the concentration of beam shear cracks is reduced as the volume proportion of fiber increases; consequently, the crack pattern changes from being governed by a combination of shear and flexure to being governed by flexure only [237]. 
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                           a) Thermal dilation                                                   b) Vapour pressure
Fig. 3: Spalling mechanism (adopted from [236])
A similar behavior can also be observed in concrete structures reinforced with fibers because the addition of fibers enhances shear resistance more effectively than flexural resistance  [238,239]. Accordingly, the addition of high fiber dosage to GPC beams results in high flexural response with flexural cracks. Moreover, the addition of PFs exhibits a similar but less effective effect on reducing shear cracks due to PF’s inferior stiffness and less amount of fibers bridging the cracks [240]. The addition of fibers can help mitigate or even prevent the spalling of the concrete cover of GPC beams because of the crack bridging effect; spalling is due to the reflected tensile stress waves [241]. In another study, the use of smaller aggregates (10 mm) increased spalling and resulted in the formation of large cracks in GPC; by contrast, the use of larger aggregates exhibited better performance under elevated temperatures [104]. However, concrete deteriorates when exposed to high temperatures. Fire-induced concrete deterioration can also be classified into three types: i) thermo-hygral (TH) damage, i.e., pore pressure builds up in concrete at 220 °C−320 °C due to the blockage of moisture; ii) thermochemical (TC) damage, which is due to the decomposition of CaO at temperatures higher than 700 °C; and iii) thermomechanical (TM) damage, in which external loads and thermal gradients cause thermal stress at 430 °C−660 °C [242].  Notably, the incorporation of PP moderates the damage in concrete [243,244]. 
For example, the addition of PP at below 150 °C results in minute weight losses in the concrete, but such losses increase substantially between 150 °C and 350 °C [245].  Moreover, PP fibers typically melt at temperatures ranging from 166 °C to 170 °C [246,247]. The type and geometry of fibers also affect the pore pressure of high-strength concrete after fire exposure. For example, the use of 12 mm PP fibers exhibited higher resistance to fire damage compared with when 6 mm PP fibers was utilized [248]. Moreover, the use of 12 mm PP fibers demonstrated better performance than that of using 6 mm PP fibers at a high temperature of 600 °C [249]. The addition of 1.0% PP fibers at 600 °C achieved higher toughness and lower residual strength of concrete [250]. Fig. 4 shows the typical appearances of plain and fiber-reinforced concrete specimens after heating–cooling cycles at 600 °C. The figure clearly shows that plain concrete suffered from severe cracking and partial spalling after being subjected to high temperature. Moreover, visible cracks are deep and extended around the surface of the plain concrete specimens. By contrast, Fig. 4 shows less cracking in the RGPC specimens; that is, cracks appear shallower and shorter compared with those in the plain concrete specimens. A conclusion can be drawn that GPCs and alkali-activated materials (AAMs) exhibit better fire resistance than OPC concrete [102,251,252].
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Annotations: Plain concrete (P0), 6 mm in length PP fiber with fiber dosage of 1 kg/m3 (L6P10), 6 mm in length PP fibre with fiber dosage of 2 kg/m3 (L6P20), 12 mm in length PP fibre with fiber dosage of 1 kg/m3 (L12P10), and 12 mm in length PP fibre with fiber dosage of 2 kg/m3 (L12P20)
Fig. 4: Density of cracks in specimens after heating–cooling cycle at 600 °C (adopted from [249])
[bookmark: _Toc91940623]Physical inspection of RF-RGPC matrix
The incorporation of fibers as reinforcement can significantly alter concrete brittleness, and a significant breakthrough in concrete technology was recently achieved using fibers in RGPC. The physical inspection of neat GPC and GPC composites at high temperatures of 200  °C, 400  °C, and 800 °C is illustrated in Fig. 5 [153]. Neat GPC exhibits higher amount, width, and length of thermal cracks than GPC composites. Cracks increase further as temperature increases. This result can be explained by the dehydration/dihydroxylation of GPC and the volumetric expansion of unreacted SiO2 [253]. Moreover, the presence of high thermal resistant thin carbon microfibers can possibly bridge cracks and cause the development of thermal cracks at higher temperatures [254]. The initial peak loads observed at ambient and 4 h curing durations were similar, but a higher initial peak load was observed when curing until 24 h [58]. Similarly, a higher ultimate peak load and a notably steeper softening post-ultimate peak were observed after 24 h of curing. This result was mostly attributed to the enhanced PVA fiber–matrix bond developed during prolonged heat-curing duration, resulting in fiber fracture with low energy toughness. Another study also reported the high performance of RF-RGPC due to the remarkably high fiber–matrix interfacial bond between macro RSFs and the cementitious matrix [255]. Shaikh [199] observed enhanced performance when a high RSF content of 2% was added primarily due to the higher ultimate load with higher RSF modulus. In another study, SF-RGPC exhibited no crack at 400 °C but showed signs of cracks at 600 °C [256]. Significant cracks were observed on the surface at 800 °C, but no major surface cracking occurred, although fine cracks were formed in a few locations [256]. 

