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ABSTRACT
This review rigorously analyzes the advancement of fiber-reinforced geopolymer 
plasters for fireproofing purposes in construction. Geopolymers possess supe-
rior thermal resistance and reduced environmental impact relative to ordinary 
Portland cement. The addition of fibers such as steel, glass, basalt, and synthetic 
materials markedly improves mechanical strength, thermal insulation, and fire 
resistance. Recent research is comprehensively summarized, focusing on the 
mechanical behavior, thermal conductivity, microstructural evolution, and deg-
radation mechanisms of fiber-reinforced geopolymers subjected to elevated tem-
peratures and fire exposure. Special emphasis is placed on intumescent properties 
and fire-protection mechanisms that support the prospective advancement of 
geopolymer-based surface protection plasters. This review delineates signifi-
cant research deficiencies, such as long-term durability, fiber–matrix interac-
tions under cyclic thermal loading, and standardized fire-testing protocols, while 
also addressing burgeoning prospects for artificial intelligence-assisted material 
design and performance forecasting. Fiber-reinforced geopolymers are identified 
as a viable low-carbon fireproofing material that meets the sustainability and 
safety requirements of contemporary construction.
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Introduction

Geopolymers, initially presented by Davidovits in the 
1970s, are inorganic aluminosilicate polymers synthe-
sized through the alkali activation of silicate- and alu-
minate-rich industrial by-products or calcined clays, 
including fly ash, blast-furnace slag, and metakaolin, 
utilizing alkaline solutions based on sodium hydrox-
ide (NaOH) or potassium hydroxide (KOH), often 
augmented with sodium or potassium silicate to 
facilitate geopolymerization [1]. Geopolymers have 
emerged as a viable low-carbon substitute for Ordi-
nary Portland Cement (OPC), garnering significant 
international research interest in sustainable construc-
tion materials. In contrast to OPC, which necessitates 
energy-intensive clinker production at temperatures 
above 1400 °C, geopolymers are produced at ambient 
or moderately elevated temperatures, leading to con-
siderably reduced embodied energy and greenhouse 
gas emissions. Thus, geopolymer binders present sig-
nificant potential for diminishing the carbon footprint 
of the construction industry [2]. Figure 1 illustrates the 
comparative carbon emissions linked to conventional 
construction materials and activities [3].

Analyses of carbon footprints indicate that sig-
nificant construction materials and activities dispro-
portionately contribute to overall building-related 
emissions. Concrete, structural steel, reinforcing bars, 

clay bricks, and plaster contribute approximately 
24%, 14%, 13%, and 10% to the total embodied car-
bon, respectively. In light of these environmental 
issues, Davidovits advocated for geopolymers as an 
eco-friendly binder system due to their capacity to 
incorporate industrial by-products like fly ash as alu-
minosilicate precursors and their low-energy synthe-
sis process, which significantly diminishes CO₂ emis-
sions in comparison with OPC-based systems [4–6]. In 
addition to sustainability, geopolymers demonstrate 
remarkable durability and thermal stability, facilitat-
ing their use in various domains such as structural 
construction, heavy-metal immobilization, pavement 
rehabilitation, and nuclear waste encapsulation [2]. 
Geopolymer concrete (GPC) has been documented 
to surpass OPC concrete in various mechanical and 
physical properties, including superior compressive 
strength and reduced setting time [7]. However, under 
dynamic bending or impact loading, GPC frequently 
demonstrates brittle failure characterized by abrupt 
crack propagation, potentially jeopardizing structural 
integrity [8, 9]. Extensive research has concentrated 
on optimizing the chemical composition and micro-
structure of geopolymer matrices to improve their 
mechanical performance [10]. Among the diverse 
strategies, fiber incorporation has demonstrated nota-
ble efficacy in enhancing toughness, crack resistance, 
and energy absorption capacity. Despite the possible 

Figure 1   Contribution of 
construction material and 
operations of the building 
with common materials in 
carbon footprint [3].
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significance demonstrated in past research, this review 
aims to highlight the development of optimized fiber-
reinforced geopolymer material system as an intu-
mescent fireproofing plaster. The variability types of 
fibers and weight percentage of fiber that required in 
standardization mix design of geopolymer plasters 
remain unstandardized. There is no standard of inclu-
sion of fiber into geopolymer materials to mitigate the 
mechanical properties, thermal properties, and struc-
tural performance, especially during extended fire 
exposure or cyclic fire exposure. Although geopoly-
mer systems have shown promise for fireproofing, 
the mechanisms of intumescence related to the chem-
ical composition functioning as plasters application 
remain unclear. This review highlights the necessity 
of sustainable and thermally stable plaster materials 
for the development of fire-resistant building materi-
als based on geopolymer formulations and critically 
discusses the underlying fire-protection mechanisms 
to identify key gaps in the current knowledge. Zhang 
et al. formulated fiber-reinforced metakaolin–fly ash 
geopolymers for fire-resistant applications [11]. Fig-
ure 2a illustrates that those specimens devoid of car-
bon fibers (CF) experienced significant cracking and 
early failure under comparatively low loads, while 
geopolymer composites with 2 wt.% CF exhibited no 
discernible cracking as shown in Fig. 2b, highlighting 
the considerable crack-bridging and reinforcement 
effects conferred by the inclusion of fibers.

To alleviate the intrinsic brittleness of geopolymer 
matrices, considerable study has concentrated on the 
integration of diverse reinforcing fibers, such as glass, 
steel, basalt, and polypropylene. Fiber reinforcement 
has repeatedly demonstrated improvements in frac-
ture toughness, crack resistance, and load-bearing 
capacity of geopolymer composites [12]. Rashad et al. 
[12] indicated that the incorporation of steel fibers 
successfully mitigates fracture propagation and mark-
edly enhances flexural and splitting tensile strength. 

Liu et al. [13] similarly showed that augmenting fiber 
volume fraction while diminishing fiber diameter 
results in significant improvements in compressive 
strength and flexural performance. Besides mechani-
cal enhancements, fiber-reinforced geopolymers have 
demonstrated significant potential in fire prevention 
applications. Shahari et al. [14] examined the integra-
tion of glass fiber-reinforced geopolymer layers to 
enhance the fire resistance of epoxy-based compos-
ites. Moreover, geopolymer-based solutions have 
been effectively engineered as fire-resistant coatings 
for steel substrates [15], fire-retardant boards and flex-
ible sheets [16], and insulating foams for passive fire-
protection applications [17].

