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Abstract: Plant fibers, characterized by their low density, renewable nature, and environ-
mentally friendly characteristics, offer considerable potential as reinforcement materials
in geopolymer composites. This review provides a critical and thorough examination of
recent developments and emerging trends in plant fiber-reinforced geopolymer concrete
(PFRGC). The paper commences by detailing the inherent characteristics of plant fibers
and the mechanisms governing their interfacial adhesion with the geopolymer matrix,
with specific emphasis on the impact of fiber surface modification on interface properties.
The review offers a comprehensive investigation of the mechanical properties of plant
fiber-reinforced geopolymer concrete, encompassing compressive strength, tensile strength,
and toughness. Additionally, the paper examines the influence of plant fiber integration
on the durability of geopolymer concrete, discussing improvements in freeze-thaw resis-
tance, permeability, and carbonation resistance. In conclusion, this review highlights the
prevailing challenges in the domain and provides insights into future developments of
plant fiber-reinforced geopolymer concrete. An analysis was performed utilizing papers
from 2000 to 2025 indexed in prominent databases including Web of Science, Scopus, and
ScienceDirect to enhance the review. Integrating plant fibers into developing technologies,
such as 3D printing of geo-polymer matrices, signifies a promising avenue for structural
applications. It advocates that future research efforts should focus on enhancing fiber
modification techniques, exploring novel fiber materials, and doing thorough assessments
of long-term performance.

Keywords: geopolymers; plant fibers; mechanical properties; durability

1. Introduction
Under the dual challenges of global climate change and resource shortening, the

construction industry, as one of the major areas of resource consumption and carbon emis-
sion, is facing unprecedented pressure for transformation. The high energy consumption
and large amount of CO2 emissions in the traditional cement production process have
become an important obstacle to sustainable development [1,2]. Against this background,
Geopolymer Concrete (GPC), as a new type of low-carbon and environmentally friendly
cementitious material system, has received widespread attention due to its significant
environmental benefits and excellent engineering performance.

GPC is mainly formed by the hardening of industrial wastes (e.g., fly ash, slag, etc.) rich
in activated silica-aluminum through alkali-activated polymerization reaction [3]. Compared
with traditional cement concrete, GPC not only exhibits excellent early strength development,

Materials 2025, 18, 2342 https://doi.org/10.3390/ma18102342

https://doi.org/10.3390/ma18102342
https://doi.org/10.3390/ma18102342
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0003-3041-2041
https://doi.org/10.3390/ma18102342
https://www.mdpi.com/article/10.3390/ma18102342?type=check_update&version=2


Materials 2025, 18, 2342 2 of 34

better heat resistance and chemical stability, but also effectively solves the problem of indus-
trial solid waste disposal and realizes the recycling of resources [3,4]. However, similar to
traditional cement concrete, GPC has inherent defects such as high brittleness, low tensile
strength, and poor impact resistance, which severely limit its application in structures that
require high toughness and ductility [4]. Consequently, enhancing the mechanical properties
of GPC, particularly its toughness and ductility, has emerged as a critical scientific challenge
for facilitating its broader implementation.

Fiber reinforcement technology, as a mature and effective method of concrete mod-
ification, can significantly improve the crack resistance, toughness and ductility of com-
posite materials by incorporating fiber materials with high tensile strength into the brittle
matrix [5]. Traditional research on fiber-reinforced concrete mainly focuses on steel fibers
and synthetic fibers (e.g., polypropylene fibers, carbon fibers, etc.). However, the produc-
tion process of these synthetic fibers is usually accompanied by high energy consumption
and environmental pollution, which contradicts the environmental protection concept
of GPC [6]. The concept of sustainable development has become a hotspot for research
on plant fibers. With the deepening of the concept of sustainable development, natural,
renewable and environmentally friendly plant fibers have gradually become a research hot
spot [7].

Plant fibers, including bamboo, hemp, coconut, sisal, and jute, possess diverse sources,
affordability, low density, and high specific strength. Notably, their manufacturing and
processing methods are characterized by low energy consumption and environmental
sustainability [8]. The application of plant fibers to the reinforcement modification of
GPC not only enhances the mechanical properties of GPC, but also further enhances its
environmental sustainability and realizes the synergistic use of industrial waste and natural
renewable resources, which is of great environmental and economic significance.

However, Plant Fiber Reinforced Geopolymer Concrete (PFRGC), as an emerging
composite material, still faces many challenges in its performance regulation mechanism
and engineering applications. Firstly, the hydrophilicity and porous structure of plant
fibers may affect the workability and compactness of concrete; secondly, the stability and
durability of plant fibers in high alkaline environments are of concern; furthermore, the
interfacial bonding mechanism between the fibers and the geopolymer matrix and its effect
on the performance of the composites have not been fully elucidated. The solution of these
scientific issues is crucial for the performance optimization and engineering applications
of PFRGC.

This review provides a thorough examination of the evolution of PFRGC, aimed
at facilitating continued research and practical implementation by scientists, engineers,
and practitioners in the discipline. The reviewed literature covers the period from 2000
to 2024 and was obtained from prominent databases including Web of Science, Scopus,
and ScienceDirect, utilizing keyword combinations such as “plant fiber”, “natural fiber”,
“geopolymer”, “geopolymer concrete”, “mechanical properties”, and “durability”. The
review examines the interfacial interactions between plant fibers and the geopolymer
matrix, methods for enhancing mechanical performance, and aspects linked to durability.
It additionally examines the scientific and technical problems that persist and delineates
possible directions for future research. This work aims to elucidate existing knowledge and
enhance the design and implementation of PFRGC in engineering contexts by referencing a
wide array of publications.

2. Interfacial Bonding Between Plant Fibers and Geopolymer Matrix
The interfacial adhesion between the plant fibers and the geopolymer matrix is essen-

tial for the composite’s overall performance. If the interfacial bonding is poor, the fibers
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will be easily debonded from the matrix when subjected to force, thus weakening the
reinforcing effect of the composites. Thus, it is crucial to comprehensively examine the
interfacial bonding performance between plant fibers and the geopolymer matrix, along
with its assessment methodology.

The interfacial bonding property is an essential feature of fiber-reinforced composites,
directly influencing the effectiveness of reinforcement. In plant fiber-reinforced geopolymer
concrete, the qualities of interfacial bonding are especially critical. Compared to inorganic
and synthetic fibers, plant fibers have unique properties that complicate their interfacial
bonding behavior with the geopolymer matrix.

2.1. Types and Properties of Plant Fibers

Natural plant fiber is a kind of natural composite material with precise hierarchical
structure, which can be divided into eight categories according to its source parts and
usage characteristics: bast fiber (from the epidermis and phloem of plant stems), leaf fiber
(extracted from leaf tissues), herbaceous fiber (obtained from graminaceous plants), seed
fiber (obtained from the epidermis of the seed or endocarp), and root fiber (obtained from
the root tissues of the plant), Fruit fibers (from the epidermis or endocarp of the fruit), stem
core fibers (from the medullary part of the plant stem), and wood pulp fibers (separated
from wood by chemical or mechanical processes).

The chemical composition primarily comprises cellulose (35–85%), hemicellulose
(10–25%), lignin (5–30%), and trace quantities of organic constituents such as pectin and
wax. These components construct a multilevel structural system from molecular to macro-
scopic scales by precise spatial organization, establishing a distinctive mechanical property
transmission process.

From the structural level, the cell walls of plant fibers show a highly organized laminar
structure [9]: the outermost layer is the primary wall, the inner one is the secondary wall
consisting of S1, S2, and S3 layers, and the center is the lumen. The S2 layer, one of the
three layers of the secondary cell wall, is crucial in determining the mechanical properties of
natural fibers because of its significant thickness and highly ordered structure. It primarily
comprises helically arranged cellulose microfibrils embedded in an amorphous matrix
of lignin and hemicellulose, creating a natural fiber-reinforced composite. Cellulose, the
principal structural component, consists of linear chains of β-1,4-linked D-glucose units,
which constitute the repeating unit of the polymer with the chemical formula (C6H10O5)n.
These chains consolidate into crystalline microfibrils, whose alignment within the S2 layer
determines the tensile strength and rigidity of the fiber.

In this sophisticated structural system, hemicellulose is distributed among cellulose
microfibrils in a disordered amorphous state, which provides secondary mechanical sup-
port while its hydrophilic character significantly influences the interfacial interactions
between the fibers and the geopolymer matrix. Lignin, on the other hand, acts as a natural
binder to cement the entire structure into a unified whole, and its complex network of aro-
matic polymers not only enhances the rigidity and structural stability of the fibers, but also
affects the durability of the composites by regulating the water absorption. The bast fibers
show a regular longitudinal texture on the surface, the leaf fibers have a helical vascular
bundle structure, and the stalk fibers exhibit a porous network structure. This structural
diversity stems from the specific assembly of cell wall components during biosynthesis,
which directly affects the reinforcement of fibers in composites.

The stability of plant fiber characteristics is substantially affected by environmental
variables. As can be seen from the figure, the strength enhancement, water absorption,
thermal degradation and biodegradation properties of fibers are all closely related to their
component structures and show obvious hierarchical nature: lignin, hemicellulose and
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cellulose are involved in these processes sequentially, forming a complex performance
response mechanism. The multilayer structure-property relationship serves as a crucial
framework for comprehending and enhancing the utilization of plant fibers in geopolymer
reinforcement systems.

Considering the fundamental structural attributes and chemical composition of plant
fibers, those derived from various organ origins exhibit distinct structural characteristics and
performance due to variations in their growth environments and physiological functions.
Therefore, a comprehensive analysis of the differences in characteristics among common fiber
types is essential from an organ classification perspective. According to the origin of plant
organs, the common fiber types and their characteristics are as shown in [Table 1].

Table 1. Physical and mechanical characteristics of frequently documented plant fibers in literature.