[bookmark: _Toc91940624]Properties of RF-RGPC
[bookmark: _Toc91940625]Microstructure property
The use of fibers in concrete helps improve ductility, cracking resistance, impact resistance, and durability properties [257–259]. It is also effective in improving the tensile strength and thermal insulation of lightweight concrete [260–264]. Moreover, the addition of fibers helps reduce the growth of initial cracks and improves the shrinkage and early-age tensile strength of concrete [265,266]. Concrete with two different types of fibers exhibits higher ductility and impact resistance [267,268]. For example, the addition of PP and glass fibers improves the bonding of the fibrocement paste interface, and thus, increases strength [269]. The formation of cracks and low sturdiness in concrete are primarily due to differential volume changes within the concrete matrix that result from temperature variation in concrete [270]. Rudnik [271] concluded that the addition of PP fibers with a length of 12 mm and dosage levels of 1.8−3 kg/m3 achieved inconsiderable thermal stability when concrete specimens were heated from 100 °C–600 °C. However, residual concrete properties increased when PP fibers were utilized at 1, 2, and 3 kg/m3 dosage levels, w/c of 0.3, 0.35, and 0.4, and heating temperatures ranging from 100 °C to 600 ° [272]. From the literature, a conclusion can be drawn that the inclusion of RFs can improve the properties of RF-RGPC. Fig. 6 shows the SEM micrographs of neat GPC and GPC composites at different temperature exposure levels.
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Fig. 5: Physical inspections of carbon microfiber GPC composites after exposure to elevated temperatures (adopted from [153])
Before exposure to high temperatures, a dense and homogeneous matrix that consisted of aluminosilicate gel was observed in all the samples [153]. No degradation of RCFs occurred under alkali action on the smooth surfaces of RCFs in the GPC matrix. The presence of a GPC layer on the fiber ends pulled out from the matrix confirmed the strong adhesion between the GPC gel and fiber surface [273]. In addition, crack deflections caused by carbon microfibers resulted in the formation of curvilinear small cracks in the GPC composites, whereas straight cracks were detected on the fractured surfaces of neat GPC (Fig. 6) [153]. Hence, a conclusion can be drawn that the inclusion of carbon microfibers can be advantageous in preventing any catastrophic fracture of GPCs. In addition, the use of carbon microfibers helps decrease thermal stresses and restricts the swelling of unreacted GPC phases, indicating their high thermal resistance. Therefore, carbon microfibers are suitable for high-temperature applications. 
[bookmark: _Toc91940626]Thermal resistance
As mentioned earlier, GPC composites exhibit higher thermal resistance than the conventional OPC concrete [273,274]. The thermal resistance of fiber-reinforced geopolymer composite (FRGC) typically depends on the mix design of GPC, fiber type, dosages, and its thermal compatibility. The use of carbon FRGC resulted in 60% residual tensile strength (nearly 245 MPa) when subjected to fire at 800 °C [152]. Another study reported 50% residual compressive strength when micro carbons were added to FRGC [153]. Similarly, the control of cracks and improvement in bending at high temperatures were effective when RCFs were utilized in MK/FA-based GPC composite [102]. However, incorporating chopped RCFs at temperatures between 20 °C and 700 °C did not exert any significant influence on compressive strength, although improvement in residual bending strength was observed at temperatures ranging from 20 °C to 500 °C. The use of 50% MK, 50% FA, and 2% chopped RCF is recommended to produce an efficient fire-resistant material. 
The incorporation of RCFs has also been reported to enhance the thermal efficiency of carbon FRGC [102,151–154]. The addition of 0.5 vol.% of RSFs retained the strength of FRGC at 600 °C [157]. In another study, the addition of chopped alumina FRGC maintained flexural strength by approximately 59% and 49% when exposed to fire at 800 °C and 1050 °C [162]. Meanwhile, the incorporation of a steel mesh layer into 125–175 mm-thick GPC panels achieved a high heat transfer rate and less cracking/spalling after being subjected to fire for 2 h.  Consequently, superior fire endurance with a residual load capacity within the range of 61%–71% was demonstrated by the FRGC panels compared with the OPC panels. 
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Fig. 6: Typical fracture surface microstructure of carbon microfiber GPC after exposure to elevated temperature (adopted from [153])