The intrinsic thermal stability and minimal thermal 
conductivity of geopolymers, along with their pro-
duction from industrial by-products, highlight their 
promise as sustainable fireproofing materials [18]. The 
fire performance of geopolymer systems is typically 
evaluated based on crack formation, spalling behav-
ior, and residual compressive strength after exposure 
to elevated temperatures [19]. Conversely, traditional 
fire-protection materials, such as gypsum plasters, OPC-
based coatings, and commercial intumescent paints, fre-
quently demonstrate inadequate interfacial adhesion, 
elevated thermal conductivity, and restricted endur-
ance against extended fire exposure. Intumescence is an 
essential process in fire-retardant systems, in which heat 
exposure triggers the development of a thermally stable, 
foamed, multicellular char layer [20–22]. This char coat-
ing serves as an insulating barrier that markedly dimin-
ishes heat transport to the underlying substrate, thereby 
postponing material degradation and ignition [20–25]. 
Despite extensive research on fiber-reinforced geopoly-
mer concrete and coatings for fireproofing applications, 
there is a paucity of studies focusing on their use as intu-
mescent plaster layers in building construction. Figure 3 
depicts the cross-sectional design of standard external 
and internal wall systems, wherein plaster or tile layers 

)b()a(
Figure 2   Cracking in geopolymer specimens a without CF and b with 2% CF after exposure to 500˚C [11].
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safeguard hollow clay brick substrates and function as 
bonding agents for tile installation.

Although studies on fiber-reinforced geopolymer 
coatings have increased in recent years, their potential 
application as fireproof plaster layers in construction 
systems remains insufficiently explored. Most existing 
research has primarily focused on geopolymer coatings 
and concrete systems, with limited attention given to 
fiber-reinforced geopolymer formulations specifically 
designed for plaster applications. In this review, the dis-
cussion is therefore emphasized within the context of 
fiber-reinforced geopolymers as intumescent fireproof 
plaster layers for building fire protection. The review 
critically evaluates the fire-resistance performance of 
fiber-reinforced geopolymer systems and assesses their 
suitability as geopolymer-based plastering materials for 
high-temperature applications. In addition, the role of 
plaster layers is considered beyond their conventional 
function as finishing materials, highlighting their poten-
tial as practical protective barriers for structural ele-
ments during fire exposure. Through this discussion, 
the review also identifies key research gaps and outlines 
directions for future investigations on the application of 
geopolymer coating technologies in practical building 
environments [26, 27].

Selection of literature

This study adopts a narrative review approach to criti-
cally analyze the existing literature on fiber-reinforced 
geopolymer concrete and coatings for fire-protection 

applications. Relevant literature was collected from 
major scientific databases including Scopus, Web of 
Science, ScienceDirect, and Google Scholar. The search 
focused on publications related to geopolymer bind-
ers, fiber-reinforced geopolymer coatings, and their 
fire-resistance performance under high-temperature 
exposure. Keywords such as “fiber-reinforced geo-
polymer,” “geopolymer concrete,” “geopolymer coat-
ing,” “fire resistance,” “intumescent geopolymer,” 
and “fireproofing materials” were used to identify 
relevant studies. Only peer-reviewed journal arti-
cles and conference papers reporting experimental 
investigations on geopolymer-based fire-protection 
materials were considered, while studies unrelated 
to high-temperature performance or not involving 
geopolymer systems were excluded. The selected 
publications were then critically analyzed based on 
their reported mechanical properties, microstructural 
characterization, thermal behavior, and fire-protection 
performance.

Geopolymers

Geopolymers are inorganic binders characterized by 
a binding phase predominantly consisting of sodium 
aluminosilicate hydrate (N–A–S–H) gel, which is fun-
damentally different from the calcium silicate hydrate 
(C–S–H) phase prevalent in OPC systems. Geopoly-
mer binders are produced via the alkali activation 
of aluminosilicate-rich precursors, including fly ash, 

)b()a(
Figure 3   Cross-section details of the structural elements; a external and b internal walls for the building with common materials [3].
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blast-furnace slag, and metakaolin, which are gener-
ally industrial by-products characterized by elevated 
silica and alumina concentrations. The geopolymeri-
zation process commences when the solid precursor 
is mixed with an alkaline activator solution, resulting 
in a reactive slurry that experiences a series of phys-
icochemical alterations before solidification. Figure 4 
demonstrates that the process commences with dis-
solution, wherein the Si–O–Si and Al–O–Al covalent 
connections in the precursor are severed, resulting in 
the liberation of silicate and aluminate species into the 
alkaline medium. Following nucleation and polycon-
densation reactions, a continuous gel network is estab-
lished. In the reorganization phase, the gel transforms 

into a three-dimensional aluminosilicate framework, 
thereafter undergoing hardening and curing that 
solidify and densify the matrix, finally producing a 
robust geopolymer binder [28, 29].

Geopolymers are acknowledged for having dimin-
ished carbon dioxide (CO₂) emissions due to the 
use of industrial by-products, therefore leading to a 
lessened environmental impact compared to OPC-
based systems [30, 31]. Geopolymer binders demon-
strate significant compressive strength, exceptional 
longevity, and outstanding fire resistance from both 
mechanical and physical viewpoints. Numerous inves-
tigations indicate that specific geopolymer formula-
tions maintain up to 80% of the original compressive 
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Figure 4   Formation of three-dimensional aluminosilicate network products in AAMs [28].
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strength following exposure to temperatures near-
ing 800 °C [32]. The resistance to heat degradation, 
cracking, and spalling makes geopolymers especially 
appropriate for high-risk fire situations, such as pet-
rochemical facilities, tunnels, and high-rise buildings 
[33]. The efficacy of geopolymer materials can be aug-
mented by integrating reinforcing fibers, including 
steel, basalt, and glass, into the geopolymer matrix. 
Fiber reinforcement enhances mechanical properties, 
crack resistance, and thermal stability, all of which are 
essential for fireproofing applications. Materials that 
inhibit crack growth and diminish heat transmission 
to internal structural components prolong evacuation 
time for occupants and alleviate structural damage 
during fire incidents. Thus, fiber-reinforced geopoly-
mers constitute a viable category of high-performance, 
sustainable construction materials for sophisticated 
fire-protection systems.

Fiber‑reinforced geopolymer

The reinforcement of geopolymers can be accom-
plished using three primary categories of fibers. Syn-
thetic fibers such as polypropylene, polyethylene, 
polyamide, and polyolefin are extensively utilized 
owing to their affordability, simplicity of integration, 
and ability to improve mechanical strength [34–36]. 
Metallic fibers, including brass- and alumina-coated 
steel, markedly enhance toughness and durability 
due to their robust interfacial interaction with the geo-
polymer matrix [34, 35]. Natural fibers, such as kenaf, 
provide an eco-friendly and economical alternative, 
while also enhancing structural performance signifi-
cantly [37].