Fiber Type Fiber Density
(g/cm3)

Tensile
Modulus

(GPa)

Tensile
Strength

(MPa)
Elongation (%) Organ Source

Classification Reference

Seed Fibers Cotton 1.5–1.6 5.5–12.6 287–597 7.8–8.2 Seed epidermal
unicellular fibers [10]

Bast Fibers

Flax 1.4–1.5 27.6–103 343–2000 1.2–3.3 Primary phloem
of flax stem [10,11]

Hemp 1.4–1.5 23.5–90 270–900 1–3.5 Cannabis sativa
stem phloem [10]

Jute 1.3–1.49 8–78 320–800 1–1.8 Jute secondary
phloem [10]

Ramie 1.0–1.55 24.5–128 400–1000 1.2–4.0 Ramie bast fiber
bundle [10]

Kenaf 1.4 14.5–53 223–930 1.5–2.7

secondary
phloem of red

hemp (Jatropha
curcas)

[10]

Leaf Fibers

Sisal 1.33–1.5 9.0–38 363–700 2.0–7.0 sisal leaf vascular
fiber [10]

Abaca 1.5 6.2–20 400–980 1.0–10

Plantago
lanceolata leaf

sheath fiber
bundle

[10]

Pineapple
leaves 0.8–1.6 144–825 180–1627 1.6–14.5 Pineapple Leaf

Fiber [10]

Banana 1.35 12 500 1.5–9
Banana leaf
sheath fiber

bundle
[10]

Stalk Fibers

Bamboo 0.6–1.1 11–32 140–800 1.5–9 vascular fibers of
bamboo stems [10]

Bagasse 1.25 17–27.1 222–290 1.1 Sugar cane stalk
fiber [10]

Fruit Fibers

Oil palm 0.7–1.55 0.5–3.2 80–248 17–25 Oil Palm Husk
Fiber Bundle [10]

Coconut shell 0.8 3.5 174 25
Coconut fruit

husk fiber
bundle

[12]

Among the many plant fibers, the bast fiber class shows the most excellent mechanical
properties. Flax fiber, for example, has tensile strength up to 1800 MPa, elasticity modulus
up to 103 GPa [10,11], which is closely related to its highly oriented cellulose molecular
structure. In situ tensile test results show that flax fiber in the force process shows obvious
graded damage characteristics; this progressive destruction mechanism is conducive to
improving the toughness of the composite material. Leaf fiber class has a high elongation at
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break due to its unique helical structure, and exhibits excellent energy absorption capacity
under dynamic loading.

The subsequent heatmap displays a normalized comparison of four essential mechani-
cal properties—density, tensile modulus, tensile strength, and elongation at break—across
fourteen prevalent plant fibers [Figure 1]. Each statistic was normalized to a range of 0 to
1 to remove unit discrepancies and emphasize relative performance. The deeper hues in
the spectrum signify elevated values. This visualization technique has been effective in
enabling an intuitive assessment of fiber appropriateness for reinforcing in geopolymer.

Figure 1. Normalized comparison of key mechanical properties among various plant fibers.

However, the intrinsic properties of plant fibers pose a serious challenge to interfacial
stability. The primary problem is the dimensional instability due to the hydrophilic nature
of the fibers, a volume change that causes interfacial stress concentration and microscopic
crack formation. More critically, Melo Filho et al. [13] revealed two main degradation
mechanisms of plant fibers in alkaline environments [Figure 2]: one is the process of
mineralization by deposition of calcium hydroxide crystals on the surface of the fibers,
which significantly reduces the active cellulose content of the fibers, weakening their
reinforcing effect; and the other is the process of hemicellulose and chemical degradation
of lignin in an alkaline environment, and this component dissociation process destroys the
integrity of the fiber, which in turn affects the long-term stability of interfacial bonding.
The molecular chains of cellulose consist of crystalline and amorphous areas, which exhibit
reduced stability in alkaline conditions [14].

The morphological attributes of the fibers (e.g., aspect ratio, cross-sectional geometry,
surface texture) substantially influence their properties. The degree of processing of plant
fibers directly affects their reinforcing capacity in geopolymers. Korniejenko et al. [15] con-
ducted a comprehensive study on the effects of various fiber types and processing stages on
the characteristics of fly ash-based geopolymers. The inclusion of unrefined fibers, marked
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by a rough texture, presents a difficulty in the mixing process owing to their propensity
for uneven dispersion. This may result in the development of stress concentration zones,
hence diminishing the composite’s overall performance. In contrast, finely treated fibers
demonstrate improved distribution and establish stronger interfacial interactions with the
matrix, resulting in significant enhancements in flexural and compressive properties.

Figure 2. Degradation mechanism of plant fibers proposed [13].

In conclusion, all these factors affect the long-term stability of interfacial bonding,
highlighting the need for a systematic modification strategy. Therefore, a systematic
modification strategy is required to optimize the fiber-matrix interfacial properties, which
will be discussed in detail in the subsequent sections.

2.2. Fiber Surface Treatment

Fiber surface treatment is a prevalent technique employed to enhance adhesion at the
fiber-matrix contact. Physically or chemically altering the surface of plant fibers can enhance
their surface qualities, hence improving binding strength with the geopolymer matrix.

2.2.1. Alkali Treatment

Alkali treatment is a straightforward and efficient technique for fiber surface modifi-
cation. Soaking plant fibers in alkaline solutions, such as sodium hydroxide and calcium
hydroxide, effectively eliminates waxes, oils, and other surface contaminants, enhances
the roughness of the fiber surface, and improves mechanical interlocking. Simultaneously,
alkali treatment can partially eliminate lignin and hemicellulose from the cellulose surface,
thereby exposing additional cellulose and augmenting the quantity of hydroxyl groups
on the fiber surface. This enhancement facilitates chemical reactions with the geopolymer
matrix and improves the mechanical properties and durability of the composites [16,17].

Alkali treatment process parameters such as lye concentration, treatment temperature,
and time have a significant effect on the modification effect [18,19]. Bast fibers, including
jute and flax, are often treated with a 5–8% NaOH solution for 1–4 h at ambient temperature,
whereas woody fibers, such as bamboo and rice straw, generally require treatment at
60–80 ◦C. Excessive alkali treatment can cause hydrolytic destruction of cellulose molecular
chains, leading to reduced fiber strength; thus, optimizing the treatment conditions is
essential [20].

The enhancement of interfacial characteristics between plant fibers and geopolymer
through alkali treatment was evident. Single-fiber pull-out test findings indicated that
treatment with 5% NaOH enhanced the interfacial shear strength between fibers and the
GPC matrix by a factor of 2.5 [21]. The 5% NaOH-treated fiber-reinforced composites shown
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notable improvements in overall performance, with tensile and flexural strengths rising
by 8.14% and 7.88%, respectively [22]. Under elevated temperature conditions (100 ◦C,
1% NaOH, 1 h), the treated date palm fiber composites demonstrated superior mechan-
ical properties, including enhanced impact strength, tensile strength, tensile modulus,
and flexural strength, along with improved fiber dispersion within the matrix [23]. In
addition, alkali treatment is effective in reducing the degradation rate of plant fibers in
alkaline geopolymer environments, improving the durability and dimensional stability of
the composites.

Nonetheless, a contradiction exists regarding the alkali treatment technique: whereas
the monofilament tensile strength of the treated fibers often diminishes, composites fab-
ricated from these fibers exhibit enhanced mechanical properties [24]. The research per-
formed by Fernandes et al. [25] offers significant insights into the comprehension of this
phenomenon. Sisal fibers, despite a decrease in strength from the partial extraction of
hemicellulose and lignin, achieved excellent mechanical qualities when included into
composites at a concentration of 10 wt%. The essence of this apparent contradiction is
in the augmented surface roughness resulting from the alkali treatment, which markedly
improves the mechanical interlocking at the fiber-matrix interface [26]. Optimization of
surface morphology and improvement of interfacial structure may contribute more to the
composite properties than the single fiber strength.

In summary, the alkali treatment method significantly enhances the interfacial com-
patibility and bonding characteristics between plant fibers and the geopolymer matrix
via various physicochemical mechanisms. Nevertheless, the impact of a singular alkali
treatment on certain plant fibers may nevertheless exhibit constraints.

2.2.2. Silane Coupling Agent Treatment

Silane coupling agent modification, as a key technology for surface treatment of plant
fibers, significantly improves fiber-substrate interfacial properties through molecular bridg-
ing mechanisms. The molecular structure of silane coupling agents is usually expressed as
R-Si(OR’)3, where R represents an organic functional group capable of reacting with plant
fibers, and the Si(OR’)3 portion is hydrolyzed to form a chemical bond with the geopolymer
matrix [27,28].

The molecular mechanism of silane modification includes two key steps, hydrolysis
and condensation: silane molecules are first hydrolyzed in aqueous solution to generate
Si-OH groups, which subsequently condense with the hydroxyl groups on the fiber surface
to form Si-O-C bonds, and at the same time, self-condensation between adjacent Si-OH
groups to form a Si-O-Si network structure [28–30]. This silicone crosslinked network
not only improves the hydrophobicity of the fibers, but also establishes a stable chemical
connection between the organic fibers and the inorganic matrix.

The application effects of different types of silane coupling agents are different. KH570
significantly enhanced the interfacial integrity of the system by dehydration condensation
reaction with free water or adsorbed water in the matrix [31]. Wu and Zuo’s research [32]
showed that in the plant cellulose/waste tire powder composite system, Si69 showed a
better interfacial enhancement effect than KH550 at the optimal addition amount. The 5%
KH550 treatment can increase the energy absorption capacity of the fiber reinforced system
by 13.8% and improve the cracking behavior [33]. According to Zhao et al. [34], KH550
showed the most significant enhancement in both sisal fiber and matrix properties due
to its amino functional group, which contributes to superior hydrophobicity, degradation
resistance, barrier performance, and interfacial bonding. KH792 ranked second in efficacy,
while KH560 and KH570 showed relatively weaker and inconsistent effects. Liu et al. [35]
found that KH560, when used as an intermediate agent in nano-SiO2 surface modification,
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facilitated strong adhesion between nanoparticles and fiber surfaces by inducing abundant
hydrogen bonds at the interface. Furthermore, nano-SiO2 could interact with the N-A-S-H
gel matrix to form ionic and covalent Si–O–Si bonds, thereby significantly enhancing the
interfacial bonding strength.

Silane treatment has a different mechanism of action compared to alkali treatment:
alkali treatment improves interfacial bonding mainly by increasing surface roughness and
active sites, whereas silane treatment realizes chemical bonding at the molecular scale. The
alkali-silane composite modification process has been shown to fully utilize the synergistic
effect of the two methods, and Orue and Jauregi et al. [21] showed that pretreatment with
a low concentration (2–5%) of NaOH to remove surface waxes and activate hydroxyls,
followed by silane treatment, increased the bond strength of the fiber-substrate interface by
a factor of 2–3. Similarly, Asim et al. [30] confirmed that a 2% silane solution treatment for
3 h significantly improved the tensile strength and interfacial adhesion of pineapple and
jute fibers. SEM, FTIR, and tensile tests confirmed the removal of non-cellulosic components
and enhanced compatibility between the fibers and the geopolymer matrix.