Compared with OPC concrete, steel fiber-RGC specimens presented higher residual strength due to the recorded less internal damage caused by lower temperature differential. This finding indicates the superior fire resistance of steel FRGC compared with OPC concrete. It is also reported that similar findings when steel FRGC specimens were exposed at high temperatures [275].
The addition of inorganic fibers, such as RBFs, improves the residual mechanical strength of GPC when subjected up to 1000 °C; such improvement is mostly attributed to enhanced fiber–matrix bonding [146]. However, lower strength loss was also reported due to the maintenance of shape, length, and mechanical integrity by RBFs after exposure to fire [276]. Improved residual strength with low volumetric shrinkage and low mass loss in FA-GPC composites was also achieved when carbon and RBFs were utilized at 1 wt.% [277]. In addition, the use of RCFs demonstrated better post-fire exposure performance compared with basalt FRGC largely due to its compact composition, high fiber–matrix bonding, and less voids. Meanwhile, the addition of silicon carbide or AR-RGF improved thermal stability and residual strength when exposed to high temperatures of up to 1000 °C [148,149]. By contrast, incorporating synthetic fibers into GPC is not suggested due to high shrinkage and the formation of large voids at high temperatures [146,185,186]. The use of PVA and RBFs to produce foamed GPC improved flexural behavior at high temperatures [146]. 
Moreover, PVA fibers are suitable under ambient temperature conditions; they can provide high resistance to flexure and help avoid total failure under load. However, PVA fibers can start degrading beyond 150 °C. In such cases, RBFs are more suitable than PVA fibers. Nonetheless, foamed FRGC is suitable as an insulating lightweight material, and it exhibits the capability to enhance insulation capacity and reduce thermal capacity by approximately 30% [144]. Good stability with high residual flexural strength was observed in MK-based GPC when SiF and colemanite waste were utilized at a proportion of 20% and the GPC was exposed to fire at 900 °C [144]. Similarly, the use of aluminum powder and PP fibers in foamed MK-based GPC achieved a minimum fire rating of 60 min although the un-foamed GPC exhibited the best fire rating of 97 min [186]. Furthermore, the use of basalt and PVA fibers in MF-based and colemanite-based GPC realized higher residual strength and better structural integrity even at high temperatures of 200 °C, 400 °C, and 600 °C [278].
[bookmark: _Toc91940627]Fracture energy
Previous studies reported that the inclusions of fibers may decrease residual compressive strength after exposure to fire; however, fracture energy after fire exposure is significantly higher than before fire exposure [279]. For example, the addition of RSFs to GPC improves ductility and enhances fracture energy and the stress intensity factor [191]. Although the bending and rupture characteristics of GPC are similar to those of OPC, GPC has better post-peak characteristics. The bending strength and energy absorption capacity of FA-based GPC is significantly improved with the addition of steel microfibers [280]. In another study, an increase in fiber volume increased the composite strength of GPC when subjected to stress while reducing cracking spacing and width [281]. Moreover, an improvement in the fracture energy of FA-GPC with reduced propagation of cracks was observed with the addition of 0.75% of RSFs (by volume) [191]. Kim et al. [119] demonstrated that the incorporation of 0.5%–2% of hooked RSFs (0.5 mm diameter and 30 mm length) improved the fracture toughness of slag-based GPC largely due to bridging action. Similarly, the use of 2% straight copper-coated RSFs (0.18 mm diameter and 13 mm length) enhanced fractural toughness [282]. In another study, an improvement in fracture energy of approximately 2.2–3.6 was observed when RSFs with grade 45 was added to normal weight concrete [283]. As cracks propagate in the concrete matrix, effective stiffness is reduced due to fracture [284,285]. Hence, a conclusion can be drawn that the improved ductility and better post-cracking responses of RGPC and normal reinforced concrete can be indicated by their higher toughness.
[bookmark: _Toc91940628]Fire resistance
Since the inception of GPC technology, its capability to resist fire has been comprehensively studied to understand and develop heat-resistant, nonflammable, noncombustible materials as early as the 1970s [3]. GGBFS is an excellent material that can be utilized to develop fire-resistant GPC [251]. As K2O content in GGBFS increases, the setting time, compressive strength, and fire resistance of GPC increase [23]. GPCs has higher thermal resistance than OPC concrete [274]. The fire resistance of RF- incorporated GPC is dependent on GPC and fiber properties, along with thermal compatibility between fibers and the matrix [273]. Compared with OPC concrete, heat passes more swiftly in GPC specimens when subjected to fire [106]. The color of GPC specimens change from brown to red beyond 650 °C. Noteworthy spalling occurred in the OPC concrete specimens at temperatures ranging from 800 °C and 1000 °C. Meanwhile, spalling was not observed in the GPC specimens when they were subjected to the same temperatures. At 400 °C, 650 °C, 800 °C, and 1000 °C, visible cracks were found on the surfaces of the OPC concrete specimens, whereas inconsequential cracking was observed on the surface of the GPC specimens at 800 °C and 1000 °C. This finding indicates the improved cracking resistance and spalling of GPC concrete when exposed to fire. The damage pattern, visual appearance, and color alteration of GPC specimens after being subjected to high temperatures was reported by Lahoti et al. [108], wherein the evaporation of free water from the pores occurred on the specimens at 300 °C and several extensive and finer cracks were observed. By contrast, the GPC specimens exhibited a more perceptible smashup through cracks at 900 °C fire exposure. Mathewa and Joseph [110] demonstrated that at 800 °C fire exposure, the GPC beam specimens with 20 mm concrete cover cracked at 66% of the cracking load at ambient atmospheric temperature, while only 75% of the referred load was observed with the beam with 40 mm concrete cover. Rickard and Riessen [286] observed that the tested GPC panels exhibited surface cracks on cold and hot sides after fire testing. In their study, cracking originated from the cold phase of the tested panels only after the early dehydration of 1 h ended, suggesting the absence of wide-ranging damage through water evaporation. The discrepancy shrinkage from the hot phase to the cold phase of the specimen can be the reason for the formation of cracks during the cold phase of the tested specimens [287].
The use of basalt and carbon fibers exhibited the peak point of failure in GPC after flexural resistance [288]. Vickers et al. [289] observed thermal stability enhancement due to the addition of fibers [288]. The compressive strength of FA-based GPC (Si:Al augmented ratio from 2 to 3) was inferior to 20 MPa when the samples were fired at 1000 °C. When Si:Al was less than two, the drift in compressive capacity was reversed by a 132% boost in compressive strength consequent to thermal resistance for the control mix [289]. Cao et al. [290] concluded that FA-based GPC blended with calcium aluminate cement (CAC) concrete exhibited higher resistance to fire than OPC concrete at 200 °C–800 °C. Moreover, cement-based concrete was more sensitive to chemical decomposition due to higher temperatures. By contrast, GPC mortars were more stable and durable with the inclusion of CAC, improving fire resistance. Another study reported that the compressive strength of GPC is enhanced as PVA fiber ratio increases when exposed to high temperatures of 20 °C, 400 °C, 600 °C, and 800 °C, as shown in Fig. 7 [185]. 
Reportedly, the GPC is as brittle as cement concrete, and using recycled PET fiber to RGPC rather than virgin polymeric fibers will promote environmental acceptability of RGPCs significantly [291]. The incombustibility of GPCs along with the excellent high-temperature resistance of inorganic and carbon fibers can also be employed to make composites for applications, for example, to improve the thermal resistance [292]. When recycled fibers are used, the high-temperature recital of RGPC composites is influenced not only by the intrinsic features of GPC or fiber, but also by the thermal compatibility of the matrix and the fiber  [52]. Recycled PET bottles to make fiber has recently been shown to have a bright future in the construction industry, after verification of fire performance based on testing numerous R-PET-RGPCs under temperatures  range between 400 – 1050 °C [52]. The molecular mass, polydispersity, and degree of crystallinity of PE fibers all play a role in their characteristics [179].  When alternative inorganic fibers, such as silicon-carbide or AR-glass, were utilized in GPCs, high thermal stability was observed at temperatures up to 1000 °C [148]. However, at high temperatures, some investigations found flaws in various inorganic fiber composites. A recycled basalt fiber-reinforced GPC, for instance, had a flexural strength of 194 MPa up to 600 °C without substantial degradation, but melted and crystallized at higher temperatures [150]. This can exacerbated by oxygen transfer through the porous matrix [151]. Only one study has been reported on the behavior of MK-based, heat-cured (at 45°C) GPC reinforced with recycled PET fiber [293]. The strength of the MK-based GPC composite was found to be reduced when the PET fibre volume fractions increased. Hardening behavior and bending strength of PET fibre RGPC composites (ambient cured) containing 1.5% PET fibre, on the other hand, was found to be higher than those of PVA counterparts [291]. PET fibers offer mechanical characteristics that are comparable to PP and nylon fibers, where they are more economical and ecologically friendly to produce [294]. 
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Fig. 7: Effect of PVA on the fire resistance of GPC (adopted from [185])