The notion of fiber-reinforced geopolymer coatings 
has been thoroughly examined in both historical and 
contemporary research, emphasizing advancements 
in mechanical properties, durability, and environ-
mental applications. Recent research predominantly 
investigates the integration of diverse fiber types, 
including metallic fibers (e.g., brass- and alumina-
coated steel), synthetic fibers (e.g., polyamide and 
polyethylene), and natural fibers such as kenaf [37]. 
The incorporation of these fibers seeks to alleviate the 
intrinsic brittleness of the geopolymer matrix while 
improving strength, toughness, and chemical resist-
ance. For example, kenaf fibers enhance sustainabil-
ity while maintaining mechanical performance, and 
research on altering fiber percentage (0.25–1.00%) has 

revealed ideal combinations for enhanced mechanical 
qualities [34]. Alumina-coated steel fibers demonstrate 
advantageous outcomes owing to enhanced interfacial 
adhesion with the geopolymer matrix [35]. Likewise, 
minor increments of polypropylene or polyolefin fib-
ers (0.15–0.25%) have been documented to improve 
ductility and adhesion [36]. Additional assessments 
have assessed carbon, glass, and basalt fibers, specifi-
cally for applications necessitating fire resistance and 
eco-friendly solutions [38].

Zhang et al. [39] underscored the essential func-
tion of fire-resistant materials in improving building 
safety and efficacy in hazardous settings. Fibers have 
been integrated into geopolymer matrices to mitigate 
intrinsic limits including brittleness and vulnerabil-
ity to cracking under thermal stress, hence enhancing 
mechanical and thermal properties [40]. Frequently 
examined fibers comprise steel [12], basalt [41], glass 
[42, 43], polypropylene [42], and polyethylene [44]. 
The resultant fiber-reinforced geopolymers (FRGs) 
demonstrate improved crack resistance, less spalling, 
and heightened toughness at increasing temperatures 
[45–49]. Fibers serve as conduits across microcracks, 
enabling stress redistribution and energy absorption, 
thus preserving structural integrity under mechanical 
or thermal stress. The bridging mechanism depicted 
in Fig. 5 is essential for enhancing tensile and flex-
ural strength by obstructing crack progression [50, 
51]. Various fiber kinds provide distinct advantages; 
for instance, polypropylene fibers reduce explosive 
spalling after fire exposure, while steel fibers improve 
ductility and overall strength [52].

Numerous researches have examined the integra-
tion of various fibers into geopolymer coatings, such 
as basalt, charcoal, glass, steel, polyvinyl alcohol 
(PVA), and polypropylene. These fibers have dem-
onstrated the ability to improve essential qualities, 
including flexural strength, toughness, and adhesion 
[48]. Table 1 presents a detailed description of research 
investigating the impact of various fiber types on the 
mechanical properties and microstructural attributes 
of fiber-reinforced geopolymer composites.

The previous research summarized in Table  1 
indicates that various fiber types significantly affect 
geopolymer performance. Steel fibers are recognized 
for improving compressive, tensile, and flexural 
strength [54–56], offering substantial mechanical sup-
port; nevertheless, their efficacy diminishes at high 
temperatures due to oxidation and softness [68–70]. 
Glass fibers, thoroughly researched for fire-resistant 
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applications, demonstrate exceptional thermal stabil-
ity up to 1200 °C, proficient fracture management, 
and mechanical reinforcement [59–61, 71], while also 
exhibiting significant compatibility with geopolymer 
matrices, especially metakaolin-based systems [61]. 
Basalt fibers enhance high-temperature resistance 
and matrix adhesion, while their characteristics may 
degrade above 1000 °C, contingent upon composi-
tion [41, 66]. Synthetic fibers such as polypropylene 
(PP), polyethylene (PE), and polyvinyl alcohol (PVA) 
successfully diminish shrinkage and alleviate crack-
ing during initial curing [29, 62, 63]. However, these 
fibers are prone to melting or degradation at tem-
peratures over 300 °C, hence restricting long-term 
fire resistance [62, 65]. Natural fibers, including flax 
and hemp, offer environmentally friendly reinforc-
ing. Flax fibers demonstrate excellent matrix adher-
ence owing to their rough surface shape; nevertheless, 
their thermal stability is confined to around 260 °C, 
hence limiting high-temperature applications [66, 67]. 
Notwithstanding these thermal constraints, fiber rein-
forcement reliably improves toughness, microstruc-
tural integrity, and crack resistance in geopolymer 
matrices. Although steel fibers demonstrate superior 
mechanical strength, their fire resistance is inferior 
to that of glass fibers. In contrast, glass fibers exhibit 
stability at high temperatures and efficiently mitigate 
shrinkage-related cracking, making them exception-
ally appropriate for fireproofing applications [72–74]. 
Fiber-reinforced geopolymers are a diverse and resil-
ient category of materials for fire-resistant coatings 
and plasters. Optimal fiber selection necessitates a 
balance between mechanical performance and ther-
mal resilience; among the available options, glass 

fibers provide the most advantageous combination of 
mechanical reinforcement and fire resistance, whereas 
steel and polymeric fibers are selected according to 
specific design criteria [68–70, 75–77].

Prior research suggests that maximum performance 
is attained when fibers are used at roughly 0.25–1.00% 
by volume, with flexural toughness often peaking 
around 0.75% [34]. Regarding mechanical properties, 
both compressive and flexural strength may enhance 
by 50–100% relative to fiber-free mixtures [35, 78]. 
Moreover, numerous fiber-reinforced geopolymer 
coatings preserve their structural integrity at tempera-
tures over 100 °C, which is essential for fire-resistant 
applications [36, 38].

Potential application as fireproofing 
materials

Fiber-reinforced geopolymer composites exhibit sig-
nificant potential for fireproofing applications. These 
materials can serve as protective layers in architec-
tural elements, such as wall panels, structural beams, 
and fire barrier systems. Their elevated thermal sta-
bility, robust adherence to various surfaces, lim-
ited thermal conductivity, and capacity to maintain 
mechanical strength post-heat exposure render them 
exceptionally useful in reducing fire damage. Prior 
research indicates that fiber-reinforced geopolymers 
may endure tremendous temperatures, reaching as 
high as 1200 °C, without substantial degradation of 
mechanical integrity or cohesion. This makes them 
appropriate for structural fire protection in build-
ings as well as in industrial settings like power plants 

Figure 5   a Schematic illustration of the fiber bridging mechanism [51], b Visual depiction of the fiber bridging effect [53].
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and refineries, where fire resistance is essential. The 
integration of fibers, such as basalt, carbon, glass, 
and polypropylene, augments fireproofing efficacy 
by enhancing crack management, diminishing heat 
penetration, and elevating overall toughness. Not-
withstanding these encouraging experimental out-
comes, practical applications like spray-on plasters 
and thick coatings are still little investigated. These 
applications are crucial for comprehensive build-
ing protection, highlighting the necessity for more 
study to confirm long-term efficacy under actual fire 
circumstances.