2.2.3. Polymer Coating

Polymer cladding, a novel fiber surface modification technology, provides an inno-
vative solution to the durability of fibers in geopolymer environments by constructing a
continuous or semi-continuous polymer protective layer on the surface of plant fibers. This
surface engineering strategy has been shown to significantly reduce water absorption while
forming a flexible transition zone between fibers and the matrix, thereby optimizing inter-
facial stress distribution. Common cladding materials include epoxy resins, polyurethanes,
acrylic resins, and other polymers, the selection of which is primarily based on compatibility
with fibers and the matrix, as well as target performance requirements.

Research has demonstrated that the application of fiber surface protection, encompass-
ing methods such as polymer coating and alkali treatment, constitutes a highly efficacious
approach to mitigating the degradation of plant fibers within alkaline contexts [36]. The fun-
damental basis of this protective effect is the construction of a barrier layer that effectively
mitigates the erosion of fibers by alkaline media.

Li et al. [37] elucidate the mechanism of action underlying polymer encapsulating
technology. The epoxy glue penetrates the fiber lumen to create a reinforcing structure and
effectively inhibits crack propagation. The occupation of the lumen space by the hydropho-
bic epoxy resin markedly enhances the water resistance of the fiber. The experimental
findings indicate that this treatment can significantly enhance the mechanical properties of
the composites, including tensile strength, bending strength, and impact strength, while
efficiently regulating the water absorption rate.

However, the relatively high cost of raw materials and the more complex process have
limited its large-scale application to some extent.

2.2.4. Other Surface Treatment Methods

In addition to the aforementioned methods, there are other fiber surface treatment
methods, including but not limited to plasma treatment, graft copolymerization, and
microwave treatment [38,39]. The combination of multiple treatments often exhibits a
synergistic effect, resulting in a modification that is often superior to that of a single
treatment. Each of these methods possesses its characteristics, with a different scope of
application and effects. Therefore, the selection of an appropriate method must be made
according to the specific fiber type and application requirements.

It is important to acknowledge the existence of discrepancies in the mechanisms through
which diverse surface treatments influence the performance of fiber-GPC composites. Their
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applicability is also closely related to specific fiber types, matrix ratios, and application
environments. Alkali treatment remains the most widely used method due to its simplicity,
efficiency, and significant effect. Polymer coating and silane coupling agent treatment are
dominant in high-performance applications. Emerging technologies, such as plasma treatment
and microwave treatment, show promise for development in specific scenarios.

2.3. Geopolymer Matrix Modification Methods

The design of matrix modification is crucial and serves as another important way to
improve the performance of fiber-reinforced composites. Optimizing the mixing ratio can
enhance the compatibility of the fiber-matrix interface, encompassing precursor composi-
tion, alkali-activated ratio, and liquid-solid ratio, among other variables [40]. The Si/Al
molar ratio exerts a substantial influence on the structural characteristics of geopolymer
networks and the properties that define their interfacial interactions [41].

The durability of fibers can be improved via matrix modification, with volcanic ash
materials providing a unique benefit as a cement alternative. The consumption of cal-
cium hydroxide by the matrix pore solution results in the formation of C-S-H/C-A-S-H,
leading to a reduction in pH, which in turn mitigates the degradation of plant fibers [42].
Wei and Meyer’s research [43] demonstrated that the incorporation of 30% rice husk
ash, instead of Portland cement, resulted in a decline of the substrate pH from 13.75 to
12.7. This adjustment effectively mitigated the degradation of sisal fibers. With regard to the
optimization of raw material combinations, Gholampour et al. [44]. The study’s findings
revealed that the ratio of fly ash (FA) to blast furnace slag (GGBS) significantly influenced
the strength development and microstructure of GPC. In both the F80G20 and F50G50
ratios, increased GGBS content was shown to facilitate C-S-H gel formation, thus improving
concrete densities and strengthening fiber-matrix interface bonding. This conclusion is
corroborated by the research conducted by Poletanovic et al. [45]. This finding further
corroborates the study’s conclusions. Through a comparative analysis of alkali-activated
mortars comprising solely fly ash (FA1) and fly ash-slag mixtures (FA2S), it was ascertained
that the gels generated by these disparate precursors exerted a substantial influence on the
mechanical properties and pore structure of the materials. The incorporation of hemp fibers
led to a substantial enhancement in the energy absorption capacity of the alkali-activated
materials, a phenomenon that was particularly evident in brittle matrices. Furthermore, the
study indicated that the incorporation of fibers exerted a negligible effect on density and
water absorption. Nonetheless, it enhanced the compressive strength of the fly ash-based
mortar, an effect principally ascribed to the improved interfacial bonding and frictional
stress transmission mechanisms.

The optimization of the alkali-activated system is a pivotal factor influencing the perfor-
mance of plant fiber-reinforced geopolymers. Phoo-ngernkham et al. [46] The Na2SiO3/NaOH
composite activator was found to significantly improve the densification of the interfacial
zone in comparison with single NaOH or KOH systems. This enhancement in performance is
attributed chiefly to the additional Si source provided by the soluble silicate, which promotes
the formation of a Si-O-Si network structure, optimizes the pore structure characteristics of
the matrix, and enhances the mechanical occlusion with the fiber surface.

The type and concentration of alkali activators have been demonstrated to exert a
substantial influence on material properties. It has been demonstrated that higher concen-
trations of sodium hydroxide, while increasing the compressive strength, concomitantly re-
duce the workability of the material [47]. Regarding activator selection, Sá Ribeiro et al. [48]
reported that sodium-based systems exhibit superior performance compared to potassium-
based counterparts. In their study, a sodium-metakaolin geopolymer incorporating 20 wt%
fine sand and 5 wt% bamboo fibers achieved a 32% higher flexural strength than its
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potassium-based equivalent. Toledo Filho et al. [12] determined through immersion experi-
ments that the tensile strength of fibers was entirely diminished after 300 days in a calcium
hydroxide solution, whereas the strength of sisal and coir fibers decreased by 72.7% and
60.9%, respectively, in a sodium hydroxide solution. This finding indicates that the pore
solution of traditional cementitious materials exerts a more pronounced erosive effect on
plant fibers compared to the NaOH-activated alkali-activated system. M. Jegan et al. [49]
The study demonstrated that the judicious selection of alkali activators has the potential to
enhance the interfacial interaction between the fibers and the geopolymer matrix. Moreover,
it was demonstrated that this selection enables the fibers to fulfill both reinforcing and
bonding roles in the concrete structure.

The liquid-solid ratio and the curing conditions have been demonstrated to exert a
substantial influence on interfacial properties. Silva et al. [50] found that. In the range
of observation, the liquid-solid ratio exhibited a decrease from 0.29 to 0.27. There was a
significant increase in the compressive strength of the samples. However, Li et al. [51]
A substantial body of research has demonstrated that elevated liquid-solid ratios result
in a decline in compression and splitting tensile strength. This phenomenon is predomi-
nantly ascribed to the augmentation of material porosity and the diminution of interfacial
compactness that accompany higher liquid-solid ratios. Furthermore, curing time and tem-
perature have been shown to exert a substantial influence on material properties [50]. The
application of heat during curing has been shown to enhance and expedite the dissolution
of silica and alumina in precursor materials [52]. Consequently, the density of the material
is increased, and the hardening process is accelerated.

Furthermore, nanomineral admixtures have been shown to enhance the microstructure
and interfacial properties of the matrix through the microaggregate effect and volcanic ash
reaction. Asaedi et al. [53] The research demonstrated that the toughness of the fly ash-based
polymer matrix enhanced by roughly 58% as the concentration of silica nanoparticles rose
from 1.0 wt% to 2.0 wt%. The improvement in performance is mainly due to the increased
density (reduced porosity) resulting from the elevated gel content, which enhances the
interfacial bonding between the fibers and the matrix. The synergistic application of
multi-component mineral dopants, such as the integration of nano-SiO2 with nano-Al2O3,
has been shown to enhance the Si/Al ratio and particle gradation. This combination has
demonstrated a significant interfacial increase relative to a single component [54]. The
selection and dosage optimization of dopants must include their compatibility with matrix
components and their effect on workability.

2.4. Microstructural Characteristics of Interfacial Transition Zones (ITZ)

The Interfacial Transition Zone (ITZ) between plant fibers and the geopolymer matrix
is a crucial area influencing the characteristics of composites. The microstructure and
characteristics of the plant directly influence the composite’s overall performance. This
interfacial contact exhibits distinct multi-scale characteristics: At the nanoscale, the plentiful
hydroxyl functional groups on the fiber surface establish molecular interfacial connections
with the silica-alumina-oxygen complexes in the matrix via covalent and hydrogen bond-
ing. At the micrometer scale, the distinctive morphological characteristics on the fiber
surface, such as grooves and pores, offer mechanical occlusion sites to the matrix, thereby
improving interfacial anchoring. At the macroscopic scale, the spatial orientation and
network structure of the fibers directly influence the efficiency and uniformity of stress
transfer within the composites. The scale, spatial orientation distribution, and network
structure of fibers directly influence the efficiency and homogeneity of stress transfer
in composites.
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ITZ formation in geopolymer systems is distinct from the process in conventional
cementitious materials and is characterized by unique properties [55]. The surface of plant
fibers exhibits partial solubility in hemicellulose and lignin. In an alkaline environment,
hemicellulose and lignin on the surface of plant fibers are partially solubilized, creating
a distinct “dissolution layer”. Simultaneously, the hydroxyl groups on the fiber surface
engage in an ion exchange reaction with the silica-alumina-oxygen tetrahedra, facilitating
the heterogeneous nucleation of alumino-silicate gels [56].

The interfacial enhancement mechanism is predominantly composed of chemical
bonding and physico-mechanical occlusion [57]. The formation of chemical bonds is
predominantly facilitated through the establishment of hydrogen, ionic, and covalent
bonds (after surface modification) between hydroxyl groups located on the fiber surface
and the geopolymer network [29]. In contrast, physical-mechanical occlusion is attributed
to factors such as fiber surface roughness, mechanical locking of matrix products, and
interfacial stress distribution. The formation of a robust interfacial bond between cellulose
and the matrix is crucial for achieving optimal occlusion of the spiny or lamellar structure
of the fiber surface with the matrix [58].