Despite the fact that research and recycled inorganic fibers are still in their early life, the distinctive portfolio of characteristics that micro/nano-carbon fibers bring to the game is being used to develop GPC composites with greater energy dissipation as well as high thermal and electrical conductivity [52,295]. This is linked to more local fractures near the fibers, which reduces the GPC composite's strength [171]. They also avoid stress concentration and local fractures by converting internal concentrated stresses applied in diverse orientations into a uniform distribution [295]. Furthermore, a carbon fiber GPCs with a tensile strength of about 245 MPa was reported to retain about 60% of its strength after being exposed to fire of 800 °C [152]. At 800 °C, recycled micro-carbon fiber-RGPCs had a nearly identical results, retaining over 50% of the compressive strength [153]. This is because at high temperatures, the contact between binder and carbon fiber is sufficient, preventing crack development and matrix distortion [92,151,154]. Furthermore, it was found that Sol-SiO2 impregnation improved the strength properties of recycled carbon fiber-RGPC by about 35% at increased temperatures up to 900 °C and prolonged carbon fiber degradation [155]. Despite their excellent hardened properties, thermal resistance, and fracture energy; carbon fiber-RGPCs are limited in their practical uses due to its high cost and thermal decomposition of carbon at extreme temperatures [151,156]. 
A low-temperature and volatilizable decomposable fibers are not suggested for high-temperature applications because their disintegration at high temperatures causes considerable porosity and shrinkage creation in the GPC composites [184–186,296]. Some niche applications for recycled PVA and PE fiber-RGPCs have been investigated due to their high strengths, flexibility and stiffness, ductility, and hydrophilic nature, including the advancement of residual stresses GPC composites, which necessitate a concrete with impact resistance and ultra-high ductility [297,298]. Nevertheless, the high chemical interaction of PVA combined with the low lateral resistance of PVA fibers causes fiber rupture, limiting the tensile strain capacity of the GPC composite (cured at 60 °C) [297]. Due to its intrinsic hydrophobic features, PVA fibers has poor low modulus of elasticity, thermal resistance, and interfacial contact with GPC matrices (as it was stored in ambient conditions with an average temperature and humidity of 32°C) [171]. A comparable use for PP fiber-RGPC has been investigated in addition to making the composite more economical and eco-friendly [171,190]. Recycled PP fibers provide a number of advantages over synthetic fibers, including lightweight characteristics, low thermal conductivity, cost efficiency, and alkali and acid resistance [299]. The effect of basalt fiber on the strengths, shrinkage, and morphology of FA-based GPC is also investigated. It is discovered that basalt fiber improves the rate of CASH, CSH, and NASH formation, which can improve the paste's durability and mechanical characteristics [300].  
The influence of PP fibers on the flexural strength of GPC composites has also been reported [224]. The effect of steel, PP, and polyvinyl alcohol fibers on GPC composites was investigated, and it was discovered that they boost the flexural strength of the GPC composite significantly [222]. The inclusion of fibers can greatly minimize or even prevent shrinkage strains in some circumstances. It has been stated that adding 0.5% PP fibers or steel fibers reduces shrinkage substantially, whereas adding 2% steel fibers nearly eliminates shrinkage [52,190,280]. In most circumstances, the fracture and creep of a GPC composite is less than that of an OPC composite [52,301]. A 5% recycled steel fiber-RGPC has been found to retain strength up to 600 °C [157]. Another study found that when recycled steel reinforced GPC is heated to 800 and 1050 °C, it retains roughly 59% and 44% of its flexural strength, respectively, and that alumina chopped fiber can be employed to enhance the GPC for a higher yield strength at high-level of temperatures [162].
In addition, inorganic fibers are less expensive than regenerated recycled carbon fibers when it comes to high-temperature resistance. When recycled basalt fiber-reinforced GPC was exposed to high temperatures up to 1000 °C, the hardened properties increased, which was ascribed to better basalt fiber-to-matrix adhesion after sintering [296]. At 600–1000 °C, MK-based GPCs reinforced with high recycled refractory particles and alumina fibers showed improved strength preservation as well as increased energy absorption. This is due to the high thermal stability fibers governing the volumetric shrinkage of the composite [147]. Furthermore, microhardness study demonstrated that the fiber is a critical for the geopolymeric binder's bonding. Similarly, the use of steel fibers in GPC are also utilized in GPCs to prevent shrinkage and improve heat resistance, fracture energy, fire resistance, fracture energy, high temperature, and post-cracking behavior [280]. 

[bookmark: _Toc91940629]Elevated temperature
GPC exhibited the best possible shrinkage of 17%  at 1000 °C, but the value declined to 12%–13% when alumina and quartz were added [302]. When mineral fibers of wollastonite was utilized in MK-based GPC, its stiffness was enhanced as the volume of fibers increased to 5% and matched well with the high level of pH used in the formation of GPC [287]. The inclusion of basalt, glass, and carbon fibers can enhance the fire-resistance performance of GPC. Dissimilar specimens upheld 50% of the flexural strength of GPC specimens after 1 h and 2 h of thermal exposure at 600 °C and 1000 °C when glass, carbon, and basalt fibers were utilized. Good-quality adhesion was observed within the GPC matrix [287]. The behavior of GPC is altered by viscous flow appearance, while fibers depend on the different dilatometric coefficients at 1000 °C. Subsequently, the addition of fiber reinforcement to the GPC matrix contributes to its improved mechanical performance and heat resistance, with carbon and basalt fibers exhibiting the best performance. In general, the shrinkage of GPC is estimated at a high temperature of 1000 °C [303]. Duan et al. [304] demonstrated that MK-based and FA-based GPC demonstrated superior durability and microstructural characteristics over OPC concrete when exposed to higher temperatures. The physical characteristics of fibers, matrix, and RFGPC at room temperature were reported in Samal [105]. The differential scanning calorimetry curve of the GPC composite exhibited two peaks. The first peak occurred at 101 °C (helped in water vapor evaporation and dehydration); the second peak contributed to the mass loss of GPC at 248 °C [305]. The cured fly ash-based GPCs had a brownish-gray appearance, as shown in Fig. 8 [306]. It is found that the color of these fly ash-based GPCs turned into "redden" after subjecting to different levels of temperatures (after firing). During this extreme exposure to temperature, iron species originally trapped inside fly ash particles oxidized. The degree of "reddening" in the fly ash-based GPC with iron oxide concentration of 16.4wt% was seen to be proportional to the iron content, changing color more considerably than the same fly ash-based GPC obtained from different source with iron oxide content of 4.1wt% [306]. The structural alterations that occurred after fire may be seen with the naked eye. In samples heated to higher than 600°C, macrocracks can be visible in this fly ash-based GPC (Fig. 8). Furthermore, Table 3 summarizes the influences of the parameters of the RFs on the properties of RF-RGPC composites.
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Fig. 8: Photographs of GPCs ﬁred to different levels of temperatures (Adapted from [306])
Table 3. Influences of the parameters of the RFs on the properties of RF-RGPC composites
	Type of RFs
	Dosage in concrete, vol%
	Size of fibers, mm
	Properties
	Curing condition,  °C
	Key findings
(√) Improved properties and (-) unknown
	Refs.

