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Abstract: The construction sector faces significant sus-
tainability and environmental challenges due to the
extensive use of conventional concrete. In this regard,
ultra-high-performance geopolymer concrete (UHPGC) offers
a promising alternative, featuring both rubberized and non-
rubberized formulations with unique benefits. Rubberized
UHPGC enhances ductility and resilience by incorporating
recycled materials, while non-rubberized variants provide
superior strength and durability. A comprehensive review
is essential to enhance the understanding of UHPGC, evaluate
its role in sustainable development, and guide future research
and policy in the construction industry. This review article
provides an innovative analysis of UHPGC, emphasizing its
novel integration of geopolymer binders and the incorporation
of recycled rubber particles to enhance mechanical and

environmental performance. It examines the evolution, prop-
erties, and applications of both materials, highlighting their
rapid setting times, improved workability, and reduced
shrinkage. Moreover, it underscores their superior compres-
sive, tensile, and flexural strengths, as well as enhanced energy
absorption, ductility, fracture energy, and crack resistance,
making them suitable for high-stress environments. This
review suggests that using crumb rubber as a fine aggregate
replacement in geopolymer concrete generally reduces com-
pressive strength at higher levels. However, small additions,
around 2%, may improve strength, highlighting the need for
careful optimization to balance the performance and strength.
The addition of steel and polypropylene fibers to UHPGC
enhances flexural toughness and fracture energy. The integra-
tion of rubber particles into ultra-high-performance rubber-
ized geopolymer concrete (UHPRGC) significantly enhances
its ductility, toughness, and energy absorption, allowing the
material to withstand higher strains and preventing brittle
failure, making it ideal for high-performance applications.
However, the inclusion of rubber compromises compressive
strength because of inadequate interfacial adhesion, enhance-
ments in surface treatment and the optimization of composite
formulations can effectively overcome these challenges, and
merging customized rubber proportions with advanced poly-
meric or fiber reinforcements maintains mechanical integrity
while capitalizing on rubber’s elasticity, suggesting the neces-
sity for ongoing investigation intomicrostructural optimization
and long-term performance to thoroughly harness the sustain-
ability and functionality of UHPRGC.
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1 Introduction

Ultra-high performance concrete (UHPC) has gained signif-
icant attention in the field of concrete research due to its
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remarkable strength, durability, and toughness characteris-
tics [1]. Nevertheless, the conventional construction method
for UHPC frequently depends on large quantities of cement
and usually integrates steel fibers – regardless of the
increasing availability of substitute reinforcement materials,
all of which might exacerbate both environmental and eco-
nomic worries [2]. Producing cement is particularly carbon-
intensive, with each ton resulting in approximately 0.87 tons
of CO2 emissions [3]. Also, the high cost of steel fibers signifi-
cantly raises the overall expenses involved in producing
UHPC [2,4]. The factors, such as high costs and carbon emis-
sions, are restricting the broader adoption and development
of UHPC [5] (Figure 1). To mitigate these issues, integrating
recycled materials has shown great promise in reducing both
the environmental impact and production costs of concrete.
An example of such materials comes from the recycling of
waste tires, which are growing in volume annually, projected
to hit 5 billion units by 2030 [6]. The accumulation of waste
tires not only consumes valuable land but also poses signifi-
cant fire hazards, contributing to environmental pollution
and health risks due to the potential release of toxic sub-
stances during combustion [7]. Moreover, incinerating these
tires generates substantial CO2 emissions and other harmful
gases, exacerbating environmental pollution [8]. Fortunately,
waste tires can be processed into rubber particles or powder
and recycled steel fibers, providing alternative raw materials
for concrete production [9]. This innovation is particularly
useful, as conventional concrete is known for its inherent
brittleness [10]. The use of rubber in concrete could enhance
its toughness [11], yet this modification can lead to a reduc-
tion in both the flowability and the elastic modulus of the

concrete [12]. The compressive strength of concrete modified
with rubber is influenced by the rubber content and the
particle size [13]. Finer rubber particles tend to create fewer
voids and minimize the volume of weak points at the rub-
ber–matrix interfaces compared to coarser rubber particles
[14]. Moreover, the impact of rubber on compressive strength
is less detrimental when using rubber powder instead of
crumb rubber (CR) [15]. Optimal results in concrete strength
can be achieved by carefully selecting the appropriate rubber
content and particle size [16].

The influence of rubber on concrete’s compressive
strength also depends on the inherent strength of the con-
crete [17]. Research indicates that small-sized rubber
particles (0.15–1.9 mm) used in amounts up to 20% replace-
ment have negligible effects on the compressive strength of
normal concrete (NC), whereas they significantly reduce
the strength of UHPC [18]. A greater decline in compressive
strength is observed in UHPC than in NC when coarse
rubber particles replace coarse aggregates [19]. Nonethe-
less, the synergistic reaction of silica fume (SF) with vol-
canic ash and the dense accumulation of particles in UHPC
enhance the rubber–matrix interaction, thereby mitigating
the strength loss associated with rubber incorporation in
these types of concrete [17]. Currently, one of the most
effective strategies to lower carbon emissions from con-
crete production involves substituting cement with new
low-carbon gels [20]. Geopolymers, a type of innovative
low-carbon gel rich in Si–Al minerals, are created when
these precursors undergo hydration and polymerization
through alkaline activators, forming a 3D network of Si,
Al, and O [21]. This substitution can potentially cut the

Figure 1: Global UHPC market, including upcoming generations such as UHPGC and UHPRGC.
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concrete’s carbon footprint by up to 80% [22]. There is
optimism that innovative GPCs could serve as a viable solu-
tion, significantly reducing greenhouse gas emissions com-
pared to ordinary concrete [23] due to cement reduction
(Figure 2) [24].