The factors that influence interfacial properties encompass environmental factors, such
as temperature, humidity, and pH, as well as material factors, including fiber type and
morphology, matrix composition, and maintenance conditions [59–62]. Wang et al. [61] has
been determined that the proper conditioning temperature and relative humidity are con-
ducive to the development of interfacial structure. Conversely, elevated pH levels (greater
than 13) have been observed to potentially induce alkali corrosion of fibers and compromise
the long-term stability of the interface [14]. The impact of fiber type and morphology on
the formation of interfacial structures has been demonstrated to be significant. For instance,
bast fibers, such as those found in flax and jute, have been observed to exhibit superior
interfacial bonding properties due to their higher surface roughness [63]. Indeed, as Ye
et al. [16], the structural characteristics of the interface between the geopolymer matrix and
the all-cellulose fibers were revealed [Figure 3]. The spiny or lamellar structures on the
cellulose surface were embedded into the interface of the geopolymer matrix, forming an
effective mechanical anchorage point. Good interfacial bonding between cellulose and ma-
trix was still formed in strong alkaline environments, and no obvious cellulose degradation
was observed [58].

 

Figure 3. SEM images of the fiber–geopolymer interface (A–D). Arrows indicate embedded cellu-
lose fiber fragments—mainly sheet- or needle-like—anchored in the matrix after flexural loading.
(E) Schematic illustration of the bonding mechanism between cellulose fibers and the geopolymer
matrix [16].
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The microstructural modulation of the interfacial transition zone establishes a mi-
croscopic foundation for enhancing the overall performance of the composites. By sys-
tematically optimizing the structure of the interfacial zone, the mechanical and durability
properties of the composites can be significantly enhanced. The effectiveness of these
microstructure modulation strategies must be verified by scientific interfacial bonding
performance evaluation methods.

2.5. Methods for Evaluating Interfacial Bonding Properties

The systematic evaluation of interfacial bonding properties is important for un-
derstanding the mechanical behavior and optimizing the interface design of fiber-
reinforced geopolymer composites (FRGPC). Based on the multiscale characteristics
of interfacial interaction, its evaluation system covers macroscopic mechanical proper-
ties, microstructural features and their interrelationships to form a complete interface
characterization methodology.

The single fiber pull-out test (SFPT) is considered the most representative standard
approach. The extensive utilization of it might be ascribed to its significant standardization
and data dependability. The principal failure mechanisms for both species have been
recognized as fiber fracture and matrix pullout. The failure mechanism of the fiber-matrix
interface was methodically assessed, and the interfacial shear strength was measured by
meticulously regulating the fiber embedment length (10–25 mm) and the pull-out rate
(0.5–2 mm/min). The standard load-displacement curve is segmented into four phases:
the linear elastic phase (Step 1, 0–0.2 mm), which indicates initial stiffness and elastic
deformation as dictated by Hooke’s law; the debonding phase (Step 2, 0.2–0.3mm) The
contact begins to deteriorate when the tensile force attains the maximal bonding strength
(τbs). This is succeeded by the fracture propagation phase (Step 3, 0.3–0.5 mm), during
which interfacial cracks expedite their growth, bonding strength diminishes, and friction
is added. Ultimately, the friction stage (Step 4, >0.5 mm) is attained, wherein the fiber is
entirely extracted, and the remaining load-bearing capacity depends exclusively on friction
[Figure 4]. The determination of interfacial shear strength is conducted via the examination
of curve attributes, as specified in the following formula:

τ =
F

πdL
(1)

In this formula, F denotes the maximum pull-out force, which is to be determined
through predictive tests. d represents the fiber diameter, and L signifies the effective
burial length.

Single-fiber diagonal pull tests were conducted by varying the fiber inclination angle
(0–45◦) to evaluate the mechanical response of the interface under composite stresses. The
most significant increase in interface strength was found at an inclination angle of 15–30◦,
which is mainly attributed to the contribution of the fiber “wedge effect”.

The fiber critical length method is predicated on the Kelly-Tyson model.

τ =
σ f · d
2Lc

(2)

In this equation, σf is the fiber tensile strength, which is to be determined by predictive
tests, d is the fiber diameter, and Lc is the critical length.
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Figure 4. Schematic description of single fiber pull-out test (SFPT) steps [64].

The method involves the use of fibers of varying lengths, which are mixed into the
matrix. The statistical distribution of fiber lengths post-fracture is subsequently determined
to ascertain the critical length. Fiber breakage occurs when the fiber length exceeds the
critical length, and interfacial debonding occurs when it is less than the critical length. A
significant advantage of this method is that it enables the simultaneous testing of a large
number of fibers, thereby facilitating the acquisition of statistically significant interfacial
property data. This method is particularly well-suited for short-fiber-reinforced systems.

Conversely, the three-point bending test appraises the interfacial action from the van-
tage point of overall performance. The measurement of load-deflection curves enables
the determination of critical parameters, including initial cracking strength (σfc), ultimate
strength (σu), and toughness index (TI). When these parameters are considered in con-
junction with the crack extension mode and fiber bridging behavior, a comprehensive
evaluation of the effect of interfacial modification can be performed.

In addition to macroscopic evaluations, microscopic techniques provide critical in-
sight into the interfacial behavior between plant fibers and the geopolymer matrix. High-
resolution SEM and EDS analyses have been used extensively to visualize fiber-matrix
bonding states, crack propagation patterns, and elemental distributions such as Na, Al, and
Si [63,65]. SEM investigations indicate that sisal fibers possess rough, grooved surfaces that
facilitate mechanical interlocking, whereas jute fibers exhibit smoother surfaces with less
interfacial friction [Figure 5].

Similar to cementitious materials, the interfacial stress transmission between the fibers
and the matrix in FRGPC, along with the composite’s behavior in the post-peak area,
is regulated by three principal mechanisms: (i) Chemical connection between the fibers
and the matrix (adhesion), (ii) friction produced when the fibers are extracted from the
matrix and traverse inside the channel, and (iii) mechanical resistance offered by the fiber
anchorage (hooked or deformed geometry of the fibers) [45,65].
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Figure 5. SEM micrographs of broken FRGCs: (a) Fiber-matrix bonding in jute-FRGC (2% wt%);
(b) Failure mechanisms of jute-FRGC (2% wt%); (c) Fiber-matrix bonding in sisal-FRGC (3% wt%);
(d) Failure mechanisms of sisal-FRGC (3% wt%) [63].

Advanced methods such as synchrotron X-ray tomography and digital image corre-
lation (DIC) allow non-destructive 3D interface reconstruction and real-time strain map-
ping during loading [66,67], providing dynamic insights into damage evolution. At the
nanoscale, atomic force microscopy (AFM) and molecular dynamics (MD) simulations
provide quantitative evidence of interfacial adhesion and predict mechanisms of bond
formation [68–71].

Notwithstanding their benefits, these procedures exhibit disadvantages, such as ele-
vated costs, intricate sample preparation, and an absence of standardized testing protocols.
Consequently, additional research is required to develop dependable multiscale evalua-
tion frameworks and in situ methodologies for assessing interfacial performance under
prolonged service circumstances.

3. Mechanical Properties of Plant Fiber-Reinforced Geopolymer Concrete
3.1. Compressive Strength

Compressive strength is a crucial measure of the mechanical properties of concrete
materials. The effect of fiber admixture on compressive strength is complex, principally
determined by elements like fiber type, admixture content, and mixture ratio. The inte-
gration of plant fibers, when used in appropriate quantities, has a minimal effect on the
compressive strength of geopolymer concrete, potentially resulting in a tiny reduction in
certain cases.

The development of compressive strength in plant fiber-reinforced geopolymer con-
cretes significantly differs from that of conventional cementitious composites. The inclusion
of fibers at reduced doses (≤1.0 wt%) has demonstrated an enhancement in compressive
strength attributed to better crack resistance and densification effects. In contrast, high
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dosages (≥1.0 wt%) sometimes lead to a decrease in strength, a fact ascribed to fiber
aggregation and heightened matrix porosity [72–74].

It is important to note that the optimal fiber content varies considerably depending on
the type of fiber and the characteristics of the matrix. Studies by Alomayri et al. [72] and
Korniejenko et al. [74] demonstrated that moderate incorporation (around 0.5–1.0 wt%) of
cotton, coconut, and ramie fibers provided notable strength improvement. Conversely,
higher levels of incorporation, particularly with bamboo, raffia, and sweet sorghum fibers,
have been observed to result in adverse effects, including fiber agglomeration and com-
promised matrix continuity [44,73,75]. Furthermore, as reported by Ayeni et al. [26], the
incorporation of red hemp, coconut, and oil palm fibers beyond a certain threshold consis-
tently led to a decline in compressive performance owing to structural discontinuities and
enhanced porosity.

A summary of specific optimal dosages, fiber types, and associated quantitative results
is presented in Table 2.

Table 2. Summary of compressive strength results of PFRGCs with different fiber types and dosages.

Fiber Type Matrix Fiber
Dosage Length

Compressive
Strength

Trend
Remarks Reference

Cotton FA-based 0.5 wt% 10 mm ↑ 140% Peak at 0.5 wt%, then
↓ at 0.7–1.0 wt% [72]

Coconut,
Cotton, Sisal,

Raffia
FA-based 1.0 wt% Cotton: 30 mm

Others: 3 mm

Coconut ↑ 27%,
Cotton ↑ 1 5%,

Sisal ↑ 2%,
Raffia ↓ 45%

Fiber type affects the
trend [74]

Sweet Sorghum FA-based 1–3 wt% ≤50 mm ↓ 9–26%
Strength declines
with increasing

dosage
[75]

Bamboo MK-based 5 wt% ≤40 mm ↓ 50%
Long fibers at high

dosage are
detrimental

[73]

Ramie, Coir,
Sisal, Jute,

Hemp
FA-based 1–2 wt% ≤25 mm

Ramie (1%)
highest

strength; others
are slightly ↓

Ramie shows
potential [44]

Coconut Trunk FA-based 0–1 g 30–50 mm Peak at 0.5 g Highest value
89.44 MPa [76]

Kenaf, Coconut,
Oil Palm FA-based 0–1 vol% 25 mm

↓ With
increasing fiber

content

Due to increased
porosity [26]

Note: wt% = weight percentage; vol% = volume percentage; FA = fly ash; MK = metakaolin; ↑ = increase;
↓ = decrease.

The compressive strength of PFRGC demonstrated considerable variety across many
experiments, ranging from 20 to 89 MPa. A crucial doping level, generally between 0.5%
and 1.0%, has been recognized as a significant determinant affecting the compressive
strength of PFRGC. Below this crucial threshold, the addition of a small quantity of fibers
has been shown to strengthen the matrix structure, decrease porosity, and boost densifica-
tion, thereby slightly increasing the compressive strength. Conversely, beyond the critical
threshold, the compressive strength generally diminishes, primarily due to the following
factors: (1) the strength and stiffness of plant fibers are inferior to that of the GPC matrix,
and an excessive quantity of fibers reduces the matrix material’s proportion; (2) plant
fibers exhibit high absorbency, which interferes with the hydration reaction and hardening
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process; and (3) a substantial quantity of fibers tends to agglomerate within the matrix,
creating defects and compromising the material’s homogeneity and compactness.