	
	
	Diameter
	Length
	Width
	Thickness
	Young’s modulus, GPa
	Specific gravity
	Tensile strength, MPa
	Density, g/cm3 (Ultimate strain)
	Elongation, %/ melting point, °C
	
	Delay cracking and prevent damage
	Increase strengths and elastic modulus
	Ductility index and shrinkage 
	Absorption, sorptivity, and chloride penetration
	Stiffness and toughness
	Post-cracking and energy absorption 
	Fire resistance 
	

	WPFs
	0.5, 1.0, 1.5, and 2.0
	-
	30
	4
	0.35
	-
	1.12
	
	-
	-
	21 ± 2
	√
	√
	√
	-
	√
	-
	√
	[307]

	PET
	0.5 and 1.0%
	-
	50
	2
	0.5
	-
	1.38
	155
	-
	-
	21 ± 2
	√
	-
	√
	-
	√
	√
	√
	[308]

	WCFs, PP
	0.5, 1.0, 1.5, and 2.0
	0.45
	30
	-
	-
	-
	-
	32.4
	940 kg/m3
	170
	27 ± 2
	√
	√
	-
	-
	√
	√
	√
	[309]

	PP
	0, 0.91, and 4.55 kg/m3
	0.45
	20
	-
	45 AR
	-
	-
	-
	1020 g/lit
	-
	20–500
	√
	√
	√
	√
	√
	√
	√
	[310]

	PET
	1.0
	1.1
	40, 52
	-
	0.7
	-
	1.34
	550, 263, 274
	(27, 26, 19, 29)
	-
	~20
	√
	√
	√
	-
	√
	-
	√
	[311]

	PP
	4.0 kg/m3 and 6.0 kg/m3
	-
	47
	1.5
	0.7
	3129
	-
	284.1,
	-
	12.6
	110–250
20 ± 2
	√
	√
	√
	-
	√
	√
	√
	[312]

	PET
	0.5, 0.75, and 1.0
	-
	50
50
	1.3
0.9
	0.2
0.38
	-
	-
	420.7
550
	1.38,
10.2
0.91, 6
	11.2,
15
	20 ± 1
	√
	√
	√
	-
	√
	-
	√
	[89]

	WMPs

	0.25, 0.50, 0.75, 1.0, and 1.25
	-
	20
	2
	0.07
	-
	-
	600
	0.915–945 kg
	8–10
	100 ± 5
50 ± 2
	√
	√
	√
	√
	√
	√
	√
	[313–318]

	PET
	0 and 1.0
	-
	50
	-
	-
	1017
	1.38
	420.7,
5.4
	-
	11.2
	23 ± 2
20 ± 3
	√
	√
	-
	√
	-
	-
	√
	[319]

	Long fibers
	0.6 and 0.8
	7
	-
	2
	5
	-
	
	270
	-
	-
	21 ± 2
	√
	-
	√
	-
	-
	√
	√
	[320]

	PET
	0.5, 1.0, and 1.5
	0.7
	40, 30
	-
	-
	-
	1.34
	450
	-
	-
	40–280
	√
	√
	√
	-
	√
	-
	√
	[174]

	Waste carpet fibers (WCFs)
	2.3, 4.6, 6.8, 9.1, and 11.4 kg/m3
	0.45
	20
	-
	-
	-
	-
	400
	910 kg/m3
	170
	20–900
	√
	√
	√
	√
	√
	√
	√
	[321]

	PET bottle
	0.2, 0.4, 0.6, and 0.8
	-
	50
	2.3
	0.25
	7.05
	1.11
	989 ,
	0.91
	160–170
	27° ± 2 
	√
	√
	√
	-
	√
	-
	√
	[322]

	PP
	0, 0.5, 1, and 1.5
	-
	2–40
	0.11
	0.75–107 AR
	-
	-
	5228
	-
	6–8
	20–200
	√
	√
	√
	√
	√
	√
	√
	[323]

	PET bottle
	0.05, 0.15, and 0.25
	-
	15
	1.13
	13.27 AR
	-
	0.92
	31.5
	0.9 (Ultimate strain,52%)
	-
	21 ± 2
	√
	√
	√
	-
	√
	-
	√
	[324]

	PET
	0, 1.5, and 2.5
	-
	50
	1
	50 AR
	−3100
	1.38
	450
	-
	-
	21 ± 2
	√
	√
	√
	-
	√
	-
	√
	[325]

	RSF
	0, 0.13, 0.15, 0.19, 0.23, 0.26, 0.40, and 0.46
	0.25
	26
	-
	-
	-
	-
	2377
	-
	-
	20 ± 2
	√
	√
	√
	-
	√
	-
	√
	[326]

	PET
	13.4 kg/m3
	1.1
	40
	-
	-
	-
	1.34
	550, 274
	(27, 19%)
	
	20 ± 5
	√
	√
	√
	-
	√
	-
	√
	[327]

	PP WCFs
	0.25, 0.5, 0.75, 1.0, and 1.25
	0.45
	20
	-
	-
	-
	-
	400
	910 kg/m3
	170
	21 ± 2
	√
	√
	√
	√
	√
	√
	√
	[328]

	PET
	0.75 and 1.0
	-
	40
	1.2
	0.4
	-
	1.24
	-
	-
	-
	21 ± 2
	√
	√
	√
	-
	√
	-
	√
	[329]

	WCFs
	4.73, 9.45, 14.18, and 18.90 kg/m3
	0.45
	30
	-
	-
	-
	-
	32.4
	945 kg/m3
	170
	27 ± 2
	√
	√
	√
	-
	√
	-
	√
	[330]

	PET
	0.26, 05 of 0.75%
	30–50 µm
	32
	2, 5
	0.1
	3100
	-
	-
	-
	-
	20° ±2
	√
	√
	√
	-
	√
	-
	√
	[331]