Studies have shown that the addition of calcium in fly
ash (FA) affects the ultimate properties and compressive
strength of alkali-activated materials [25–28]. In particular,
calcium oxide (CaO) can facilitate the formation of calcium–

silicate–hydrate alongside Na–Al–silicate (N–A–S–H) gels,
impacting the properties of hybrid OPC and alkali-activated
Al–Si compounds [29]. These two gels can coexist and
enhance the material properties significantly [30]. Previous
research also indicates that high pH environments can influ-
ence the formation of these gels, with aqueous aluminate
notably affecting C–S–H gel production, while aqueous cal-
cium modifies N–A–S–H gels by substituting some sodium
(Na) with calcium to form (N,C)–A–S–H gels [31,32]. The
design of geopolymers occurs at low temperatures under
alkaline conditions, akin to the natural geosynthesis of
rocks, where aluminum and silicate-rich precursors react
exothermically with alkali activators [33,34]. This method
is considered eco-friendly and is gaining interest among
modern researchers [26]. Previously, CR has been used as
a partial substitute for fine aggregates in GPCs, producing
materials such as rubberized ultra-high performance geopo-
lymer concrete (UHPGC) interlocking bricks [28,35].

GPC demonstrates excellent mechanical attributes, enduring
qualities, and superior performance at elevated temperatures
[36]. A new variant, termed UHPGC, has been developed.
This material, particularly when enhanced with steel fibers,
exhibits compressive strengths exceeding 120MPa under

standard curing conditions and 175MPa with the fibers incor-
porated [37]. Efforts have been made to combine steel fibers
with geopolymer binders to further enhance UHPGC, resulting
in amaterial with performance levels akin to UHPC [38]. More-
over, the inclusion of metakaolin (MK) and SF in slag-based
GPC has shown potential to elevate its compressive strength to
180MPa by improving the pore structure [38].

Another innovative formulation, ultra-high performance
rubberized geopolymer concrete (UHPRGC), integrates tech-
nologies from both UHPC [39,40] and GPC [22,41] with the
addition of rubber particles, offering unique properties ideal
for constructing robust and durable structures [42]. UHPRGC is
an advanced composite material designed to combine the
exceptional properties of UHPC with the sustainability and
environmental benefits of geopolymers and recycled rubber
aggregates [43]. UHPRGC typically utilizes industrial by-pro-
ducts like slag or FA as the primary binder to reduce the
use of cement (Figure 3) [44], activated by alkaline solutions,
to form a geopolymeric matrix [45]. This matrix exhibits
superior mechanical properties and durability performance
compared to conventional cement-based concretes [46]. The
inclusion of rubber particles, derived from recycled tires, not
only enhances the material’s flexibility and impact resistance
but also addresses waste management issues by diverting
rubber waste from landfills [15]. UHPRGC is increasingly stu-
died for its potential to reduce the carbon footprint of con-
structionmaterials, offering amore sustainable alternative for
modern infrastructure projects.

UHPRGC combines the environmental benefits attrib-
uted to geopolymers with the improved mechanical char-
acteristics of UHPC, thereby establishing its role as a mate-
rial of significant potential for forthcoming building

Figure 2: Global carbon dioxide emissions linked to cement production from 1960 to 2022, revealing a consistent upward trend and emphasizing the
critical importance of integrating alternative low-carbon materials in the construction industry (Data from [24]).
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projects. However, it is important to note that geopolymers
come with several challenges, including notable brittleness
[43], susceptibility to cracking [45], and significant shrinkage
[47,48]. UHPC, on the other hand, finds applications in the
creation of long-span bridges, structures resistant to explo-
sions, and constructions in highly corrosive settings [49].
Issues such as mortar porosity, discrepancies in the elasti-
city of aggregates and the matrix, along a fragile interface
between aggregates and mortar, contribute to the emer-
gence and widening of microcracks in UHPRGC structures
[50]. Micro-cracks in concrete significantly influence its
mechanical properties under stress, particularly affecting
its fracture mechanics, which views concrete as a quasi-
brittle material [39]. Utilizing fracture mechanics can there-
fore be a strategic approach to structural design [51]. It has
been observed that increasing the volume fraction of fibers
within the UHPRGC extends the effective fracture process
zone and characteristic length, thereby enhancing the mate-
rial’s ductility. High-strength geopolymer binders, although
noted for their brittleness leading to brittle failure, have
shown improvement in the mechanical integrity of UHPRGC
when reinforced with steel fibers [51,52]. The performance
of steel fibers in enhancing the concrete depends on various
factors, including their dosage, size, shape, distribution, and
casting direction [46]. Studies on UHPRGC have indicated
that its compressive, flexural, and tensile strengths improve
with increased steel fiber content and length [53]. Moreover,
the shape of steel fibers significantly influences the bond
properties and pullout behavior in UHPGC/UHPRGC, with
deformed fibers noted to enhance pullout strength, espe-
cially the geometric configuration of steel fibers exerts a

significant impact on both the resistance to pullout and the
capacity for crack bridging; fibers that are hooked-end or
crimped generally exhibit superior performance compared
to their straight counterparts, effectively retarding crack pro-
pagation and enhancing post-cracking strength. Consequently,
the morphology of fibers emerges as an essential factor in
optimizing flexural toughness and the overall mechanical per-
formance of the composite material [54,55].

Furthermore, research has found that steel fibers enhance
the compressive strength of slag-based UHPRGC mortars and
that the length of the fibers affects flexural performance more
significantly than the dosage [54,56]. However, it is also noted
that while steel fibers can enhance post-hardening behavior,
they may reduce compressive strength due to decreased work-
ability of the geopolymer mix [57]. Comparatively, there is
extensive research on the impact of steel fibers on UHPRGC’s
mechanical properties, but investigations into their effect on
UHPGC are still limited [46,53]. Recognizing the high cost of
steel fibers in UHPRGC, it becomes imperative to understand
the similarities and differences in their roles between UHPC
and UHPGC to optimize use and cost-effectiveness [53]. With
significant strides in improving the mechanical characteris-
tics of GPC with CRs, there are still few studies focusing on the
development of UHPRGC, which is essential to meet modern
construction demands for high-performance, cost-effective,
and eco-friendly materials [38,46,53,58]. Figure 4 shows the
global market for UHPC between 2022 and 2029 [59].