3.2. Tensile and Flexural Strength

Unlike compressive strength, plant fibers provide a significant enhancement to the
tensile and flexural strength of geopolymer concrete. Essentially a brittle material with
high compressive strength but low tensile strength, plant fibers, under their high tensile
strength and elongation, can take up tensile stresses when PFRGC is subjected to tensile or
flexural stresses, and effectively inhibit crack extension [Figure 6].

 

Figure 6. Mechanism of whisker enhancement for macroscopic fiber pull-out friction [77].

The integration of plant fibers has repeatedly demonstrated enhancements in the
tensile and flexural properties of geopolymer composites, especially when utilized at
moderate levels. Table 3 indicates that fibers including sweet sorghum, pineapple, coconut,
and bamboo demonstrate considerable strengthening effects, with optimal enhancements
often attained within the range of 0.5–2.0 wt% or vol%. For instance, sweet sorghum and
pineapple fibers have demonstrated strength enhancements of up to 36% and nearly 40%,
respectively [75,78], while alkali-treated bamboo fibers have been reported to improve
flexural strength by more than twofold [79].

However, the advantages of fiber supplementation are not infinite. Excessive fiber
content can lead to issues such as inadequate dispersion, fiber aggregation, and heightened
porosity, which eventually compromise the mechanical integrity of the matrix [80]. This
restriction is notably apparent in research utilizing flax fibers at elevated doses, where
anomalously high strength enhancements, such as 1107%, have been documented, yet
remain contentious due to concerns about their experimental reproducibility [81].

The reinforcing efficacy of plant fibers is determined not only by their quantity but
also by inherent characteristics such as aspect ratio, surface roughness, and chemical
compatibility with the binder. The inherently coarse surfaces of bamboo fibers and the
enhanced interfacial bonding resulting from alkali treatment of pseudo-banana fibers are
pivotal in crack bridging and energy dissipation during tensile and flexural stress [79,82].

Taken together, these findings suggest that maximizing the mechanical performance
of plant fiber-reinforced geopolymers requires careful control of fiber dosage, fiber mor-
phology, dispersion uniformity, and interfacial engineering-elements that warrant further
attention in both future experimental studies and practical applications.
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Table 3. Summary of tensile and flexural strength enhancements in PFRGCs with various plant fiber
types and dosages.

Fiber Type Matrix Fiber Dosage Tensile Strength
Enhancement

Flexural Strength
Enhancement Remarks References

Sweet Sorghum FA-based 2 wt% ↑ 36% ↑ 51% Optimal at 2 wt%,
decline at 3 wt% [75]

Cotton FA-based 0–4.1 wt%
(Pre-dried) - ↑ 50% (8 → 12 MPa) Optimal at 2.1 wt%,

decline at 2.8 wt% [83]

Cotton FA-based 0–1 wt% - ↑ 12.5% (10.4 → 11.7
MPa)

Optimal at 0.5 wt%,
decline beyond 0.5

wt%
[84]

Pineapple FA-based 0–0.5 wt% (10–30
mm length) - ↑ from 6.58 MPa to 9.21

MPa
Optimal at 0.5 wt%,

dosage at 30 mm [78]

Sisal FA-based 0–1 vol% ↑ 73.6% ↑ 112.9% (3.1 → 6.5
MPa)

Increased strength
with content up to 1

vol%
[85]

Coconut FA-based 0–1 vol% ↑ 15.8% ↑ 106.5% (3.1 → 6.4
MPa)

Increased strength
with content up to 1

vol%
[85]

Bamboo MK-based 1–5 vol% - ↑ 151% (3.9 → 9.8 MPa)
Optimal

enhancement
observed at 3 vol%

[79]

Pseudo-banana FA-based 0.7–2 vol% (5–20 mm
length) ↑ 33% - Optimal at 1.4 vol%,

dosage at 10 mm [82]

Coconut FA-based 0–1 vol% ↑ 34.5% ↑ 47.0% (4.11 → 6.04
MPa)

Optimal at 0.75 vol%
for flexural [26]

Kenaf FA-based 0–1 vol% ↑ 50% ↑ 59.7% (4.93 → 7.87
MPa)

Optimal at 0.75 vol%
for flexural [26]

Oil Palm FA-based 0–1 vol% ↑ 28.5% ↑ 45.5% (4.02 → 5.85
MPa)

Optimal at 0.75 vol%
for flexural [26]

Flax (questionable) Halloysite 0–10 wt% - ↑ 1107% (5.8 → 70.2
MPa) Results contested [81]

Note: wt% = weight percentage; vol% = volume percentage; ↑ = increase; → = change from one value to another.

3.3. Toughness and Ductility

Toughness and ductility are critical indicators for evaluating the deformability
and energy absorption properties of concrete materials. Plant fiber-reinforced geopoly-
mer concrete (PFRGC) has demonstrated notable advantages in enhancing toughness
and ductility.

The enhancement of toughness and ductility in GPC by plant fibers is primarily attributed
to their role in bridging and crack control. When cracks emerge in the matrix, the fibers assume
the tensile stresses by traversing the cracks, impeding their propagation. Concurrently, the
fibers absorb a substantial amount of energy during tensile withdrawal or fracture. Moreover,
the incorporation of plant fibers can encourage the refinement and dispersion of cracks,
thereby enhancing the material’s overall deformation adaptability [86,87].

However, there were significant differences in the enhancement effect of different
types of plant fibers on the toughness and ductility of GPC. Chen et al. [75] demonstrated
that the post-peak toughness under split tensile loading increased by 1100%, 1600%, and
700%, respectively, when the fly ash-based polymer was reinforced with sweet sorghum
fibers (doped with 1%, 2%, and 3% of the mass of the fly ash). A moderate amount of
fiber incorporation resulted in a significant improvement in toughness; however, excessive
incorporation led to a reduction in this improvement. In a similar study, Alomayri et al. [84]
found that the toughness of 10 mm-long cotton fibers reinforced with fly ash-based polymer
slurry at 0.5 wt% doping increased by approximately 60% in a three-point bending test.
However, an increase in fiber doping to 0.7 wt% and 1.0 wt% resulted in a decrease in
toughness due to a reduction in fiber dispersion.

Conversely, hemp fibers have been demonstrated to enhance GPC ductility and energy
absorption. Research conducted by Poletanovic et al. [88] substantiated this finding. The en-
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ergy absorption capacity of the geopolymer mortar was augmented by approximately 163%
with the integration of 1 vol% of hemp fibers (10 mm in length). Following NaOH surface
modification, the fiber-matrix interfacial bonding was strengthened, thereby augmenting
the energy absorption capacity by approximately 13%. The hemp fiber-reinforced system
demonstrates resilience in withstanding high residual loads in a cracked state, thereby
enhancing the ductility of the material.

An appropriate increase in fiber doping has been shown to enhance toughness and
ductility. However, excessive doping can lead to adverse effects on workability and strength.
Furthermore, the contribution of different plant fibers to toughness and ductility varies due
to differences in their tensile properties and modulus of elasticity. In general, the selection
of plant fibers with high elongation and moderate modulus of elasticity is more conducive
to the improvement of ductility [17]. The uniform dispersion and proper orientation of
the fibers (particularly perpendicular to the crack propagation direction) can enhance the
deformation and energy absorption properties of the material. The uniform dispersion
and proper orientation of the fibers (particularly perpendicular to the direction of crack
propagation) can optimize their bridging role and further improve the deformation and
energy absorption properties of the material [26].

3.4. Impact Resistance Properties

Impact loading, a significant form of dynamic loading, is a common occurrence in the
service life of building structures, including but not limited to earthquakes, explosions,
impacts, and shocks. The micro-mechanism of the enhanced impact resistance of plant fiber-
reinforced GPC can be primarily attributed to three factors: energy absorption, crack control,
and stress redistribution. Under the impact load, the plant fiber absorbs the impact energy
through its deformation and relative slip at the interface with the matrix. The bridging
effect of the fiber effectively inhibits the rapid expansion of cracks and changes the state of
stress distribution, thus improving the overall impact resistance of the material [89,90].

In the presence of external forces acting upon a fiber-reinforced geopolymer specimen,
a complex stress field is generated internally. The distribution of fibers is of particular
significance, as they form a three-dimensional network structure that functions as a bridge
during the initiation and expansion of cracks. This results in a substantial increase in the
material’s energy absorption capacity. Ige Samuel Ayeni et al. [26] The outcomes of the drop
impact test (φ80 × 160 mm cylindrical specimen, 4.5 kg drop, 1 mm fall height) based on the
ACI 544 (2004) standard demonstrated a substantial enhancement effect of the plant fiber
on the impact resistance of GPC. The experimental data indicate a nonlinear relationship
between the fiber volume fraction and the impact resistance performance, exhibiting an
evident critical volume effect. When the fiber volume percentage was elevated from 0% to
0.75%, the impact strength of specimens reinforced with kenaf, coconut, and oil palm fibers
improved by 11.35%, 3.77%, and 2.09%, respectively. Moreover, when the fiber content
was elevated to 1.0%, the impact strength showed a pronounced nonlinear enhancement,
increasing by 122.11%, 98.33%, and 88.33%, respectively.

The mechanism of this critical volume effect can be attributed to the formation thresh-
old of the fiber three-dimensional network structure. When the fiber content is lower than
the critical value, the fiber distribution is relatively dispersed, and it is difficult to form an
effective spatial network structure. Conversely, when the fiber content reaches or exceeds
the critical value, the fibers begin to form a continuous three-dimensional network, which
significantly improves the material’s ability to absorb and disperse impact energy. Among
the three natural fibers, kenaf fiber exhibits the most pronounced impact enhancement
effect, which can be primarily ascribed to its high tensile strength (400–800 MPa) and
exceptional interfacial bonding properties.
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The Zwick Charpy Impact Tester is a tool used to assess the micro-impact resistance
of materials through testing specimens [91]. The Charpy impact strength (σi) is calculated
by the ratio of the impact energy (E) required to destroy the sample to the sample fracture
area (A):

σi = E/A

The impact strength of fiber-reinforced geopolymer composites is determined by three
key factors: the quality of the fiber-matrix interfacial bond, the mechanical properties of
the matrix, and the inherent qualities of the fibers [86]. Alomayri et al. [83] A systematic
examination was conducted to ascertain the effect of cotton fiber content on the impact
strength of geopolymer composites Charpy. The experimental results demonstrated a
significant increase in impact strength with an increase in cotton fiber content in the dry
composites. Specifically, the addition of 4.5, 6.2, and 8.3 wt% of cotton fibers increased the
impact strength from 1.9 kJ/m2 to 6.2, 8.5, and 13.4 kJ/m2, respectively, with a maximum
enhancement of 605%. This significant enhancement effect is primarily attributed to the
increased elongation at break due to the high cellulose content of cotton fibers (approx-
imately 88–96%), which increases the overall elongation at break of the composites and,
consequently, the impact strength.