	WCFs
	1.0 vol%
	-
	-
	-
	-
	-
	-
	32.4
	945 kg/m3
	170
	23–170
	√
	√
	√
	√
	√
	√
	√
	[332]

	PP
	0, 0.25, 0.5, 0.75, 1.0 and 1.25
	0.45
	30
	-
	-
	-
	-
	32.4
	945 kg/m3
	170
	100–800
	√
	√
	√
	√
	√
	√
	√
	[333]

	RSF
	6.0%, 2.0
	0.23, 0.8–1.55
	-
	-
	-
	-
	-
	2000
1250
	-
	-
	21 ± 2
	√
	√
	√
	-
	√
	-
	√
	[334]

	PET
	0, 1.5, and 3%
	-
	40
	4
	-
	-
	-
	-
	447 kg/m3
	-
	21 ± 2
	√
	√
	√
	-
	√
	-
	√
	[335]

	RSF
	2, 4, 6, and 8
	0.3–1.3
	20–60
	-
	-
	-
	-
	1500–1900
	1.6 g/cm3
	-
	20 ± 2
	√
	√
	√
	-
	√
	-
	√
	[336]

	RSF
	2.0 and 6.0
	0.2
	3–22
	-
	-
	-
	-
	2000
	-
	-
	20 ± 2
	√
	√
	√
	-
	√
	-
	√
	[337]

	Steel fibers
	NA
	0:27
	12
	-
	47 AR
	
	-
	2235
	-
	-
	~20
	√
	√
	√
	-
	√
	√
	√
	[125]

	PP
	~0.45
	10 μm
	47
	1.5
	0.7
	0.619
	-
	313
	900–920
	154–170
	60–170
	√
	√
	√
	√
	√
	√
	√
	[338]

	RSF
	0, 0.5, and 1.0
	0.25–1
	20–65
	-
	-
	-
	-
	870
	3014 kg/m3
	-
	20 ± 2
	√
	√
	√
	-
	√
	-
	√
	[339]

	Waste steel fibers
	0–59.7 kg/m3
	0.62, 0.29, 1.37, 0.9
	50,52,60
	-
	-
	-
	-
	1000–1330
	-
	-
	20 ± 2
	√
	√
	√
	-
	√
	-
	√
	[340]

	RSF
	10, 15, 20, 22.5, 30, and 35 kg/m3
	0.22
	23
	-
	-
	200
	-
	2570
	-
	-
	22 ± 3
	√
	√
	√
	-
	√
	-
	√
	[341]

	HDPE
	0.5, 1.0
	100 µm
	3–10
	100 µm
	40 AR
	0.672
	2.73
	25.22
	-
	-
	20 ± 2
	√
	√
	√
	-
	√
	-
	√
	[342]

	STF
	(0, 0.5, 1, and 1.5%), WTP (0, 0.5, and 1.0%)
	0.22, 0.21
	23, 8.7
	-
	-
	200, 3.21
	-
	2570,
475

	-
	-
	20 ± 2
	√
	√
	-
	-
	√
	-
	√
	[343]

	Recycled steel fibers
	0, 0.025, 0.50, and 0.75
	0.4, 1.3
	20, 40
	-
	-
	-
	-
	2000
	-
	-
	21 ± 2
	√
	√
	√
	-
	√
	-
	√
	[344]

	RSF
	0.5–1.5
	0.15, 0.014
	2–30
8 ± 1.5
	150 µm
	13–200 AR
	210
	-
	2850
	7850
	-
	21 ± 2
	√
	√
	√
	-
	√
	-
	√
	[345]

	PP
	0.013–5.3
	10
	3.1–9.5
	1.1–3.2 µm
	-
	47.8–73.1
	-
	11.2–13.9
	1760–2080
	-
	100–800
	√
	√
	√
	√
	√
	√
	√
	[346]

	Waste steel scrap
	0, 0.5,
0.75, and 1.5
	-
	-
	-
	50–60 AR
	205
	-
	-
	7850 kg/m3
	Poisson’s ratio = 0.
	21 ± 2
	√
	√
	√
	-
	√
	√
	√
	[347]

	PP
	~0.5
	0.70
	6
	-
	-
	93.1–110
	-
	-
	900
	
	20–50
	√
	√
	√
	√
	√
	√
	√
	[348]

	PET
	~0.4
	~0.5
	20–25
	340 µm
	9 AR
	3.83
	-
	108
	-
	-
	20 ± 2
	√
	√
	√
	-
	√
	-
	√
	[349]

	Waste steel fibers
	1.5 and 3.0
	0.6
	40
	-
	-
	200
	-
	1280

	-
	-
	21 ± 2
	√
	√
	√
	-
	√
	-
	√
	[350]

	RSF
	0.5, 0.75, 1, 1.5, 2
	10 μm
	8.7,
	21.1 µm
	20 AR
	3.21
	3.15
	475
	1160
	>210
	21 ± 2
	√
	√
	√
	√
	√
	-
	√
	[351]