Table  2 summarizes various research that have 
examined the thermal and mechanical performance 
of fiber-reinforced geopolymer coatings. Previous 
research has shown that fiber-reinforced geopolymer 
systems work well, especially in geopolymer concrete 
and coating applications. Many studies have proven 
that adding fibers to geopolymer concrete improves 
its mechanical properties, such as its ability to resist 
cracking and its compressive and flexural strength 
at both normal as well as elevated temperatures. 
Meanwhile, fiber-reinforced geopolymer coatings are 
mostly made to enhance adhesion, thermal durabil-
ity, and resistance to fire when they are used as thin 
protective layers on underlying structural materi-
als. These outcomes provide significant knowledge 
about how fibers and substrates interact, how cracks 
can be bridged, and how materials behave when they 
are exposed to elevated temperature. This is directly 
related to the fabrication of geopolymer materials for 
plastering application, where thin-layer performance 
and durability are very crucial. However, there aren’t 
many direct studies on fiber-reinforced geopolymer 
systems that are made specifically for plastering appli-
cations, especially when it comes to designing the 
formulation and testing its performance. This review 
gathers the fundamental findings based on geopoly-
mer concrete and coating applications and focuses on 
the potential of new fiber-reinforced geopolymer plas-
tering materials applications. It also emphasizes on 
closing the gap between the basic performance of the 
materials and the needs of practical applications. This 
includes investigating how easy it is to work with, 
how well it adheres to surfaces, and how stable it is 
when used in thin layers. The possibility of creating 
one-part geopolymer plaster systems, also known as 
just-add-water formulations, is also talked about as a 
promising way to make them more fire-resistant and 
easier to use on a larger scale in industry.

The previous research summarized in Table 2 con-
sistently demonstrates that the inclusion of fibers, spe-
cifically carbon, basalt, glass, and synthetic polymers 
like polypropylene, improves the fire resistance of 
geopolymer composites. Shaikh et al. [79] and Haque 
[80] indicated that incorporating carbon and basalt 
fibers markedly diminished cracking and enhanced 
fire resistance at temperatures reaching 1100 °C. Ye 
et al. [81] established that geopolymer composites 
reinforced with glass fiber textiles preserved 25–30% 
of their flexural strength following fire exposure and 
sustained structural integrity up to 700 °C. Le et al. 
[82] noted significant enhancements in strength, with 
a 123% increase in compressive strength and a 111% 
increase in flexural strength, as well as over two hours 
of fire resistance in basalt-reinforced geopolymer 
foams. Alongside strength retention, studies including 
Basri et al. [90] and Tatlisu et al. [96] emphasized the 
significance of robust adhesion, little mass loss, and 
preserved microstructures, highlighting the essential 
influence of material composition and fiber–matrix 
bonding on successful fire resistance. Nonetheless, 
the majority of current research has concentrated on 
surface coatings instead of geopolymer-based plas-
tering systems, which are more effective for exten-
sive fire protection in structures. This underscores a 
notable study deficiency, especially regarding the fire 
behavior of plaster-like coatings, encompassing their 
thickness, adherence, and performance under cyclic 
thermal exposure.

Moreover, Irshidat et al. [86] indicated that poly-
propylene fibers, although proficient in diminishing 
heat conductivity, may liquefy at high temperatures, 
hence jeopardizing matrix integrity. Le et  al. [85] 
established that specific geopolymer systems can 
maintain stability at temperatures up to 1200 °C; still, 
these results necessitate verification in full-scale or 
actual fire conditions. While SEM and XRD investiga-
tions have validated excellent fiber–matrix adhesion 
and reduced microcracks, numerous researches have 
not evaluated long-term durability, repeated fire expo-
sure, and weathering impacts. Welter [98] reported a 
compressive strength retention of up to 145 MPa, Lyon 
et al. [103] noted a 67% retention of flexural strength 
at 1000 °C, and Petrova et al. [88] recorded fireproof 
periods over 180 min.

Although plaster-type fireproofing solutions 
exhibit significant potential for construction applica-
tions, their long-term performance remains largely 
unexamined. Subsequent research must rectify this 
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deficiency by creating and validating fiber-reinforced 
geopolymer plasters that exhibit consistent perfor-
mance under authentic fire circumstances, taking into 
account application scalability, coating thickness, and 
fiber stability over prolonged heat exposure. Table 2 
summarizes those multiple studies have explored 
geopolymer coatings on substrates including timber, 
steel, concrete, and aluminum; however, the use of 
geopolymer-based plasters for high-temperature fire-
proofing has not been investigated. Currently, there 
are no standardized ways to assess the efficacy of 
geopolymer plasters in safeguarding inside building 
structures from harm.

Fireproofing properties

Fireproofing qualities denote the capacity of materials 
to safeguard structures at high temperatures. Efficient 
fire-resistant materials are engineered to impede or 
obstruct heat transfer, therefore protecting structures 
and infrastructure during fire events. These materials 
must be non-combustible, maintain structural integ-
rity at elevated temperatures, and produce minimum 
smoke or poisonous gases to guarantee human safety. 
Furthermore, fireproof coatings and plasters must 
sustain adhesion to surfaces during fire exposure 
to ensure ongoing protection. Resistance to crack-
ing, spalling, and shrinkage due to thermal stress is 
essential to avert premature failure. Geopolymers are 
frequently utilized as surface-protective materials, 
including coatings and plasters, providing benefits 
such as superior mechanical strength, thermal stabil-
ity, and improved resistance to fire damage.

Microstructure properties

The microstructure of geopolymer coatings is a cru-
cial factor influencing their fire resistance, mechanical 
strength, and long-term durability. At the microscopic 
scale, geopolymers consist predominantly of a three-
dimensional aluminosilicate framework, referred to 
as N–A–S–H gel (sodium aluminosilicate hydrate), 
which is generated when aluminosilicate precursors, 
such as fly ash or metakaolin, interact with alkaline 
activators like sodium or potassium hydroxide. The 
magnitude and quality of this response profoundly 
affect the ultimate characteristics of the solidified 
matrix. An essential determinant of performance is the 
internal arrangement of pores, fibers, and the bonding 