The researchers determined through a comprehensive fracture morphology inves-
tigation that, under sudden impact loading, composites lose energy via three principal
mechanisms: fiber pullout, fiber fracture, and matrix deformation [92]. The relative con-
tributions of these three mechanisms are contingent upon the strength of the fiber-matrix
interfacial bond, the mechanical properties of the fibers themselves, and the deformability
of the matrix.

A notable distinction emerges in the impact resistance of GPC when exposed to
diverse categories of fibers. In addition to plant fibers, studies that investigate steel fiber
reinforcement in GPC offer substantial insights. Rayapudi’s study [93] demonstrated that
optimized 2% steel fiber-reinforced geopolymer concrete exhibited a 30.19% increase in
compressive strength, a 36.67% improvement in splitting tensile strength, and a 75.87%
rise in flexural strength, as compared to plain GPC. In GPC slabs with 0.5% to 2% steel
fiber content, the initial cracking load increased by 1.25–2.5 times compared to ordinary
GPC slabs. These data establish a standard for evaluating the performance of plant fibers
in comparison to other types of fibers.

Hybrid fiber systems demonstrate superior impact resistance. Optimal blends of coir
and polypropylene fibers are achieved at a total content of 0.3%, exhibiting impact resistance
that is up to twice that of single-fiber concrete and up to three times that of standard
concrete [94]. This synergistic reinforcement effect is derived from the complementary
roles of different types of fibers in terms of scale, stiffness, and interfacial properties. The
more rigid fibers primarily control macroscopic crack propagation, while the flexible fibers
effectively inhibit microscopic crack sprouting. Collectively, these fibers enhance the overall
impact resistance of the material. This finding provides a theoretical foundation for the
design of multiscale fiber reinforcement.

In summary, the incorporation of plant fiber reinforcement demonstrated a substantial
enhancement in the impact resistance of geopolymer concrete. Through the optimization of
fiber type, content, and distribution, the material exhibited an impact strength enhancement
ranging from 88% to 605%, accompanied by an increase in the number of first cracking
impacts by 1.25 to 2.5 times. The study revealed that distinct fibers exhibited varied
reinforcing effects, underscoring the necessity for identifying the optimal fiber content to
ensure optimal performance [95].
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4. Durability of Plant Fiber-Reinforced Geopolymer Concrete
Durability is a critical index for evaluating the long-term service performance of

building materials. The effect of plant fiber incorporation on the durability of GPC is
complex and multifaceted, with both positive and possible negative effects. Upon the
complete condensation of hydration products, a stabilization of the pH level occurs [96].
This phenomenon is attributed to the provision of conducive conditions that facilitate the
durability of plant fibers within the matrix.

4.1. Freeze-Thaw Resistance

The nature of freeze-thaw damage is a cumulative damage process in which the inter-
nal stress generated by the phase change and expansion of free water in the material during
freezing at low temperatures exceeds the tensile strength threshold of the material, resulting
in the development and proliferation of a network of microcracks. In the composition
of geopolymers, water is generally present in three states: crystalline water, gel water,
and free water [97]. Only the free water within the capillary pore network will crystallize
and experience volume expansion as the temperature falls below the freezing point. This
expansion is the primary catalyst for frost heave damage.

The influence of plant fibers on the freeze-thaw characteristics of geopolymer compos-
ites exhibits a distinct duality. In the low dosage range (volume fraction < 2%), the fibers
mainly inhibit the initiation and propagation of microcracks during freeze-thaw cycles
through a three-dimensionally distributed bridging network [98], and dissipate part of the
frost heave stress through interfacial slip and pull-out processes [99], thereby significantly
improving the material’s resistance to frost heave damage. Ekiz Barış and Tanaçan’s [100]
experiments confirmed that the strength retention of a geopolymer with 1.5% banana fiber
was approximately 40% superior to that of the control following 300 rigorous freeze-thaw
cycles. The microscopic mechanism of this enhancement effect is that the spatial network
structure of the fibers creates stress transfer channels, blocking the continuous propagation
of cracks during freeze–thaw cycles.

Nevertheless, when the fiber content surpasses a crucial threshold, the freeze-thaw
performance diminishes markedly. The internal mechanism of this phenomenon can be
attributed to three key factors: Initially, an abundance of fibers results in heightened wa-
ter absorption of the material, hence augmenting the quantity and distribution range of
freezeable water. Second, the agglomeration effect caused by high fiber content destroys
the continuity of the matrix and forms high-porosity areas. In particular, the proportion
of macropores with a diameter exceeding 200 nm increases, these pores are more likely
to undergo destructive expansion during the freezing process; third, the plant fiber expe-
riences structural breakdown due to the combined influence of an alkaline environment
and freeze-thaw cycles, resulting in diminished mechanical capabilities and a reduction
in the reinforcing effect [101]. Tan et al. [102] systematically investigated the quantitative
relationship between the content of rice straw fibers and freeze-thaw damage, determining
that 8% represents the ideal fiber content, resulting in the minimal mass loss rate of 0.31%
after 50 freeze-thaw cycles. Upon increasing the fiber content to over 12%, the mass loss
rate of the material increased sharply to above 0.82%, indicating a significant reduction in
freeze-thaw resistance.

Research by Xuan et al. [103] offers significant insights into the correlation between
the microstructure of plant fiber-reinforced GPC and its resistance to freeze-thaw cycles.
After 25 freeze-thaw cycles, the overall integrity was maintained, with a mass change rate
of only 0.1% to 4%, and no macroscopic damage such as surface collapse, missing corners,
or obvious cracks. Microscopic investigation revealed that freeze-thaw cycles resulted in
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the loosening of the matrix structure surrounding the fibers, leading to the emergence of
microcracks at the fiber-matrix interface [Figure 7].

Figure 7. SEM images of geopolymer composites with different fiber content before and after
freeze-thaw [103].

Through the examination of the progression of the fiber-matrix interface in a freeze-
thaw environment, two technical approaches may be identified to enhance the freeze-thaw
performance of plant fibers reinforced with GPC: Hydrophobic alteration of the fiber
surface can decrease the water absorption rate and expansion propensity of the fiber, hence
mitigating interfacial stress during the freeze-thaw process [104]; on the other hand, The
incorporation of active fillers like fly ash can enhance the pore structure of the material,
facilitate the development of N-A-S-H gel, occupy the tiny gaps around the fibers, and
augment the interfacial bond strength [101]. This fiber-fly ash synergistic system can retain
85–90% of its strength after 100 freeze-thaw cycles, which is significantly better than a
single-component system.

The freeze-thaw performance of GPC reinforced with plant fibers demonstrates consid-
erable environmental dependence. Experimental data analysis shows that under moderate
freeze-thaw conditions, the bridging of cracks by fibers dominates, and the material ex-
hibits excellent freeze-thaw resistance; however, under extreme freeze-thaw conditions,
fiber degradation and interfacial damage accelerate, and the freeze-thaw performance may
decrease sharply.

4.2. Permeability Resistance

Permeability resistance is a critical index for evaluating the capacity of concrete to
impede the infiltration of water and deleterious substances. It directly correlates with the
material’s long-term durability in wet and erosive environments. The primary mechanism
by which plant fibers enhance the seepage resistance of GPC encompasses two aspects: pore
structure regulation and crack control. Adequate fiber incorporation can optimize the pore
structure, reduce the proportion of large pores, and limit pore connectivity. Concurrently,
the three-dimensional network structure of fibers can effectively impede the creation and
propagation of microcracks and diminish the occurrence of through cracks via the bridging
effect, thereby reducing the connectivity of infiltration channels.
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The hydrophilicity of plant fibers exerts a substantial influence on the impermeability
of GPC. Nkwaju et al. [105] ascertained that the water absorption of bagasse fiber-reinforced
geopolymer composites exhibited a substantial increase following dry and wet cycling, a
phenomenon that was predominantly ascribed to the intrinsic hydrophilicity character-
istic of plant fibers. The water-absorbing characteristics of diverse plant fibers exhibited
substantial variation. Specifically, ramie fiber-reinforced geopolymers demonstrated the
most pronounced increase in water absorption, ranging from 17% to 29% higher than that
of the unreinforced samples. Conversely, hemp fiber-reinforced samples had the minimal
increase in water absorption, attaining just around 3% more than the unreinforced samples.
This mismatch is due to the varying levels of hemicellulose, lignin, and cellulose, which
directly affect the hydrophilicity and pore structure of the fibers.

Fiber surface modification treatment has been demonstrated for enhancing fiber-matrix
interfacial adhesion and enhancing the impermeability of GPC. Poletanovic et al. [44]
have demonstrated that the 9% NaOH-treated hemp fibers exhibited a reduction in fiber
absorption of water of approximately 20% and a decrease in mortar porosity of around
26%. This substantial improvement in impermeability was observed in fly ash-based alkali-
activated mortar following wet and dry cycling. The alkali treatment has been shown to
reduce fiber hydrophilicity and enhance fiber-matrix interfacial bonding by eliminating
hemicellulose, pectin, and waxy substances from the fiber surface. In contrast, untreated
fibers have been observed to potentially diminish impermeability due to their high water
absorption and interfacial defects.

In the context of dry and wet cycling conditions, the bridging effect of plant fibers
has been demonstrated to effectively impede microcrack extension and thereby enhance
material durability. Yanou et al. [106] observed that geopolymer composites incorporating
3 wt% of bagasse fibers exhibited significantly diminished mass loss and strength reduction
compared to unreinforced samples after 20 cycles of dry and wet cycling. Santos et al. [107]
research has demonstrated that sisal fiber-reinforced alkali-activated cements demonstrate
commendable durability, exhibiting up to 73% flexural strength retention after 10 wet and
dry cycles.