However, this review presents a pioneering explora-
tion of both UHPRGC and UHPGC, emphasizing their novel
integration of geopolymer binders and, in the case of
UHPRGC, recycled rubber particles to enhance both

Figure 3: Schematic of ultra-high performance rubberized geopolymer concrete (UHPRGC) mix design, illustrating the use of industrial by-products
(e.g., slag, fly ash) as the primary binder to reduce cement consumption (Adapted from [44]).
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mechanical and environmental performance. Unlike con-
ventional studies, it offers a comprehensive analysis of the
evolution, properties, and applications of UHPRGC andUHPGC,
highlighting rapid setting times, improved workability, and
reduced shrinkage. This study underscores the superior com-
pressive, tensile, and flexural strengths of both UHPRGC and
UHPGC, alongside their enhanced energy absorption, ductility,
fracture energy, and crack resistance, making it ideal for high-
stress environments. UHPGC, without the addition of rubber,
still demonstrates exceptional compressive strength and dur-
ability resistance, making it suitable for a wide range of appli-
cations. By focusing on the sustainability aspects, such as waste
material utilization and carbon emission reduction, this review
aligns with global sustainability goals, positioning both UHPRGC
and UHPGC as transformative materials in eco-efficient con-
struction. This review differentiates itself by focusing on the
synergistic interplay between fibrous reinforcements and elas-
tomeric aggregates in UHPGC, particularly under heightened
stress conditions. While antecedent investigations address rub-
berized or fiber-reinforced geopolymer systems, this study sin-
gularly explores fiber–rubber interactions and sophisticated
mix designs that can mitigate conventional durability–ductility
trade-offs, thereby enhancing the applicability of these mate-
rials in exigent structural settings.

2 Historical background

2.1 NC and ultra-high-strength concrete

Around 1300 BC, the discovery of concrete was made when
builders in the Middle East realized that by applying a
moist layer of burned limestone to the exteriors of their

clay-based structures, a chemical reaction occurred with
the air, creating a strong, protective coating. Concrete’s
development continued through the ages, notably with the
advent of Portland cement by Joseph Aspdin in 1824, a key
milestone in modern concrete production [60] (Figure 5).
The term “concrete” today describes a composite material
consisting of a calculated mixture of cement, water, sand,
gravel, and various minerals [5,40,61]. In 1849, the innova-
tion of reinforced concrete (RC) was pioneered by Joseph
Monier [62] (Figure 5), a French gardener who incorporated
steel wire mesh into mortar to craft more durable flower-
pots, laying the groundwork for RC structures [63]. The incor-
poration of steel not only significantly improves the structural
strength but also the flexibility of concrete [64–66]. Concrete’s
major limitations are its low tensile strength and rigidity.
High-performance concrete (HPC) came into existence in
the 1930s, engineered to enhance both the strength and dur-
ability of standard concrete under load [67]. Eugene Freys-
sinet revealed that enhancing the density of the cementitious
matrix could bolster the compressive strength of concrete
elements [68]. Interest in HPC spiked during the 1970s [61],
with its development centered on reducing the water-to-
cement (w/c) ratio to between 0.2 and 0.3 [69]. Throughout
the 1980s, research efforts intensified to refine this innovative
concrete, exploring the effectiveness of various additives for
the first time [70,71]. The integration of steel fibers led to the
development of various specialized concretes, such as macro-
defect-free concrete, reactive powder concrete, dense silica
particle concrete, and clay-modified concrete [72–76].

As the building industry’s requirements intensified, the
limitations of traditional concrete became more evident.
Issues such as matrix instability, disproportionate compres-
sive-to-tensile strength ratios, excessive weight relative to
strength, and reduced durability were identified [61]. In

Figure 4: Global market for UHPC - Industry forecast and trends to 2029 (Raw data obtained from [59]).
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response, the 1970s saw the development of HPC, character-
ized by lowwater-to-cement (w/c) ratios, meticulously selected
and graded aggregates, and the integration of water-reducing
admixtures, achieving compressive strengths between 50 and
120MPa and enhanced durability [61,77,78]. However, HPC
was prone to brittleness, leading to the invention of fiber-
reinforced concrete (FRC) in the early 1980s. FRC, by incorpor-
ating fibers into the concrete mix, significantly improved its
tensile strength, toughness, ductility, and fracture resistance
[71]. UHPC represents further evolution, offering unprece-
dented strength, durability, and toughness [1]. The dominant
formulation of UHPC utilizes Portland cement and quartz sand
[79]. Yet, the extensive use of Portland cement raises concerns
about resource depletion and environmental impact [80]. This
has spurred interest in developing a sustainable UHPC (Figure 5),
which is low in resource use and environmental impact [81].
Recent advancements have included using slag and SF as pre-
cursors and micro silica sand as the fine aggregate in the

production of UHPC [82]. Research shows that SF enhances the
reactivity of slag, leading to improved compressive strength.

Particularly, a strain-hardening UHPC was developed,
achieving a compressive strength of 222 MPa by optimizing
the FA to slag ratio and adjusting the steel fiber content
[83]. Current research on fiber-reinforced UHPC primarily
focuses on cementitious elements and less on fine aggre-
gates. Some studies have considered the potential of
demolition wastes as recycled aggregates in cementitious
materials [84], although their application in UHPC and
their freeze–thaw resistance remain underexplored. Alter-
natively, waste glass has been used as a fine aggregate
replacement in UHPC, with studies examining its resistance
to acidic and sulfate environments. It was found that UHPC
with waste glass aggregate displayed less degradation after
exposure to sulfuric and magnesium sulfate solutions,
attributed to an improved bonding at the aggregate–paste
interface [85]. In general, this research underscores the