Annotations: Aspect ratio (AR), Waste metalized plastic (WMP), Waste plastic fibers (WPFs), Recycled copper fibers (RCF), High-density polyethylene (HDPE).
[bookmark: _Toc91940630]Multi-scale modeling of RF-RGPCs
A number of studies have attempted to shorten the time it takes to find an acceptable proportional mix to obtain the desired attributes of GPCs, one of which is modeling with the development of empirical equations [352]. There are various methods for modeling the properties of construction materials (for example, RF-RGPCs), such as computational modeling, statistical techniques, and recently developed methods for example regression analysis [353]. The advancement of advanced materials and concrete sciences has created a need to better understand materials and achieve their processes and properties over a wide range of length and time scales [354]. Despite the need for research, little work has been conducted on simulating the polymerization progression of RF-RGPCs [355]. Despite substantial advancements in the use of FR-RGPCs, their efficiency in reinforced matrix has not been fully established. Only a few studies, particularly on the use of steel fibers in GPCs, have been undertaken [161,162,199]. Steel fiber-RGPCs, on the other hand, are of great interest, and various research have been conducted to report on their performance and properties [199]. 
Analytical and numerical modeling is an intriguing area of these activities that is generally followed in fibre-RGPCs systems. Although modeling studies on RGPCs are restricted, a large number of papers dealing with modeling of specific properties of steel fiber-RGPCs are available. For example, a micromorphic model has been constructed to assess the mechanical characteristics of steel-RGPCs  [356]. The effects of formwork surface on the mechanical properties and final orientation of steel fiber-RGPC/OPC concrete are investigated [357]. Given that GPC rises in strength after exposure to high temperatures, GPC's fire resistance is predicted to be superior to OPC concrete, which loses almost all of its strength after exposure to high temperatures at around 800°C [358,359]. There are several simulation tools available for studying the gelation and polymerization processes in GPCs [358]. Until now, the major simulation techniques for studying GPCs are density functional theory, molecular dynamics, molecular mechanics, and Monte Carlo simulations [360]. The fire performance of fly ash-GPC combined with slag is being investigated [361]. The compressive strength of GPC paste measured at ambient temperature ranged from 3 to 83 MPa, and the specimens were tested for fire performance after being exposed to 800 °C. It is discovered that higher initial strength leads to increased residual strength. After 800°C exposure, some specimens with poor beginning strength showed increased strength. It is also discovered that as the initial strength grew, the ductility of the specimen reduced, as evidenced by the compressive stress versus strain curves.	
	Fig. 9 depicts the 3D characterisation of carbon fiber-RGPCs as well as the interior structure of the GPCs following damage. The 3D image was recreated using the Voxel software program and its internal structure was studied using micro computed tomography [105]. The composite before and after damage with different damage locations revealed a fiber breakage and matrix rupture in the central damage area. As a result, the Si/Al concentration ratio has a considerable influence on the thermal behavior of the GPC matrix, such as shrinkage or cracking. This was attributable to the matrix's denification with decreased porosity. Previous research has shown that geopolymers with a high Al/Si ratio have thermal properties up to 1300–1400 ° C [105]. When exposed to high temperatures, the RF-RGPCs composite exhibits evaporating of hydroxide and gas, which induces more crystalline phase [362]. In the case of MK-GPCs, the crystallisation of dense sodium aluminosilicate phases, notably nepheline, occurred at 800 °C. At 1000 °C, the number of amorphous phases decreases from 66% to 43%. This could be attributed to crystallisation converting into nepheline (NaAlSiO4) and anortoclase (NaAlSi3O8). Mineral phases such as quartz, hematite, and maghemite are likely to have decreased in intensity, implying a drop in quantity [363,364]. These phases have melting points higher than 1000 °C. Quartz and mullite, on the other hand, have melting temps of 1713 °C and1830 °C, respectively.
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Fig. 9: Fiber breakage analysis at the areas of damage in basalt, carbon, and E-glass fiber-RGP (Adapted from [105])

	Moreover, pair distribution function approach was employed to get novel insights into the natural ecosystem of aluminum atoms in MK [365]. Aluminum's environment is critical in precursors since it is thought to be responsible for the increase reactivity of cementitious gel systems [360]. Furthermore, other researchers investigated the local structure of kaolinite precursor material to determine the nanostructures and changes occurring when it is transformed to MK. Wave function-based approaches were utilized to investigate the dissolving mechanisms of Al-Si minerals in very alkaline solutions [366]. According to the major findngs, Al species break more easily than Si, causing them to disperse in preference to Si in the surrounding environment, considerably altering the dissolution enthalpy. Provis and Deventer [367] created a reaction kinetic model for understanding the early stages of polymerization. GPCs are studied using a more scientific approach, which includes numerous of mathematical modelling tools such as pair distribution statistical and thermodynamics functions. The Si/Al species ordering inside the tetrahedral aluminosilicate gel framework was described using a statistical thermodynamic model. This kinetic model concisely detailed raw material dissolving, the rearrangement of xSiOx(OH)4x and monomeric Al(OH)−4 species discharged from a solid source into diverse aluminosilicates, and the coupling of zeolite and amorphous precursor gel structures [360]. The numerical simulations were compatible with the mechanisms previously postulated to occur during the early stages of polymerization when compared to calorimetric and energy dispersive X-ray diffraction data.
	Generally, the model includes gel chemistry information as well as a context for examining the behavior of GPC-forming phases. However, understanding the characteristics of precursor materials is required in order to get precise knowledge about their microscopic structure using advanced and comprehensive and molecular prediction models [368]. As a result, despite earlier efforts, an in-depth understanding of the reaction rates of all atomistic processes happening during geopolymerization remains elusive up-to-date, the researchers, worldwide, are still trying to investigate GPC gels at increased temperatures using computational models and variable quantities of silica and alumina species. Moreover, characteristics such as fly ash, activation method, and silica/alumina ratio of K-A-S-H and N-A-S-H gels that affect RF-RGPC resistance must be explored further [360]. To address these challenges, efficient sophisticated machine learning tools must be used.
	The fundamental reasons for the increased tensile strain capacity of temperature variation cured one-part strain hardening geopolymer composite (SHGC) could be described in terms of the two pseudo strain hardening performance indices provided by Kanda [369], which could be estimated based on fiber-bridging micromechanics modeling. Yang et al [370] micromechanics-based model was applied to estimate the fiber-bridging constitutive law σ(δ) of the constructed one-part SHGCs. This showed that both PSH performance indices surpass unity in all developed composites, implying that the requisite micromechanics-based strength and energy conditions of relatively stable flat crack growth are met, resulting in the successive development of numerous cracking [371]. Typically, only one element of a GPC matrix is modelled at the nanoscale [372]. A mesoscale model, on the other hand, is required to gain a better understanding of the interaction effects of different components in a FR-GPC. Furthermore, an understanding of the material's mechanical behavior on the mesoscale is required for accurate design and forecast of its failure mechanisms on the macroscale (structural element scale) [372]. The fracture toughness of steel-fiber-reinforced aluminosilicate GPCS was examined experimentally and modelled using beam elements for fibers and solid finite elements for the GPC [373]. To explicitly characterize the air-void distribution, a numerical modeling system based on the discrete-element method (DEM) was devised, although the mortar binder was specified on the micro/mesoscale while taking into account the cohesive performance of foamed GPCs [374]. 
	Mesoscale simulations were carried out by Shahbazi [375] using a lattice beam model, with concrete considered to be an inhomogeneous material comprised of three phases — cement paste, an aggregate, and an internal transition zone (ITZ). It is reported that GPC was used as possible reinforcing for-aluminum nanocomposites to improve their characteristics and minimize production costs [376]. Fig. 10 depicts the plastic strains in a fiber-reinforced GPC. The numerical model identified locations in the pure bending area where cracks were perpendicular to the beam axis, as found in tests [377]. In tension areas where large plastic deformations in the GPC occurred, the reinforcing bars were exposed to high axial force. The simulation demonstrates that there are plastic strain localisation zones on both sides of the specimen, which correlate to possible cracking zones. In a normal tension test experiment, a comparable damage mechanism can be detected (see Fig. 10) [372].
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Fig. 10: Plastic stresses in a GPC at 1% axial strain compared with experimental results (Adapted from [378])