The impact of plant fibers on the anti-chlorine ion permeation properties of GPC exhibited
clear non-linear characteristics, suggesting the existence of an optimal combination of fiber
parameters. The addition of 0.75% volume fraction of kenaf fiber into GPC significantly
enhanced its anti-chlorine ion permeation properties. After a 90-day immersion period, the
depth of chlorine ion permeation through composites with fibers measuring 20 mm, 30 mm,
and 40 mm was reduced by 20.9%, 25%, and 16.36%, respectively. The influence of fiber length
on the impermeable performance exhibited clear threshold characteristics. Specifically, the
impermeable performance reached its peak at a fiber length of 30 mm, and further increases in
fiber length, up to 40 mm, resulted in a 23.7% increase in penetration [108]. This trend followed
a typical “first decline and then rise” pattern. This phenomenon is primarily attributable to
the propensity of excessively elongated fibers to coalesce, resulting in an augmentation of
local porosity and the emergence of infiltration channels.

The combined effect of plant fibers and mineral admixtures has been shown to enhance
the seepage resistance of GPC. As Wei et al. [109] have found, the combination of cellulose
fibers and fly ash has been demonstrated to enhance the durability of composites under dry
and wet cycles of sulfate. Furthermore, the ratio optimization enhances the prevalence of
benign pores, including micropores and tiny pores [110]. This synergistic effect is derived
from the involvement of fly ash in the geopolymerization reaction, leading to the creation
of a gel product that fills a portion of the pores. The fibers simultaneously obstruct the
advancement of microcracks.
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Nonetheless, the influence of plant fibers on the impermeability of GPC is not consis-
tently advantageous. Gulzar et al. [111] assert, the chloride penetration depth of concrete
in a 10% NaCl solution exhibited a 27% increase with the incorporation of 0.5% jute fibers,
primarily due to the increased porosity of the composite material resulting from the jute
fibers. Nevertheless, this adverse effect can be efficiently mitigated by the addition of high-
efficiency water-reducing additives, thereby reducing the depth of chloride ion penetration
by approximately 17%. The reduction of the liquid-solid ratio has been shown to effectively
diminish the porosity of the composite material, consequently enhancing its permeability
resistance [112].

Incorporating sufficient fiber quantities, appropriate fiber lengths, homogeneous
distribution, and surface modification has demonstrated that plant fibers improve the
resistance to water and chloride ion penetration, as well as the durability of GPC in both
wet and dry environments. Conversely, in adverse conditions marked by high fiber content,
excessively long fibers, uneven distribution, and untreated hydrophilic fibers, penetration
resistance may diminish.

4.3. Carbonation Resistance

Carbonation represents a primary concern in terms of durability for concrete structures
during their service life. This phenomenon is the result of complex physicochemical inter-
actions between atmospheric CO2 and the binder matrix. In conventional Portland cement
concrete, carbonation mostly transpires via the reaction between Ca(OH)2 and the calcium
silicate hydrate (C-S-H) gel with CO2, resulting in the formation of calcium carbonate
(CaCO3). The carbonation mechanism in geopolymer concrete (GPC) is inherently distinct.
In GPC, the process of carbonation primarily entails the interaction of CO2 with N-A-S-H
and C-(A)-S-H gels in the pore solution, leading to the formation of carbonate and bicarbon-
ate compounds, such as Na2CO3 and NaHCO3 [113,114]. This process leads to a decrease
in the pH of the pore solution and induces gel structure rearrangement and changes in
the distribution of pore size. While GPC typically exhibits greater carbonation depth than
ordinary Portland cement concrete [115]. The influence of plant fibers on the carbonation
resistance of GPC has been minimally addressed in the existing research literature.

Huang et al. [116] conducted a comparative study that revealed that environmental
conditions had a substantial impact on the carbonation process of plant fiber-reinforced
GPC. The outdoor-exposed samples exhibited the highest degree of carbonization, followed
by the indoor samples, while the hermetically stored samples showed the lowest degree of
carbonization. This result suggests that ambient humidity and CO2 concentration are the
key factors affecting the carbonation process. The study demonstrated that carbonization
has a dual impact on the matrix’s durability and the interfacial binding fidelity among
the plant fibers and the matrix, hence influencing the composite’s overall performance.
The external environment inflicted the most significant harm to the geopolymer matrix,
plant fibers, and their interfacial adhesion, whereas the fiber strength of the hermetically
sealed samples diminished despite the matrix’s relative integrity. This finding emphasizes
the decisive role of the stability of the interfacial adhesion between plant fibers and the
geopolymer matrix regarding anti-carbonation capabilities. Ildiko Merta et al. [117] Sys-
tematic studies under accelerated carbonation conditions demonstrated that hemp fibers
promoted the precipitation of alkaline and alkaline-earth metal salts in the carbonation
reaction by increasing the initial porosity. This resulted in a significant reduction of mortar
water uptake (~20%), with a particularly pronounced effect in the fly ash (FA) matrix.
The enhancement of the pore structure is advantageous for the material’s long-term dura-
bility. The carbonation-induced embrittlement of the matrix and fiber/matrix interface
compromised the reinforcement provided by the fibers, demonstrating a distinct dual
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impact. This effect manifested distinctly across diverse matrix systems: the FA-based
mortar demonstrated an improvement of around 40% in compressive strength and 34%
in flexural strength attributable to the sufficient carbonation reaction. The embrittlement
process resulted in a 7% decrease in energy absorption capability. Conversely, the FA/GBFS
(blast furnace slag)-based mortar demonstrated a minimal variation in strength (±10%),
due to the decalcification of the high-calcium system and the limited infiltration of CO2.
Furthermore, the elevated fiber dosage, the research indicated that a slight augmentation
in fiber content (0.5 vol%) can result in a significant reduction in strength (14–23%). This
observation highlights the crucial importance of fiber content in enhancing material charac-
teristics. The results demonstrate that a fiber dose of 0.5 vol% is best for achieving a balance
of durability, strength, and energy absorption capability.

The impact of carbonation on the pH of the GPC pore solution is a critical indicator
for evaluating the resistance to carbonation. Pouhet and Cyr [118] found that the pH of
the pore solution in the geopolymer matrix derived from metakaolin cured in a natural
CO2 environment for 365 days decreased to a lesser extent than that of the ordinary cement
matrix, stabilizing at around 10.5. This evidence indicates that GPC can still maintain a
certain alkaline environment during long-term carbonation, which is conducive to main-
taining the stability of the material. The leaching behavior of sodium carbonate (Na2CO3),
the main product of carbonation, as a water-soluble substance, exerts a significant impact
on the long-term efficacy of the geopolymer.

The beneficial impact of plant fibers on the carbonation resistance of GPC can be
attributed to two primary factors. Initially, the three-dimensional network configuration of
the fibers retards the rate of carbonation by enhancing microstructural integrity and im-
peding CO2 infiltration [119]. Secondly, the crack-mitigating effect of fibers may diminish
the initiation and propagation of microcracks during carbonation, hence preserving the
structural integrity of the material. In addition, a moderate amount of plant fibers may
improve the carbonation resistance through the optimization of the pore architecture of
GPC, increasing the material compactness, and reducing the permeability of CO2. However,
under unfavorable conditions (excessive fibers, poor interfacial bonding, harsh environ-
mental conditions), the fibers may increase the material porosity, accelerate the carbonation
process, and even lead to performance degradation due to interfacial embrittlement.

4.4. Chemical Resistance

Chemical corrosion resistance is a critical metric for assessing the long-term durability
of concrete materials under specific conditions. Under the action of acid rain, sewage, ma-
rine environments and other aggressive media, the concrete structure is prone to chemical
corrosion, resulting in material expansion and cracking, performance deterioration and
even structural damage. Geopolymer concrete (GPC) itself usually has superior chemical
corrosion resistance to ordinary silicate cement concrete [120] and the impact of integrating
plant fibers on the chemical corrosion resistance of GPC has a complex dual nature.

A systematic investigation of the durability of hemp fiber-reinforced foam concrete
in 5% magnesium sulfate (MgSO4) and 5% sodium sulfate (Na2SO4) solutions by Osman
Gence [101], the results revealed the complex interaction between plant fibers and mineral
admixtures in different sulfate environments. In the magnesium sulfate environment,
hemp fiber concrete with high fly ash content (50%) performed best with a strength loss of
only 4.7%, while concrete with 30% fly ash admixture had the highest loss (23%); in the
sodium sulfate environment, hemp fiber concrete with 10% fly ash admixture performed
best with a strength loss of only 4.8%. This disparity signifies the ideal proportion of
plant fibers to mineral admixtures is highly dependent on the type of erosion medium. In
addition, hemp fiber-reinforced concrete showed better sulfate resistance with minimal
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loss of flexural strength (9%) at low foam content (50 kg/m3), which was mainly attributed
to lower porosity and higher material compactness. The mechanism is mainly reflected
in two aspects: on the one hand, the fibers effectively inhibit the microcrack extension
caused by sulfate erosion through bridging, maintaining the structural integrity of the
material; on the other hand, the hydrophilicity of the fibers may lead to the absorption of
sulfate solution in localized areas and the formation of microcrack origination points under
long-term erosion. Mass loss analysis showed that high fly ash content (50%) significantly
reduced the solubility loss due to sulfate erosion, while the incorporation of hemp fibers
had a very minor impact on mass loss, suggesting that the plant fibers improved the sulfate
resistance mainly by influencing the microstructure and crack control of the material.

The nonlinear nature of the influence of plant fibers on the sulfate resistance of
GPC was further confirmed by Abbas et al. [108]. The PFRGC exhibited satisfactory
sulfate resistance when a moderate amount of kenaf fiber (0.75–1.0%) and short fiber
(20–30 mm) was incorporated. However, when the fiber doping was further augmented,
the sulfate resistance exhibited a decline due to the escalating porosity resulting from fiber
agglomeration. This behavior was ascribed to the moderate quantity of fibers creating a
lattice structure inside the geopolymer, thus obstructing the ingress of deleterious particles
into the matrix. In contrast, an overabundance of fibers resulted in an irregular distribu-
tion, impairing the adhesion of fibers to the matrix, elevating porosity, and diminishing
durability. This discovery highlights the necessity of refining fiber properties to enhance
the sulfate resistance of GPC.

Zhou et al. [121] discovered that cotton straw powder had a substantial negative
impact on the acid resistance of alkali-activated materials (AAM). Following a 14-day
exposure to a 2 M hydrochloric acid solution, the compressive strength of the reinforced
composites was determined to be 13.5–23.5% diminished compared to that of the original
composites. The reduction is mostly due to the high hydrophilicity and inadequate acid
stability of the cotton straw powder employed in the composite. The addition of coconut
husk fiber has been found to increase the matrix toughness and boost the composite’s
resistance to acid corrosion [122,123]. This discrepancy is primarily attributable to the
elevated lignin content and diminished hydrophilicity of coir fiber, characteristics that
confer enhanced stability in acidic environments.