Figure 5: Historical development trends of NC, UHPC, UHPGC and UHPRGC.
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promising advancements in UHPC technology, particularly
the development of strain-hardening composites with opti-
mized FA-to-slag ratios and the innovative use of recycled
materials like waste glass, highlighting their potential to
enhance environmental sustainability and durability in
aggressive environments. Figure 6 illustrates a compara-
tive technical review of NC, UHPC, UHPGC, and UHPRGC,
detailing trends in their compressive strengths and other
critical characteristics (e.g., ductility, durability, and envir-
onmental consequences). The figure demonstrates that
UHPGC typically exceeds UHPRGC in compressive strength,
predominantly due to the incorporation of rubber parti-
cles, which engenders relatively frail interfacial zones
within the concrete matrix. These zones may function as
stress concentrators under load, resulting in microcracking
and reduced load-carrying capability. Conversely, UHPGC –
devoid of rubber aggregates – preserves a more uniformly
resilient matrix and can attain superior strengths. Never-
theless, the figure concurrently suggests that, notwith-
standing this compressive strength reduction, including
rubber aggregates confers several benefits, encompassing

augmented ductility, enhanced energy absorption, and
improved impact resistance. Methodologies such as rubber
surface modifications, the utilization of smaller rubber
particle dimensions, or the integration of fibers can facil-
itate the narrowing of strength disparity by ameliorating
the bonding interface between rubber and binder, corre-
sponding with the ascending trends depicted in the figure
for optimized UHPRGC. Accordingly, Figure 6 highlights the
performance trade-offs: UHPGC can attain remarkable com-
pressive strengths, while UHPRGC capitalizes on rubber’s
elasticity and resilience for applications necessitating higher
toughness and sustainability – both of which are imperative
considerations when reconciling material performance with
environmental and structural exigencies.

2.2 Rubberized geopolymer concrete (RGPC)

The development of rubberized concrete (RuC) was pri-
marily aimed at addressing the accumulation of waste tires

Figure 6: Technical comparison between NC, UHPC, UHPGC, and UHPRCG based on reported average values.
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in landfills annually [86] (Figure 5). During tire recycling,
materials such as steel fiber and rubber are extracted [87].
This rubber is transformed into crumb or chip form and is
incorporated into various applications, one of which is
substituting natural aggregates in concrete [88]. Compared
to natural aggregates, rubber exhibits a much lower com-
pressive strength and elastic modulus, recorded at 1 MPa,
but has a considerably higher Poisson’s ratio of around 0.3
[89]. Such characteristics lead to an increase in lateral expan-
sion under load, which in turn induces microcracking within
the concrete. Moreover, the smooth, slippery surface of tire
rubber, coupled with residues of zinc stearate, impedes effec-
tive adhesion to the concrete matrix, forming gaps in the
interfacial transition zone (ITZ) [90]. These gaps are exacer-
bated by zinc stearate’s tendency to form a water-repellent
soapy layer. Consequently, replacing natural aggregates with
rubber can diminish the compressive strength of concrete
significantly. For example, a 30% volumetric replacement
of aggregates with rubber can decrease the compressive
strength by as much as 77% relative to standard concrete
[91]. To mitigate these effects, rubber particles are often
treated with sodium hydroxide to enhance surface roughness
and eliminate the zinc stearate layer [90]. Despite these
challenges, RuC demonstrates superior impact resistance,
ductility, energy absorption, fire resistance, and acoustic
absorption compared to traditional concrete [86,92–94].
Moreover, rubber’s lower specific gravity, ranging from 0.5
to 0.9, makes RuC lighter, thus reducing structural dead loads
and enhancing ease of handling at construction sites [89]. It is
reported that the increasing CR in RGPC, despite NaOH treat-
ment, leads to smoother, weaker rubber particles that bond
poorly with the matrix, causing early failure and reduced
strength. The sodium hydroxide pre-treated RGPC utilizes
geopolymer as an activating agent. The inherent lower elastic
modulus of the geopolymer enhances compatibility with
rubber particles. Furthermore, the primary binder in RGPC,
FA, has a specific gravity of 2.25, considerably lower than that
of OPC, which is 3.15 [95].

This lower density could help in preventing the rubber
particles from floating, potentially improving the uniformity
of the mix. The silicate-based GPC also tends to be more
adhesive during the mixing process, facilitating better inte-
gration between the rubber and the geopolymer matrix [26].
RGPC offers several advantages, such as increased fire resis-
tance, lower weight, and the promotion of recycling efforts.
It addresses environmental concerns like CO2 emissions and
the depletion of natural resources [86]. While the inclusion
of rubber in RGPC typically diminishes mechanical proper-
ties, RGPC is noted for its enhanced durability, particularly
in terms of abrasion resistance and impact strength com-
pared to conventional concrete [92]. Chemical treatment of

the rubber particles with substances like sodium hydro-
xide or potassium permanganate can mitigate some of the
mechanical weaknesses [96]. RGPC, made with CR as a
partial substitute for natural aggregates, exhibits signifi-
cant impact resistance and energy absorption capabil-
ities, whereas geopolymer paste and natural aggregates
by themselves are less effective under impact loads [97].
Research on RGPC remains relatively scarce. For instance,
the effects of substituting 5–20% of sand by volume with
fine CR with up to 4.75 mm size in FA-based GPC were
studied [28]. A reduction in compressive strength of up
to 30% was observed at the highest replacement level of
20%. This reduction rate was consistent across different
mixtures, suggesting that even with optimized binders and
activators, the inclusion of rubber affects the strength. More-
over, a significant reduction in 28-day compressive strength
of 49.2 MPa (76%) was reported from an original strength of
65.0MPa when 20% of the fine aggregates were substituted
with fine CR (0.073–0.375mm) [98].