	Furthermore, the level of structural defects has a major impact on the elastic moduli at the molecular scale, according to numerical simulation of the hardened characteristics of a RSF-GPC [379]. The chemical composition, as measured by the Si:Al ratio, is also important. Results from macroscale experiments in the literature show that E increases with Si:Al [380] As a whole, the analysis demonstrates an analogous, but somewhat weak, trend, with the crystalline structure displaying a continuous rise from Si:Al = 1 to 1.5, and the amorphous and deficient structures revealing a mild increment from Si:Al = 1.5 to 2 [379,381]. However, because the actual observations are on macroscopic samples, the trend in E may be influenced by heterogeneities at greater length scales (e.g., microstructural features) that molecular simulations cannot describe [382]. In contrast to what has been reported in materials with identical chemical compositions at the macroscale, wet skeletal density does not probably be a significant predictor of increases in elastic moduli [379].
[bookmark: _Toc91940631]Hotspot research topics for future investigations
On the basis of this comprehensive review, the following hotspot research topics were highlighted and recommended for further consideration in future studies and investigations by researchers worldwide.
· A green construction material with excellent fire and mechanical performance is required for structural applications [35]. 
· A few studies dealt with RGFs, textile fibers, carbon fibers, and recycled tire steel fibers as they presented the highest melting point (1435 °C) in GPC. 
· Furthermore, additional research on the performance of these types of RFs at high temperatures is required to investigate the effect of fire on long-term composites [81]. 
· The long-term performance characteristics of concrete, such as shrinkage, creep, and fatigue life of GPC with RFs, will require a more detailed and comprehensive study in the future.
· A proper mix design is required to achieve significant chemical stability, low volume variations, strength endurance, and spalling resistance [35]. 
· The parameters for sample aggregate use, choice of precursor, total alkali concentration in GPC, water content, and other variables are crucial and should be monitored. Assuming that GPC will exhibit good fit is also safe  [35]. 
· Further study is necessary to update databases, codes, and realistic design standards while dealing with various fibers, factors, and situations [144].
· Undertaking a comprehensive literature review on current state-of-the-art developments related to the fire performance of RF-RGPC subjected to high temperatures is urgently necessary.
· Different durability properties may result from changes in the structure and properties of GPC paste and the presence of fibers in it. Consequently, testing the durability of ultra-high performance fibred reinforce geopolymer concrete (UHPF-RGPC) in a variety of settings and comparing the findings are critical [383].
· Additional research on the adhesion (onto the concrete substrate) and durability of microfiber-reinforced GPC mortars for rehabilitation is required [58].
· When using fibers to improve the properties of boroaluminosilicate GPC, some elements must be addressed, such as the type of fibers and raw materials used and as their different effects on various properties [202].
· The primary difficulties for cellulose cement composites in the near future are increasing the durability and mechanical performance of these composites without raising production costs [143].
· Water permeability, gas permeability, chloride resistance, and freeze–thaw resistance are some durability features that should be thoroughly investigated.
· To address issues related to fiber dispersion, quality, and workability, further research is required.
· Long-term data on many fresh, mechanical, and durability properties of fiber RGPC composites are lacking, and thus, more studies are highly imperative [144].
· The authors believe that a comprehensive review or investigation of the use of RFs in biology for the fabrication of biodegradable composite materials, electromagnetic absorption, nuclear remediation and transportation, mining engineering, deep sea civil infrastructure, and environmental applications is urgently required [163].
· More studies are necessary to better determine the limiting and crucial temperature limitations of various FRP systems to sustain their effectiveness at high temperatures and during fires [166].

[bookmark: _Toc91940632]Conclusion
The in-depth review of RF-RGPC as structural material determined that this material is suitable for ensuring long-term durability and providing safety and security to human life and property. Its superior mechanical and durability properties at high temperatures have placed this material as competition cement-based GPC in the construction and infrastructure industries. RF-RGPC has elicited considerable attention and strong interest over the last few decades because of its advantages of low energy cost, high early strength, excellent durability, sustainability, and less brittleness, in addition to its unique fireproof structural material attributable to its ceramic-like properties and inherent inorganic structure.
The addition of RFs to GPC is a strategy for overcoming these limitations and preventing concrete microstructure deterioration. Therefore, the development of RF-RGPC to resist fire has become a research imperative. The use of RFs derived from post-consumer or industrial waste provides additional benefits, such as waste reduction, resource conservation, reduced processing costs compared with virgin fibers, and the elimination of waste disposal in landfills. Moreover, RF-RGPC is a noncombustible, heat-resistant, and inorganic polymer binder made through the alkaline activation of reactive aluminosilicate materials that comprise RFs, which increase its structural reliability. In this regard, conducting a critical literature review on current updates related to the fire performance of RF-RGPC subjected to elevated temperatures and during fires is significantly required. The influence of fire on the mechanical properties of RF-RGPC after exposure to high temperatures was thoroughly reviewed. 
The contribution of this work is to adopt the “research into practice” concept by reviewing the fire-resistant behavior of RF-RGPC at high temperatures to introduce this unique, cutting-edge, accessible, and environment-friendly construction material by promoting it as a potentially promising, maintainable, durable, heat- and fire-resistant building material for the current infrastructure and construction industries. All reports agree that this construction material outperforms its OPC competitors. Consequently, RF-RGPC can be positioned at the center of an innovative and necessary transition from the current RF-RGPC to the future’s revolutionary inventive green construction composites with the “go green, think green, act green” concepts.
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