network. Research indicates that a denser and more 
homogeneous microstructure is significantly associ-
ated with increased strength, diminished heat conduc-
tivity, and superior fire resistance [80, 85]. Porosity 
exhibits a dual effect: Micropores can diminish heat 
transmission, hence enhancing intumescent fire-pro-
tection coatings, yet excessive or uneven porosity may 
undermine structural integrity, resulting in cracking 
or water infiltration. Raza et al. [97] indicated that 
including polyethylene fibers enhanced porosity and 
microcracking, thus diminishing strength and thermal 
stability. Regulating pore size and distribution is thus 
crucial. SEM investigations conducted by Haque [80] 
and Welter [98] demonstrate that samples character-
ized by dense gel structures and reduced voids dis-
play enhanced thermal performance. When subjected 
to heat, these well-bonded matrices withstand internal 
stress and inhibit spalling, a principal failure mecha-
nism in fires. Fiber–matrix adhesion is another criti-
cal issue. Robust fiber adhesion connects microcracks, 
improving toughness and resistance to thermal shock. 
SEM analyses conducted by Irshidat et al. [86] vali-
dated those polypropylene microfibers significantly 
inhibited crack progression. Welter [98] similarly 
observed that basalt and alumina fibers maintained 
their integrity at temperatures up to 600 °C, thereby 
strengthening the matrix and postponing structural 
breakdown. At elevated temperatures, fibers like car-
bon may deteriorate or compromise their mechanical 
integrity, leading to embrittlement, whereas polymer 
fibers such as polypropylene may melt, resulting in 
micro voids that serve as stress concentrators. Thermal 
exposure also causes chemical and structural changes 
inside the matrix. Certain geopolymers experience 
phase transitions from an amorphous to a crystal-
line form. Ye et al. [81] noted that such changes com-
menced at 1000 °C, leading to matrix dehydration and 
possible fracturing. In contrast, Le et al. [85] indicated 
that heightened densification and crystallization at 
1200 °C can improve mechanical integrity, yet may 
also elevate thermal conductivity, which is unfavora-
ble for insulating materials.

Exposure to fire frequently results in shrinkage 
and the development of microcracks, especially dur-
ing swift moisture evaporation. Haque [80] and Thanh 
[83] established that geopolymer coatings character-
ized by high amorphous content and uniformly dis-
persed fibers exhibited enhanced microstructural 
stability under thermal stress, while systems with 
inadequate internal cohesion displayed surface 
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cracking and partial degradation [90]. The microstruc-
ture of geopolymer coatings is dynamic, developing 
under thermal stress, with critical parameters, such 
as porosity, fiber dispersion, bonding strength, and 
crystallinity, collectively influencing material perfor-
mance. Notwithstanding these findings, considerable 
gaps persist in comprehending long-term micro-
structural activity during fire exposure. This encom-
passes the resilience of fiber–matrix adhesion during 
successive thermal cycles, quantitative relationships 
between microstructural attributes and fire insulation 
efficacy, the impact of additives and foaming agents 
on pore structure, and the scalability and reproduc-
ibility of laboratory results in practical applications. 
Future research should employ integrated analytical 
methodologies, incorporating SEM, XRD, TGA, FTIR, 
and NMR, to observe structural changes over time 
and within various thermal conditions. The type of 
fiber is crucial for performance. Steel and basalt fib-
ers demonstrate robust interfacial adhesion with the 
matrix, hence improving mechanical strength, dura-
bility, and fire resistance, whereas natural fibers like 
coir offer diminished bonding strength but enhanced 
environmental sustainability. The incorporation of 
fiber influences porosity: Optimal fiber loading can 
occupy micro voids, yielding a denser and more resil-
ient matrix, whereas excessive fiber content, especially 
with glass or polypropylene, can cause agglomeration, 
heightened porosity, and diminished composite effi-
cacy. Significantly, the inclusion of fiber generally does 
not modify the chemical composition of the geopoly-
mer matrix. Certain fibers, like basalt and carbon, may 
facilitate the evolution of crystalline phases over time; 
however, no new compounds are generated, hence 
maintaining the fundamental fire-resistant character-
istics of the material.

Thermal conductivity properties

Thermal conductivity is a crucial factor in assessing 
the efficacy of geopolymer coatings in mitigating 
heat transfer, crucial for fire-protection applications. 
Research repeatedly shows that geopolymer coatings 
possess reduced thermal conductivity compared to 
traditional cementitious materials, attributable to their 
amorphous gel matrix and intrinsic porosity, which 
impede heat transfer. Significantly low thermal con-
ductivity values have been documented, specifically 
0.13–0.14 W/m·K for potassium–metakaolin foam 

coatings [85] and 0.19 W/m·K for basalt-reinforced 
panels [99], underscoring their exceptional insulating 
properties.

Discrepancies in testing methodologies, curing 
environments, fiber selection, and sample dimen-
sions persistently hinder comparability among inves-
tigations. Fiber reinforcement can either improve or 
reduce thermal insulation based on the type of mate-
rial. Metallic fibers can enhance heat transfer, but 
non-metallic fibers like polypropylene and basalt 
typically preserve or enhance insulation when evenly 
distributed [86, 90]. The effects of temperature are sig-
nificant: Some coatings undergo matrix densification 
at elevated temperatures exceeding 1200 °C, poten-
tially enhancing thermal conductivity; nevertheless, 
extensive post-fire evaluation data are still limited 
[85]. To enhance thermal performance, researchers 
have explored foamed and intumescent geopolymer 
systems that expand when exposed to heat, creating 
a porous protective layer. Zakaria [100] and Watolla 
et al. [101] proved their efficacy in decreasing surface 
temperatures during flame exposure; nonetheless, the 
long-term durability of char necessitates additional 
investigation. Microstructural characteristics, espe-
cially pore distribution and fiber–matrix adhesion, 
significantly affect heat transport. SEM investigations 
conducted by Haque [80] and Welter [98] demonstrate 
that fine, uniformly distributed porosity diminishes 
heat conductivity, but flaws resulting from melted 
fibers might undermine insulation, as noted by Raza 
et al. [97].

Modifications in mix design, particularly the inte-
gration of thermal fillers, facilitate thermal conductiv-
ity values between 0.1 and 0.3 W/m·K, as evidenced by 
Carvalho et al. [104]. The incorporation of lightweight 
materials like vermiculite and perlite significantly 
improves insulation, as evidenced by Pei et al. [99], 
who documented considerable decreases in heat trans-
fer. Fibers, such as polypropylene and basalt, help 
sustain consistent thermal resistance at high tempera-
tures [12, 47]. Nevertheless, an excessive amount of 
fiber may lead to increased porosity or agglomeration, 
adversely impacting performance. A restricted num-
ber of research measure thermal conductivity under 
standardized conditions. Tatlisu et al. [96] documented 
an extraordinarily low thermal conductivity of 0.055 
W/m·K utilizing hollow glass microspheres, although 
further studies corroborate those additions like micro-
spheres, polystyrene, and foaming agents can mark-
edly diminish conductivity [105, 106]. Le et al. [85] 
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indicated that formulations containing ground basalt 
fibers and aluminum powder attained a thermal con-
ductivity of 0.13 W/m·K, while basalt-composite sand-
wich constructions exhibited a thermal conductivity 
of 0.19 W/m·K, as reported by Pei et al. [99]. Identi-
fied high-temperature failure mechanisms encompass 
cracking, shrinkage due to dehydration, and fiber deg-
radation; nevertheless, specific basalt-reinforced coat-
ings maintained structural integrity at temperatures 
above 1000 °C. Existing study deficiencies encompass 
the absence of defined high-temperature testing meth-
odologies, inadequate comprehension of the effects of 
fiber type and distribution on insulation, and a scar-
city of long-term fire-aging investigations. Subsequent 
efforts should concentrate on establishing standard-
ized testing protocols, utilizing sophisticated charac-
terization techniques like Laser Flash Analysis and 
SEM–XRD mapping, and refining mix designs via the 
regulated application of foaming agents, lightweight 
aggregates, and fiber systems. Optimizing thermal 
conductivity is essential for enhancing the fire-resist-
ant properties of fiber-reinforced geopolymer coatings, 
allowing them to comply with stringent contemporary 
safety regulations.