Research on the acoustic insulation properties of MK-
based GPC has shown that up to 14% fine CR (by weight of
total aggregates) was incorporated, with particle sizes
under 1 mm [94]. Initial findings showed a 6% increase in
compressive strength with a minimal rubber content of
2%; however, this strength decreased by 78% when the
rubber content was increased to 14%. It was noted that
fully encapsulating the rubber particles in the paste is cru-
cial to maintain the compressive strength. In another
study, rubber fibers measuring 2–4 mm in width and up
to 22 mm in length were used to replace up to 30% of the
fine aggregates in an FA-based geopolymer mix, although
this replacement reduced the mix’s compressive strength
by 55% after 28 days and enhanced the material’s abrasion
resistance. Moreover, both fine and coarse aggregates were
substituted with CR (with a median diameter of less than
1 mm) up to a 30% volume [92]. This substitution led to a 7%
increase in strength at a 10% replacement level at 28 days,
but a 34% decrease at a 30% replacement level, while
significantly boosting impact resistance [86]. Figure 7 in
the referenced study showed that the control GPC mix
achieved the highest compressive strengths at both 7 and
28 days, with an impressive strength increase of 28.3% at
the latter stage, underscoring the effectiveness of geopoly-
merization reactions [99]. Conversely, mixes that incorpo-
rated BST and CR aggregates displayed smaller gains in
strength, ranging from 1.2 to 16.7%, regardless of the level
of aggregate replacement. This suggests that these mate-
rials may interfere with the geopolymerization process, a
theory that should be explored further through micro-
structural studies [99]. Moreover, the variation in strength
gain was also influenced by the concrete grade, with
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higher-grade GC6 showing more substantial differences in
strength development between 7 and 28 days compared to
lower grades. In brief, RGPC presents a sustainable and
innovative solution by integrating recycled rubber particles,
demonstrating significant potential in improving mechan-
ical properties, enhancing durability, and contributing to
the circular economy of construction materials.

In summary, the incorporation of recycled tire rubber
as a substitute for natural aggregates in the development of
RuC and RGPC presents both advantages and limitations.
Notably, a 30% replacement of aggregates with rubber results
in a significant reduction in compressive strength, with con-
ventional concrete experiencing a decrease of 77%, while
RGPC exhibits a reduction of 49.2MPa, corresponding to a
76% loss. Nevertheless, RGPC demonstrates improved impact
resistance, energy absorption capacity, and enhanced fire
resistance. Experimental investigations have revealed a 78%
decline in strength when the rubber content is increased
from 2 to 14%. Despite these reductions in mechanical per-
formance, RGPC offers notable durability advantages and
environmental benefits, including the promotion of tire recy-
cling and a reduction in CO2 emissions (Table 1).
− Rubber particles, particularly those treated with sodium

hydroxide, may hinder geopolymerization, reducing the
strength development. However, the microstructural
effects of rubber on this process are not well understood,
highlighting the need for detailed analyses to clarify inter-
actions between rubber, activators, and the geopolymer
matrix.

− Treatments involving sodium hydroxide and potassium
permanganate have been shown to improve the bonding
between rubber and concrete. However, further

investigation is required to assess the long-term dur-
ability and effectiveness of these treatments in enhancing
mechanical properties. Additionally, exploring alterna-
tive chemical or physical treatments for rubber particles
may yield more effective strategies for overcoming
bonding issues and mitigating reductions in strength.

− RGPC exhibits enhanced durability, particularly in terms
of abrasion resistance and impact strength. However,
these benefits are often accompanied by a reduction in
compressive strength. Further research is needed to
explore strategies for optimizing the balance between
mechanical strength and durability, potentially using
hybrid materials or the inclusion of supplementary
additives.

2.3 Ultra-high performance RGPC

UHPRGC is composed of OPC, a high level of activators,
CR, steel fibers, and fine quartz sand, maintaining a low
liquid-to-binder ratio [107,108]. This material is particularly
advantageous for constructing structures that require blast
resistance, long-span bridges, and those in highly corrosive
environments [109–111]. Despite its superior mechanical
properties and durability, UHPGC has raised environmental
concerns due to its significant use of OPC, which leads to
substantial CO2 emissions [2]. The content of OPC in UHPGC
ranges from 750 to 1,200 kg·m−3, which is two to three times
higher than in traditional concrete, necessitating consider-
able natural resources and energy, thereby producing large
amounts of CO2 [112]. The production of 1 ton of clinker, for

Figure 7: Compressive strength of developed L-GPC, RGPC, and L-RGPC mixes at 7 and 28 days (Adopted from [99]).
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instance, is estimated to consume 6.65MJ of energy and
generate about 0.83 tons of CO2 [113]. Efforts have been
made to reduce the quantity of binder and replace some
of the cement-based materials with alternatives to OPC. In
recent years, the scientific community has shifted focus
toward developing low or non-clinker cementitious mate-
rials. GPC is recognized as a low-carbon, clinker-free alter-
native, and is one such option [114]. It is produced by
activating alumino-silicate materials such as FA, GBFS, and
MK [41,47,115,116] with alkaline solutions like silicates, carbo-
nates, alkali hydroxides, and/or sulfates. GPC can achieve
mechanical properties comparable to those of traditional
OPC concrete [117]. Recent innovations aimed at enhancing
sustainability have led to attempts to utilize GPC as the binder
in UHPGC [83]. According to Figure 8, an increase in fiber
dosage from 2 to 3% and then to 4% in the concrete mix
significantly boosts the compressive strength by 11.2 and
22.8MPa, respectively. This increase is likely due to the robust
modulus of the steel fibers included in the mix [83].

GPC has gained significant attention due to its role in
substantially reducing carbon dioxide emissions and its
use of natural resources [118]. Unlike Portland cement,
the production of GPC’s raw materials does not require a
calcination process, which significantly reduces energy
usage [119]. Research indicates that GPC emits 5–6 times
less CO2 compared to traditional concrete. Recent advance-
ments in this field have led to the development of UHPGC,
which uses geopolymers as a binder [41]. Studies have
shown that UHPGC containing 3% fibers can achieve max-
imum flexural and compressive strengths of up to 181 MPa,
respectively, after 28 days of curing with a chemical mix-
ture of sodium hydroxide and sodium silicate [120]. Figure
9a–d shows the SEM images that reveal the incorporation
of 10–30% basalt fibers into RHA paste results in a denser,

homogeneous structure, indicating an enhancement in the
hybrid paste’s structure. This enhancement is further sup-
ported by an increase in Ca content [120]. In addition,
basalt fibers partially react, as observed in the SEM images,
performing a microaggregate function that leads to an
increase in compressive strength.