Sá Ribeiro et al. [124] study on kaolin-based polymers reinforced with bamboo fibers
demonstrated that the integration of bamboo fibers improved the durability of geopolymer
composites (GPC) in sulfuric and hydrochloric acid environments with a concentration
of ≤15 wt%. The bamboo fibers exhibited a significant improvement in acid resistance
through several mechanisms, including crack bridging, microcrack inhibition, and silica
gel deposition. The mass loss of the geopolymer matrix rose from 2.7% to 4%. The
concentration of sulfuric acid was elevated from 5 wt% to 15 wt%, yielding a 4% rise. The
material showed a greater extent of strength deterioration in the H2SO4 environment than
in the HCl environment. The research determined that bamboo fiber-reinforced geopolymer
can be safely applied to building materials exposed to ≤15 wt% sulfuric or hydrochloric
acid environments, including wastewater systems. However, at high acid concentrations or
high fiber doping conditions, bamboo fibers may increase porosity and render the substrate
more susceptible to corrosion.

4.5. Drying Shrinkage Behavior

The phenomenon of shrinkage in geopolymers can be classified into three distinct
categories: chemical shrinkage, the phenomenon of auto-constriction has been observed,
and drying shrinkage. In contrast to Ordinary Portland Cement In contrast to the conven-
tional Portland cement, which undergoes three stages of chemical deformation: shrinkage,
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expansion, and subsequent shrinkage [125], drying shrinkage is indicative of the volumetric
stability of the material during water loss and the potential risk of cracking. The integration
of fibers diminishes the pressures exerted on the matrix, so effectively constraining its
drying shrinkage.

The modulation of drying shrinkage properties of geopolymers by plant fibers demon-
strates a substantial fiber type dependence. Systematic studies have demonstrated that
under identical conditions, ramie, hemp, and bamboo fiber-reinforced geopolymers dis-
play diminished drying shrinkage, while jute, coir, and sisal fiber-reinforced geopolymers
showed increased drying shrinkage compared to the unreinforced controls [44]. This mis-
match can be ascribed to the increased surface roughness of jute, coir, and sisal fibers, which
results in augmented porosity within the interfacial region and intensifies capillary water
loss. Conversely, the mechanical confinement effect exhibited by ramie, hemp, and bamboo
fibers supersedes the impact of their hygroscopic tendencies, thereby effectively curtailing
matrix shrinkage.

Alcivar-Bastidas et al. [126] demonstrated that the alkali treatment of abaca fibers
has demonstrated to reduce the 28-day drying shrinkage of geopolymer mortar by 13.5%.
Moreover, the fiber-reinforced samples have demonstrated superior dimensional stability
under wet-dry cycling conditions, thereby confirming the efficacy of the bridging effect of
plant fibers in inhibiting microcrack extension. Compared to plant fibers, synthetic fibers
like steel and PVA exhibit optimal doping thresholds for controlling geopolymer shrinkage
at 1.0% and 0.3%, respectively, beyond which their efficacy reduces [51], the shrinkage
exhibited a positive correlation with the water-cement ratio and the curing time.

The mechanism by which plant fibers affect the dry-shrinkage properties of geopoly-
mers exhibits multiscale characteristics. At the microscopic level, Haily et al. found that
bio-based fibers produced significantly fewer microscopic defects in the geopolymer matrix
than synthetic fibers [127]. The hydrophilicity of plant fibers has a twofold impact on
drying shrinkage characteristics. It improves overall hydrophilicity while intensifying
drying shrinkage. Conversely, it serves as an internal conservation medium and prevents
self-shrinkage [128,129]. This apparent contradiction reflects the complexity of plant fibers
affecting drying and shrinkage, which necessitates precise control of fiber properties and
matrix ratios to optimize the process.

The process of alkaline hydrolysis of cellulose and hemicellulose has been demon-
strated to lead to a decrease in interfacial bond strength and an augmentation in drying
shrinkage [130]. Xu et al. [131] has been confirmed that plant fibers can act as stress transfer
and energy dissipation mechanisms to reduce crack extension. Maintenance conditions are
also a key external factor influencing the dry shrinkage properties of plant fiber-reinforced
geopolymers. Amran et al. [132] showed that the interplay between temperature and
humidity exerts a synergistic impact on the drying and shrinkage properties of the material.
At elevated temperatures, the curing process accelerates the development of strength in the
material. However, this increase in strength is accompanied by an exacerbation of water
evaporation and shrinkage. This phenomenon can be effectively mitigated by increasing
the ambient humidity level to an appropriate extent.

5. Emerging Applications and Future Challenges of Plant
Fiber-Reinforced Geopolymer

With the growing demand for green building materials, PFRGC is expanding into
several innovative application areas. The introduction of renewable plant fibers into
geopolymer systems is not only in line with the concept of a circular economy but also
opens up new avenues for the development of lightweight, thermally insulating, and
customizable building components. Walbrück et al. [133] researched the application of
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miscanthus fibers in geopolymer foams and found a strong bonding between the fibers
and the matrix and an irregular pore distribution, which improves the thermal insulation
properties. Under the optimal ratio, the thermal conductivity decreased by 55.1%. These
properties make it a potential sustainable and environmentally friendly thermal insulation
material suitable for walls and cooling systems. Similarly, Novais et al. [134] showed
that cork-alkali-activated fly ash multifunctional building materials showed significant
results in optimizing thermal conductivity (decreasing up to 67.6%) and excelled in thermal
insulation, sound absorption and humidity regulation. In terms of fire resistance, Silva
et al. [135] examined a fiber-reinforced lightweight pozzolana-based geopolymer that
significantly improved thermal insulation and water absorption. In the fire resistance test,
the material can absorb about 65% of the heat from the flame, the temperature on the back
side is less than 350 ◦C, the surface is only slightly discolored, and the shape is stable. It
has great application prospects.

Especially in the 3D printing of building materials, the addition of fibers can change
the printability, shape retention and interlayer bonding strength of the geopolymer
paste [136,137]. In recent years, researchers have attempted to introduce natural plant
fibers into the geopolymer system to explore their potential for reinforcement and process-
ing adaptability in 3D printed building materials. Kozub et al. [138] verified the feasibility
of fly ash-based geopolymer in 3D printing and demonstrated the potential of cotton fibers
to reduce thermal conductivity, but failed to improve mechanical strength. Kong et al. [139]
showed that kenaf stalk and straw core can significantly optimize the rheological properties
of geopolymer slurries, improve printability and extrusion continuity, while increasing
shape retention (thickness retention rate of more than 90%) and interlayer bond strength
(compressive strength of 8.39 MPa at 28 days for a three-layer sample). However, fiber
agglomeration, increased porosity, and process optimization remain challenges.

Despite the considerable technical potential of PFRGC, several notable challenges
remain in current research: (1) inadequate long-term stability of plant fibers in alkaline
environments and the absence of effective degradation prevention methods; (2) difficulties
in achieving uniform fiber dispersion, particularly at elevated fiber content; (3) a deficiency
of quantitative models elucidating the interfacial bonding mechanisms between plant
fibers and geopolymer; (4) obstacles in industrial production regarding quality consistency
and cost management; and (5) a lack of standardized testing methodologies and design
specifications, which constrains engineering applications. The performance deterioration
of PFRGC under elevated temperature and humid conditions requires immediate attention.

6. Conclusions
This paper examines the current research related to the interfacial characteristics,

mechanical behavior, and durability of plant fiber-reinforced geopolymer concrete and puts
forward the following main conclusions based on the analysis:

This critical review employs a systematic literature evaluation method and conducts a
comprehensive search of databases such as Web of Science and Science Direct (2000–2025) to
provide a thorough understanding of the current state of plant fiber-reinforced geopolymer
concrete (PFRGC). This work outlines the current state of research on PFRGC and identifies
directions worthy of further investigation. The results suggest that the interfacial bonding
between plant fibers and the geopolymer matrix is primarily governed by mechanical
interlocking and chemical interactions. Notably, the interfacial transition zone exhibits
a gradient structural morphology, reflecting the complexity of the fiber–matrix interface.
Experimental evidence indicates that appropriate surface treatment of fibers (particularly
via alkali conditioning and silane coupling) can effectively improve interfacial bonding
strength. In addition, adjusting the Si/Al ratio and introducing nanomaterials contribute to
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the development of a more compact and chemically stable interfacial microstructure. The
phase composition and morphology of the interfacial transition zone play a critical role in
governing the macroscopic properties of fiber-reinforced geopolymer composites.

Quantitative studies indicate that the influence of plant fibers on the mechanical
behavior of geopolymer concrete exhibits a nonlinear pattern. When added at a volume
fraction between 0.5% and 1.5%, fibers have been shown to improve flexural strength by
20% to 45% and enhance toughness by 75% to 150%. Nonetheless, a modest decline in
compressive strength (typically between 5% and 15%) is often observed. The toughening
performance of plant fiber-reinforced geopolymer composites is strongly influenced by the
fiber’s aspect ratio, geometry, surface chemistry, and dispersion quality within the matrix.
These factors collectively determine the efficiency of stress transfer and crack-bridging
mechanisms at the fiber–matrix interface.

Long-term durability studies reveal that plant fiber incorporation in geopolymer
composites presents a trade-off between improved functional performance and material
degradation risks. Properly integrated fibers enhance impermeability, chemical resistance,
and dimensional stability by arresting crack propagation and redistributing internal stresses.
However, their intrinsic hydrophilicity and chemical instability in alkaline environments
can compromise the structural integrity of the composite over time. Addressing this issue
requires a combined approach: modifying fiber surfaces to enhance chemical stability
and tailoring the matrix composition to ensure interfacial compatibility and resistance to
alkaline-induced deterioration.

PFRGC has exhibited considerable benefits in lightweight insulation materials, 3D
printed construction, and specialized functional materials (fire resistance, sound absorption,
moisture regulation), hence broadening its technological frontiers. Nonetheless, issues
including regulated fiber dispersion, interfacial stability, and large-scale manufacturing
must be resolved to fully actualize its potential in novel functional applications.

In summary, this paper provides an important scientific basis for understanding the
interfacial mechanisms, performance optimization, and application potential of plant fiber-
reinforced geopolymer concrete through literature analysis and critical evaluation. As
interdisciplinary research continues to deepen, the application of plant fiber-reinforced
geopolymer concrete is anticipated to expand to include large-scale implementation in
the domains of green building, infrastructure maintenance, and special engineering. This
development is expected to provide substantial technical support for the sustainable ad-
vancement of the construction industry.
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