Intumescence and fireproofing mechanism

Intumescent coatings are a category of passive fire-
protection materials that experience substantial expan-
sion when subjected to high temperatures, generally 
above 200 °C [107, 108]. Upon thermal exposure, these 
coatings undergo a chemical reaction that generates a 
dense, foam-like char layer, serving as both a thermal 
and physical barrier. This char efficiently insulates and 
safeguards underlying substrates, such as steel, wood, 
or plaster, from heat and flames. The principal benefit 
of intumescent coatings is their self-activation during 
fire incidents: They expand and create a protective 
barrier without external assistance, thereby retarding 
heat transfer and maintaining the structural integrity 
of essential components like steel beams and concrete 
elements [109]. The delayed heat penetration is essen-
tial for preserving structural integrity, prolonging 
evacuation duration, and enhancing firefighting effi-
cacy [110]. Without such protection, structural mate-
rials, especially steel, can quickly diminish in load-
bearing capability during a fire, resulting in premature 
failure and increased danger to inhabitants and emer-
gency responders [111].

Intumescent plasters are essential in reducing fire 
damage by limiting direct thermal exposure to struc-
tural materials. The creation of a char layer diminishes 
thermal conductivity and acts as a sacrificial surface, 
mitigating thermal stress and averting ignition or 
breakdown of the underlying substrate [109]. These 
features make intumescent coatings necessary in 
contemporary construction, where compliance with 
fire safety regulations and building codes is crucial. 
The intumescence mechanism encompasses a series 
of physical and chemical transformations, initiating 
with softening and melting, succeeded by swelling 
and charring. This method generates a substantial, 
carbon-rich char, frequently fortified with gas-entrap-
ping cells, hence improving thermal insulation and 
structural integrity. Zhang et al. [112] observed that 
this intumescent char is especially proficient in pre-
serving mechanical performance under fire exposure. 
Hysek et al. [109] further proved that the use of both 
traditional and innovative elements, including fiber 
additions, can enhance the efficacy of intumescent 
coatings. The incorporation of fibers in fiber-reinforced 
geopolymer plasters improves fireproofing efficacy 
by offering mechanical reinforcement to the char 
layer. Fibers restrict shrinkage, crack propagation, 
and delamination in response to thermal stress. The 
integration of these fibers with the intrinsically fire-
resistant geopolymer matrix has a synergistic effect, 
enhancing the protective barrier and augmenting heat 
retention during fire incidents. The incorporation of 
fiber reinforcement and intumescent properties mark-
edly enhances the longevity and effectiveness of fire-
protective plaster systems.

An essential aspect affecting the efficacy of intu-
mescent coatings is the adherence between the coat-
ing and its substrate. Inadequate bonding may lead 
to early failure or delamination of the protective layer 
when subjected to fire exposure. SEM investigations 
[113] demonstrate that augmented surface roughness 
improves mechanical interlocking and adhesion. SEM 
enables the evaluation of coating thickness and inter-
face quality, offering critical insights into structural 
integrity under heat stress [114]. Nonetheless, whereas 
SEM proficiently elucidates surface morphology and 
cross-sectional characteristics, it is constrained in its 
ability to investigate internal microstructural devel-
opment. In this context, neutron diffraction functions 
as a potent, non-destructive method for examining 
the behavior of bulk materials. The ENGIN-X time-
of-flight neutron diffractometer at the ISIS spallation 
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neutron source is explicitly developed for materials 
science applications, encompassing residual stress 
measurement and phase transition analysis in coatings 
and engineered materials [115]. This method facilitates 
real-time observation of fiber-reinforced geopolymer 
coatings subjected to thermal or fire exposure. In con-
trast to SEM, neutron diffraction provides unique ben-
efits by elucidating internal stress distributions, phase 
transitions, and long-term structural alterations inside 
the matrix. Faisal et al. [115] illustrated its ability to 
assess internal stresses and phase evolution, whereas 
Mo et al. [116] emphasized its efficacy in monitor-
ing structural transformations over time and under 
varying environmental conditions. Advanced char-
acterization techniques are essential for assessing the 
durability, fire-resistance performance, and long-term 
reliability of construction materials.

The integration of fibers into geopolymer matrices 
markedly affects stress distribution inside the mate-
rial, especially at the interface between the geopoly-
mer matrix and the intumescent layer. This reinforce-
ment reduces cracking and delamination under heat 
stress, hence improving structural integrity during 
fire exposure [115, 117]. Advanced characterization 
techniques offer profound insights into these systems. 
Figure 6, derived from Nagler et al. [118], illustrates a 
neutron diffraction apparatus where protons from an 
accelerator interact with a spallation target to generate 
neutrons. Neutrons are directed toward the material, 

where diffraction takes place, and time-of-flight meas-
urements ascertain neutron wavelengths for Bragg 
scattering. This methodology facilitates accurate struc-
tural analysis of fiber-reinforced geopolymer-intumes-
cent systems, documenting internal stress relaxation, 
phase transitions, and microcrack development under 
thermal stress.

Neutron diffraction data can be examined using 
the Rietveld method with dual detector banks to 
determine elemental and phase compositions in geo-
polymer systems. The instrumental configuration 
depicted in Fig. 7 enables the rotation and vertical 
arrangement of specimens, hence permitting multi-
angular and layered investigation. In-situ evaluations 
accurately replicate fire exposure or thermal cycling, 
offering comprehensive insights into the development 
of geopolymer–fiber composites during fire incidents. 
Although SEM is important in evaluating surface 
geometry and morphological characteristics [113], 
neutron diffraction enhances this analysis by reveal-
ing interior dynamics such as stress relaxation, phase 
disintegration, and crack progression over time [119].