The development of UHPGC was enhanced by the use
of nano-silica and slag, achieving a compressive strength
exceeding 145 MPa [121]. Research indicates that using only
slag in geopolymers can cause issues such as decreased
workability, increased shrinkage, rapid setting, and di-
minished strength during carbonation [122]. However,
combining slag with SF is more effective in improving dur-
ability, strength, and the development of new properties in
GPC [123]. There is considerable potential for further
improvements in these areas of UHPGC [37]. Nano-silica
and polypropylene fibers (PPFs) are key components in
the composition of UHPGC [107]. The addition of PPFs
notably improves the impact resistance of the material.
Studies show that adding fibers at 4% by weight of the
binder does not significantly affect the strength and ducti-
lity of the GPC [124]. PPFs are known to improve the tough-
ness, ductility, and behavior after cracking in concrete
[47,125]. Besides, the design and optimization process for
achieving optimal performance in UHPGC with fibers is
largely dependent on the fibers’ properties [107]. The rela-
tively high cost of fibers and the need for precise control
during their integration into the GPC matrix are crucial for
the practical application and commercialization of UHPGC
[2]. Nano-silica plays an essential role in HSC due to its
densifying effect [126]. Moreover, including 10–15% NS in
UHPC has been shown to improve the material’s freshness.
Incorporating NS into GPC enhances strength but may
decrease the slump value [127]. Appropriate proportions

Figure 8: (a) Compressive strengths and tensile performance of UHPRGC with (b) different FA-to-GGBS ratios and (c) steel fiber contents (Adopted
from [83]).
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of NS are shown to increase both the fresh and strength
properties of UHPGC [128].

Figure 10 presents a detailed graphical representation
of the compressive strength of a material, likely a type of
concrete or composite, as a function of Na2O percentage
and the W/B ratio [129]. The vertical axis represents the
Na2O content, ranging from 4 to 9%, while the horizontal axis
shows the W/B ratio, varying from 0.300 to 0.525. The figure
uses a color gradient to denote different compressive strength
ranges, with darker colors representing higher strengths.
Notably, the highest compressive strengths (>120MPa) are
achieved with a high Na2O content (8–9%) and a low W/B
ratio (0.300–0.325). As the Na2O content decreases and the
W/B ratio increases, the strength diminishes, with the lowest
strengths (<40MPa) observed at low Na2O levels (4–5%) and
higher W/B ratios (0.425–0.525) [129]. This visual data empha-
sizes the significant impact of Na2O content and W/B ratio on
the material’s performance, highlighting the optimal range
for achieving high compressive strength. It underscores the
importance of balancing these parameters to enhance the
material properties [129]. In brief, these findings serve as a
valuable tool for optimizing the composition of alkali-activated

binders/geopolymer concretes, guiding researchers and engi-
neers in developing high-performance, durable construction

Figure 9: SEM images of the specimens with 0%, 10–100% basalt fiber content (Adopted from [120]). (a) RHA, (b) 10BF90RHA, (c) 20BF80RHA, and (d)
30BF70RHA.

Figure 10: Range of the compressive strength of GPC/AAS with respect to
the Na2O/binder and water/binder ratios (Adapted from [129]).
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materials. Future research could further explore the micro-
structural effects and long-term durability of these composi-
tions to support sustainable construction practices.

Nano-silica’s role in improving the strength and long-term
properties of UHPC is primarily attributed to its nanoscale size
and its ability to densify the material [130]. Research indicates
that while nano-silica contributes to increased strength, it can
adversely affect the rheological properties [131]. Studies have
also shown that an optimal amount of nano-silica can boost
both the strength and the initial properties of GPC [132]. Con-
versely, replacing FA with nano-silica in GPC formulations
has been found to diminish its fresh properties [27]. Although
there has been some investigation into the use of nano-silica
in fly-ash-based UHPCRGC, the broader application and incor-
poration into building codes are hindered by insufficient
research on its impact on strength, ductility, and fracture
behaviors when combined with slag/SF and PPFs [133]
(Figure 11). Furthermore, the phenomenon of drying
shrinkage significantly affects concrete’s durability, with
water loss through capillary action leading to cracking and
shrinkage [134]. As concrete dries, it releases water by capil-
lary action, resulting in cracks and shrinkage. [135]. The intro-
duction of PPFs or steel fibers has been shown to markedly
reduce these shrinkage issues [136].

Practically, UHPGC is increasingly recognized as a sustain-
able alternative to traditional UHPC [38]. The primary methods

for producing standard UHPGC include (a) utilizing pressurized
or thermal curing environments, as depicted in Figure 2 [133];
(b) combining GGBS and SF to enhance flowability and reacti-
vate alkalis at lower precursor-to-water ratios [137]; (c)
increasing the specific surface area and decreasing precursor
particle sizes [138]; and (d) employing a potassium-based alka-
line solution as an activator [37]. The alkali activation process
significantly improves UHPGC’s strength, potentially positioning
it as a competitive material for civil engineering projects due to
its durability and sustainability [112]. In conclusion, UHPRGC
marks a significant advancement in sustainable construction
materials by synergizing the high mechanical performance
and durability of UHPC with the eco-friendly and waste-redu-
cing attributes of geopolymer binders and recycled rubber.
This composite material not only addresses the pressing need
for reducing the carbon footprint and landfill waste but also
improves the structural integrity and longevity of concrete
structures. The integration of recycled rubber enhances the
material’s flexibility and impact resistance, making UHPRGC
an ideal candidate for applications requiring both strength
and resilience, while promoting circular economy practices in
the construction industry.