In protection and restoration work, it’s important to 
know the difference between plaster and coating. Plas-
ters are used as a base material that provides a struc-
tural and protective layer for surfaces. Meanwhile, 
coatings are put on top to enhance the surface protec-
tion layer. Most previous research investigations have 
indicated intumescent behavior in geopolymer coating 

Figure 6   Spallation Neutron Source and VULCAN instrument facility at Oak Ridge National Laboratory (ORNL) [118].
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systems, which are generally utilized as thin insulating 
layers on steel or concrete substrates. These coatings 
are usually less than 5 mm thick and protect surfaces 
by forming an insulating char layer when exposed to 
fire. On the other hand, geopolymer plaster systems 
employ significantly thicker layers, generally between 
10 and 20 mm that aimed to protect both the surface 
and the internal structure from fire. Because of these 
differences, plaster systems need to be considered as 
addition requirement in terms of workability, adhe-
sion, compatibility with the substrate, and stability 
when exposed to elevated temperature for extended 
time period. Unlike coatings, plaster not only protects 
surfaces but also reduces heat transmission to the 
interior structure. Nonetheless, current literature pre-
dominantly emphasizes coating-based systems, and 
investigations into intumescent behavior within sub-
stantial geopolymer plaster materials, especially under 
real fire exposure conditions are still insufficient. This 
shows that there is a clear gap in research on how geo-
polymer plaster systems behave and stay strong when 
exposed to fire, depending on their thickness.

In conclusion, intumescence serves as an essential 
fireproofing mechanism that significantly improves 
the thermal resistance of geopolymer-based plas-
ters. When integrated with fiber reinforcement, these 

systems demonstrate enhanced mechanical integrity, 
structural resilience, and fire resistance. Employing 
advanced analytical techniques, including SEM and 
neutron diffraction, is crucial for thorough characteri-
zation and optimization, facilitating the development 
of sustainable, high-performance fire-protection plas-
ter materials for modern construction.

Surface protection of fiber‑reinforced 
geopolymer

Fiber-reinforced geopolymers (FRGPs) are gaining 
recognition for their potential in surface protection 
applications, especially as fireproof coatings. Multi-
ple investigations, as outlined in preceding sections, 
have shown that geopolymer coatings offer efficient 
thermal protection by creating a strong barrier against 
high temperatures. These coatings provide superior 
adherence to diverse substrates, such as steel, wood, 
and concrete, allowing them to maintain integrity 
under intense temperature stress. Notwithstanding 
comprehensive investigations into geopolymer coat-
ings, the application of geopolymer-based plasters for 
surface protection is still inadequately examined. The 
majority of research has concentrated on thin coatings, 

Figure 7   Neutron time-of-
flight diffraction technique 
schematics for pulsed neutron 
sources [118].
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resulting in a deficiency in understanding the efficacy 
of geopolymer plasters. Therefore, additional research 
is necessary to assess their adhesion strength, struc-
tural integrity, and fire resistance effectiveness in prac-
tical scenarios.

FRGPs are a highly promising alternative for con-
struction applications owing to their exceptional fire-
resistance capabilities. The escalating requirements 
of severe fire safety laws have rendered the demand 
for high-performance fireproofing materials essential. 
FRGPs integrate the inherent thermal and mechanical 
benefits of geopolymers with the reinforcing charac-
teristics of fibers, offering a holistic passive fire pre-
vention solution. Zhou et al. [120] emphasized the 
intumescent properties of FRGPs, which efficiently 
inhibit heat transfer, rendering them ideal for protec-
tive coatings on structural elements. The integration 
of fibers like basalt or glass significantly improves 
mechanical performance and fire resistance. These 
fibers serve as thermal stabilizers and crack-bridging 
agents, reducing thermal deterioration and spalling 
during exposure to fire. Zhang et al. [39] showed that 
hybrid fiber reinforcement in geopolymer matrix sig-
nificantly mitigates explosive spalling, a prevalent 
failure mode in OPC-based systems.

FRGPs are utilized not only for surface treatments 
but also for structural elements like wall panels and 
fire-resistant cladding. These applications amalgam-
ate fire safety with structural advantages, such as 
less weight, hence enhancing load management effi-
ciency in edifices. Furthermore, numerous FRGPs 
originate from industrial by-products, offering sus-
tainable choices that bolster green construction activ-
ities. Hysek et al. [109] established that geopolymer 
sandwich composites exhibit superior mechanical 
stability under elevated temperature stress compared 
to traditional materials. Likewise, Yang et al. [121] 
indicated that hybrid fiber-reinforced geopolymer 
concretes demonstrate improved spalling resistance 
while maintaining structural integrity under thermal 
stress. The integration of natural fibers in these sys-
tems aligns with environmentally sustainable design 
principles. Zhang et al. [112] noted that hybrid com-
posites including steel and polyvinyl alcohol (PVA) 
fibers enhanced fire resistance and mechanical sta-
bility, underscoring their significance for high-rise 
structures and infrastructure subjected to high heat 
requirements. Le et al. [122] examined geopolymer 
foams applied to polystyrene boards, demonstrating 
that these systems can endure elevated temperatures 

for extended durations while offering efficient ther-
mal insulation. These composite systems provide 
substantial benefits for both commercial and resi-
dential fireproofing applications. Moreover, Ali et al. 
[123] established that geopolymer concrete facades 
surpass OPC-based concrete in fire resistance, high-
lighting the growing significance of geopolymer 
materials in providing safe, sustainable, and high-
performance solutions for contemporary building.

FRGCs are set to significantly impact sustainable 
construction and innovative materials engineering. 
The integration of ecological consciousness, perfor-
mance demands, and material innovation is creating 
new prospects for these composites across various 
sectors. Current developments indicate that hybrid 
geopolymer systems utilizing nano-additives, syn-
thetic fibers, or phase-change materials can signifi-
cantly improve the thermal, mechanical, and fire-
resistant properties of FRGCs. Advancements in 
multifunctional materials seek to offer adjustable 
flexibility, enhanced durability, and exceptional 
fire resistance to satisfy contemporary construction 
requirements [19, 84]. The incorporation of light-
weight aggregates and fillers facilitates the crea-
tion of structurally sound, thermally efficient, and 
visually adaptable elements for walls, ceilings, and 
façade systems. Additive manufacturing, especially 
3D printing, offers a significant opportunity for geo-
polymer applications. Layered manufacturing ena-
bles intricate designs with less material waste and 
enhanced precision [52]. Optimized fiber-reinforced 
geopolymer formulations for 3D printing have the 
potential to transform architectural design by facili-
tating the creation of bespoke structural compo-
nents, precast panels, and fire-resistant enclosures. 
The increasing focus on passive fire protection per-
sists in propelling the advancement of sophisticated 
fire-retardant plasters and claddings. The elevated 
temperature resistance of FRGCs, along with their 
ability to generate insulating char layers while pre-
serving mechanical integrity, renders them ideal for 
essential infrastructure in fire-prone settings [27, 
124]. Moreover, as smart building technologies gain 
prominence, geopolymer composites may be incor-
porated with sensor systems to develop intelligent, 
self-monitoring buildings that may identify tempera-
ture anomalies or structural alterations in real time. 
The amalgamation of superior material science and 
digital innovation has the capacity to improve safety 
and resilience in modern construction.
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In summary, fiber-reinforced geopolymer plasters 
exhibit significant potential for fireproofing applica-
tions and sustainable construction. Nonetheless, ongo-
ing study is essential to fully actualize their potential. 
Addressing existing knowledge deficiencies—espe-
cially for long-term performance, fiber–matrix com-
patibility, sustainable formulations, and predictive 
modeling—will be crucial for the advancement of the 
discipline. The simultaneous incorporation of devel-
oping technologies, such as 3D printing, AI-driven 
material design, and hybrid composite research, is 
anticipated to propel future innovation. These inno-
vations will improve the safety and durability of the 
built environment while furthering global goals for 
sustainable and resilient infrastructure.