Generally, UHPGC is gaining attention for its blast
resistance and durability in long-span bridges and corro-
sive environments. While traditional UHPGC relies heavily
on OPC, contributing to significant CO2 emissions, GPC

Figure 11: Schematic mechanism of geopolymerization under hot pressing (Adapted from [133]). (a) Initial mixture, (b) applying pressure, (c) heat
treatment, (d) geopolymer gel production, (e) stabilization of reaction, and (f) cooling.
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offers a low-carbon, clinker-free alternative that reduces
binder usage and emits 5–6 times less CO2. UHPGC utilizes
geopolymers as binders, achieving compressive strengths
up to 181MPa after 28 dayswith sodiumhydroxide and sodium
silicate. The inclusion of nano-silica and PPFs enhances impact
resistance, toughness, and ductility. Nano-silica, comprising
10–15% of the mix, improves the material’s strength while
maintaining fresh properties, although it may negatively affect
the rheological behavior. A graphical representation illustrates
that optimal compressive strength occurs with high Na2O con-
tent (8–9%) and low water-to-binder (W/B) ratios (0.300–0.325).
UHPCRGC combines the mechanical advantages of UHPC with
the eco-friendly characteristics of geopolymer binders and
recycled rubber, promoting the structural integrity and long-
evity of concrete structures. Various methods, including pres-
surized curing and the use of GGBS and SF, further enhance
UHPGC’s performance. Most research on geopolymer binders
focuses on mechanical properties and energy efficiency, with
limited studies examining the effects of different proportions
of nano-silica, basalt fibers, and PPFs on the fracture behavior,
workability, and shrinkage of UHPRGC. Furthermore, there is
insufficient evidence on the environmental implications of
commercializing these minerals.

3 Rapid setting and enhanced
workability

Rapid setting of UHPGC is largely due to its unique composi-
tion, enabling swift setting and strength development that
potentially accelerates building activities [42]. The inclusion
of specialized admixtures and chemical enhancements in

UHPRGC improves the ease of mixing and placement.
Research has explored using CR as a substitute for natural
sand in alkali-activated concrete, with findings resem-
bling those from standard concrete that incorporates CR
[139]. It was found that using finer rubber particles in GPC
caused a minor reduction in compressive strength paral-
leled to coarser particles [92], indicating that the impact
on compressive strength is lesser with fine rubber aggre-
gate replacements than with coarse ones. Investigations
have shown that using CR to replace up to 20% of sand by
volume in FA-based UHPRGC results in a 35% reduction in
compressive strength [28]. Available data suggest that
rubberized geopolymers generally exhibit lower com-
pressive strength and weaker structural integrity [105].
Consequently, recent developments focus on modifying
the geopolymer mix and adding various physical and
mineral additives to mitigate strength loss in rubberized
GPC [139]. Studies on the effects of pre-treating rubber and
adding fibers to improve the strength properties of OPC-
based RuC have been conducted [140]. These studies confirm
that water pre-treatment of rubber enhances RuC’s work-
ability more effectively than other chemicals, and incorpor-
ating 1.5% steel fibers significantly boosts its flexural
strength. Research indicates that immersing rubber parti-
cles in water replaces adsorbed air with water molecules,
thus improving the adherence of rubber particles within the
cement matrix and enhancing the compressive strength of
rubber concrete [140]. Figure 12 depicts how replacing CR
affects the fluidity and setting time of UHPRGC [141]. Obser-
vational and flow measurement studies indicate that all
mixtures were consistent, showing no signs of segregation
or bleeding. Specifically, maintaining a constant alkali-acti-
vated slag (AAS)/binder ratio of 0.35, a constant SF content of

Figure 12: (a) The flowability and (b) setting times of fresh UHPRGC (Adopted from [141]).
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25% for slag replacement, and a steel fiber dosage of 3%
were critical for optimizing the flowability and setting
time of the UHPRGC [141].

Briefly, UHPGC sets and strengthens rapidly, enabling
faster construction. Its unique formulation facilitates effi-
cient mixing and placement, especially when used with
specialized admixtures. Research shows that alkali-acti-
vated concrete with CR as a replacement for natural sand
exhibits reduced compressive strength, while rubberized
geopolymer composites suffer from diminished strength
and structural integrity. Additionally, studies indicate
that water pre-treatment of rubber and steel fibers can
improve the strength of OPC-based RuC. Observational
and flow measurement experiments indicated that segre-
gation and bleeding were absent in all mixes. For optimal
flowability and setting time of UHPRGC, it was determined
that a constant AAS to binder ratio of 0.35, a 25% replace-
ment of slag with SF, and a 3% dosage of steel fiber are
essential.

4 Rubber particles and fiber
reinforcement

It is well-known that concrete exhibits varied mechanical
properties when subjected to different loading rates, and
the integration of rubber particles notably modifies its
internal structure and dynamic mechanical attributes.
Studies on RuC subjected to high loading rates indicate that
an increase in rubber content mitigates brittle damage [142].
Further investigations reveal that the compressive strength of
RuC under impact improves with higher strain rates, aligning
with known strain rate effects on similar materials [143]. It is
also found that the energy absorption capacity of RuC signifi-
cantly enhances with increases in rubber content and particle
size, though the primary failure often occurs at the rubber–
cement interface due to inadequate bonding [144]. Research
into the dynamic properties of lightweight rubberized GPC
shows that its energy absorption, relative to its compressive
strength, surpasses that of standard GPC under high-strain
conditions [145].

The length of steel fibers is crucial in determining the
effectiveness of fibers on the flexural behavior of concrete
[146,147]. This performance is also dependent on the fiber
orientation and distribution, which vary with the fiber’s
length and aspect ratio [148]. Previous studies have sug-
gested that longer steel fibers generally improve flexural
performance [46]. However, additional research indicates
that when the length of steel fibers exceeds 13 mm, it can
lead to reduced flexural performance due to increased

spacing between fibers [149]. Steel fibers measuring
13 mm are commonly used in UHPC to fulfill requirements
for tensile ductility and toughness, and have been exten-
sively examined in previous studies [150]. Figure 13 illus-
trates normalized flexural load–deflection curves for
UHPGC and UHPC, indicating that although the descending
phase of the UHPGC curve shows lower loads for equiva-
lent deflections compared to UHPC, the curve configura-
tions are similar, featuring ascending and descending
phases. This similarity suggests the possibility of devel-
oping a flexural behavior model for UHPGC based on
existing models for UHPC [151].