Research gaps, challenges and future 
works

Fiber-reinforced geopolymer materials have garnered 
increasing attention as intumescent fireproof plasters 
due to their sustainability, mechanical strength, ther-
mal stability, and fire resistance. Despite the grow-
ing body of research, several critical gaps and chal-
lenges must be addressed to enable broader industrial 
application.

	 i.	 Long-term durability and performance: Limited 
data exist regarding the behavior of fiber-rein-
forced geopolymer plasters over extended peri-
ods and under real environmental conditions, 
such as temperature fluctuations, moisture, or 
freeze–thaw cycles. While initial fire resistance 
is promising, prolonged exposure can weaken 
fiber–matrix bonding, reducing overall fireproof 
performance [27, 125]. Future studies should 
include long-term and environmental testing to 
assess material degradation and identify strate-
gies to enhance durability for practical use.

	 ii.	 Fiber–matrix–substrate interaction: The bonding 
between fibers, the geopolymer matrix, and the 
substrate remains insufficiently understood and 
sometimes inadequate. Variations in fiber type, 
surface treatment, and geometry can signifi-
cantly affect adhesion, with weak bonding lead-
ing to microcracks, debonding, or fiber pull-out, 
which compromise both mechanical strength 
and thermal stability during fire [38, 126]. Sys-
tematic studies on different fibers, including car-

bon, basalt, glass, and natural fibers, and surface 
treatments such as plasma or sizing agents are 
needed to optimize compatibility and perfor-
mance.

	 iii.	 Thermomechanical behavior under fire condi-
tions: The response of fiber-reinforced geopoly-
mer plasters to simultaneous high temperatures 
and mechanical loading, as occurs in real fires, is 
still not well understood. Differential expansion 
of fibers and matrix, fiber softening, or degrada-
tion can reduce the effectiveness of the fireproof 
layer [125, 127]. Detailed studies incorporating 
computational simulations and full-scale fire 
testing are essential to elucidate these effects and 
enhance thermomechanical performance.

	 iv.	 Standardized testing and benchmarking: Cur-
rently, no standardized protocols exist to evalu-
ate the fireproof performance of fiber-reinforced 
geopolymer plasters. Many fire resistance stand-
ards do not consider critical factors such as 
expansion behavior, thermal insulation, or char 
layer stability, making inter-study comparisons 
and industrial readiness assessments difficult 
[25, 128]. Comprehensive testing methods that 
replicate realistic fire conditions are needed to 
provide reliable performance metrics.

	 v.	 Interaction with intumescent additives: The com-
patibility and performance of geopolymer matri-
ces with intumescent additives, such as expand-
able graphite or ammonium polyphosphate, 
remain poorly defined. Additives can influence 
workability, curing, and mechanical strength 
while affecting char formation and thermal pro-
tection [15, 129]. Further research is required to 
optimize additive integration and maximize fire-
proofing efficiency.

	 vi.	 Environmental impact and life cycle assessment: 
Although fiber-reinforced geopolymers are pro-
moted as environmentally friendly, few studies 
quantify their full life cycle impact, including 
synthesis, curing, usage, and end-of-life disposal. 
Potential emissions during production and addi-
tive leaching remain underexplored [130]. Life 
cycle assessments and improved mix designs are 
necessary to reduce environmental footprints.

	vii.	 Toughness and crack resistance: Geopolymers 
are inherently brittle, and while fibers improve 
ductility, achieving sufficient toughness under 
sudden or uneven thermal and mechanical 
stress remains challenging. Microcracks and 
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delamination under high stress can compromise 
both structural integrity and fire resistance [78]. 
Combining different fiber types and developing 
advanced geopolymer chemistries may enhance 
crack resistance and overall toughness.

	viii.	 Adhesion to diverse substrates: The bonding 
of geopolymer fireproofing plasters to materi-
als such as steel, concrete, or wood is not fully 
understood. Poor adhesion can lead to plaster 
detachment or cracking, exposing the underly-
ing substrate to heat and reducing fire protection 
[15, 130]. Future work should explore primers 
or specialized formulations to improve adhesion 
across different surfaces.

In summary, fiber-reinforced geopolymer materi-
als offer considerable potential as eco-friendly, high-
performance, intumescent fireproofing solutions. 
However, key challenges remain, including long-term 
durability, fiber–matrix interactions, standardized 
testing, thermomechanical behavior, additive compati-
bility, environmental impact, toughness, and substrate 
adhesion. Addressing these gaps through coordinated 
research, engineering innovation, and industrial col-
laboration will be essential to transition these mate-
rials from laboratory studies to practical, large-scale 
applications in resilient and sustainable infrastructure.

Conclusion

Fiber-reinforced geopolymer composites signify a 
notable progression in the creation of sustainable intu-
mescent fireproofing plaster application. These com-
posites exhibit significant enhancements in mechani-
cal performance, thermal insulation, and structural 
integrity at elevated temperatures, surpassing tradi-
tional cementitious methods. The synergistic benefits 
of fire resistance and environmental sustainability 
highlight the promise of geopolymer technology as 
an advanced option for robust infrastructure. Notwith-
standing these encouraging characteristics, numer-
ous problems remain. Commercial scalability, the 
lack of defined testing methodologies, and restricted 
industrial adoption impede extensive implementa-
tion. Furthermore, the long-term performance under 
realistic fire scenarios and climatic circumstances is 
still little investigated. It is clearly observed that most 
existing studies are still focused on geopolymer con-
crete and coating applications. However, research on 

geopolymer as plaster material is still very limited, 
especially in terms of mix design standardization, 
workability, adhesion, and large-scale application. 
One important future direction is the development of 
one-part geopolymer plaster system, that is, just add-
ing water is more practical for construction industry. 
This type of material can simplify application process 
and increase industrial acceptance. Several challenges 
still need to be addressed, including long-term dura-
bility, performance under real fire condition, and lack 
of standard testing methods for plaster system. There-
fore, ongoing research is crucial to refine mix com-
positions, improve durability, and verify fireproofing 
methods using modern analytical and non-destructive 
evaluation techniques. Future research should empha-
size thorough examinations of the interplay among 
fiber types, thermal properties, and structural per-
formance, especially during extended or cyclic fire 
exposure. Bridging these knowledge gaps will enable 
the transformation of geopolymer-based fireproofing 
systems from intriguing laboratory concepts to effec-
tive, practical solutions for safer and more sustainable 
built environments.
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