Fiber reinforcement is widely applied to enhance both
the static and dynamic properties of concrete [17].
Research on the impact resistance of UHPC is approxi-
mately twice as strong and dissipates 3–4 times more
energy than conventional RC under similar conditions
[152]. Further studies on UHPC with steel fiber reinforce-
ment reveal that its compressive strength improves with
increased fiber content, and the damage initiation factor
increases with strain rate. These studies concluded that
higher strain rates correlate with enhanced compressive
strength at a fixed fiber content [153]. Investigations into
UHPC using a combination of short and long steel fibers
indicate significant enhancements in both compressive
and flexural strengths under quasi-static and dynamic
loads due to the dual fiber system [154]. The hybrid fibers
function such that short fibers initially prevent microcrack
formation while long fibers continue to carry the load as
cracks develop and short fibers are dislodged [155].
Another study on UHPC examined the impact of different
steel fiber shapes and content on mechanical properties,

Figure 13: Normalized flexural load-deflection curves of UHPGC and
UHPC with 2% straight steel fibers (Adopted from [151]).
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showing marked progress in static compressive and flex-
ural strengths with increased fiber content, particularly
using hooked-end fibers over straight or corrugated types
[151]. The effect of fiber aspect ratio was also explored,
revealing that shorter fibers (lower aspect ratio) improve
compressive strength more effectively than longer fibers
due to easier vibration and consolidation, resulting in less
porous concrete [156,157]. Comparative research on concrete
reinforced with steel, polyvinyl alcohol (PVA), and PPFs
under chemical erosion found that steel FRC performed
best, followed by PVA and PP fibers [158]. Recent studies
on PVA fiber-reinforced RuC showed that incorporating
0.5% PVA fibers slightly reduced compressive strength,
which decreased further with the addition of rubber aggre-
gates as sand substitutes. An examination of steel FRC with
rubber waste indicated an improvement in fracture energy,
especially when both rubber and steel fibers were incorpo-
rated [159]. Overall, increasing fiber length tends to boost
flexural strength under various curing conditions, as illu-
strated in Figure 14a and b [46]. However, steam curing
may negatively affect the toughening efficiency of fibers,
possibly due to increased porosity in the geopolymer matrix
and decreased bond strength at the fiber–matrix interface,
necessitating further study [52].

Various pre-treatment methods for rubber particles are
employed to reduce their negative impact when incorpo-
rated into concrete [159]. Table 2 summarizes the pre-treat-
ment approaches for different RGPC formulations, with a
primary focus on NaOH and water treatments. These
methods typically involve submerging the rubber particles
in the respective medium, stirring for around 60 s, and then
sealing them for 24 h at room temperature [86]. Following
NaOH treatment, the solution is discarded, and the particles
are thoroughly rinsed until the pH nears neutrality, after

which they are dried to a saturated surface dry (SSD) state.
In contrast, for water-soaked particles, they are simply
drained and left to dry on the SSD before mixing [99].
Both methods effectively clean the CR particle surfaces
and yield a similar texture, but the NaOH treatment tends
to produce more needle-like crystals on the rubber surfaces
compared to water soaking [145]. NaOH treatment also
removes the zinc stearate layer, which otherwise forms a
barrier between the rubber and the concrete [160], while
water soaking is noted to decrease trapped air, enhancing
the concrete’s compressive strength [161]. A study exploring
four different CR pre-treatment techniques on FA-based
RGPC found that each method improved the compressive
strength of the final product [96]. The techniques involved
submerging CR in a NaOH solution, soaking it in water,
applying a cement paste coating to the particles, and cov-
ering them with ultra-fine slag (UFS) [87]. Among these,
NaOH treatment and UFS coating were particularly effec-
tive, with UFS acting as a microstructural filler to form cal-
cium silicate hydrates that enhance the concrete’s integrity,
more so than cement paste coating. The use of UFS also
slightly enhanced other mechanical properties, such as split-
ting and flexural strengths, and the elastic modulus [96].
Regarding durability, NaOH pre-treatment provided
superior resistance to acid degradation, maintaining the
highest residual strength after 90 days of exposure to hydro-
chloric and sulfuric acids [96]. Rubber particles, typically
sourced from recycled tires, confer distinctive benefits on
concrete, enhancing its energy absorption and toughness,
which is advantageous for resisting impacts and vibrations.
Furthermore, rubber incorporation lightens the concrete,
making it advantageous for applications requiring light-
weight structures. In brief, this study revealed that the inte-
gration of rubber particles and fiber reinforcement in the

Figure 14: Effect of straight steel fibre length on (a) compressive and (b) flexural strengths of UHPGC (Adopted from [46]).
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development of UHPRGC and UHPGC marks a pivotal
advancement in sustainable construction materials.

In brief, loading rates significantly affect the mechanical
properties of concrete, and the addition of rubber particles
modifies its internal structure and behavior. Increasing
rubber content and particle size enhances the impact of com-
pressive strength and energy absorption of RuC, although
inadequate bonding often leads to failures at the rubber–
cement interface. The effect of steel fibers on concrete’s flex-
ural behavior is influenced by their length; longer fibers gen-
erally improve performance, while fibers longer than 13mm
may diminish it. UHPC utilizes 13mm steel fibers to enhance
tensile ductility and toughness. Fiber reinforcement enhances
both the static and dynamic characteristics of concrete. UHPC
exhibits twice the strength of standard RC and dissipates
three to four times more energy under similar conditions.
Increased fiber concentration correlates with improved com-
pressive strength, and strain rates affect damage initiation.
The use of a dual fiber system in UHPC, combining short and
long steel fibers, significantly enhances compressive and flex-
ural strengths under quasi-static and dynamic loads. Shorter
fibers improve compressive strength by facilitating better
vibration and consolidation, resulting in reduced porosity.
Additionally, steel FRC outperforms PVA and PPFs in resis-
tance to chemical erosion.
− Despite improvements in energy absorption and

dynamic properties with higher rubber content, the pri-
mary failure occurs at the rubber–cement interface due
to inadequate adhesion. This highlights the need for
further research to enhance bonding processes between
rubber particles and the cement matrix to mitigate fail-
ures at this contact.

− While fiber length and aspect ratio affect flexural per-
formance, optimal combinations for different applica-
tions are not well defined. Additional research is needed
to explore how fiber orientation, distribution, and
aspect ratio influence the static and dynamic properties
of concrete under diverse loading conditions.

− Studies on dual fiber systems combining short and long
steel fibers indicate potential improvements in compres-
sive and flexural strengths of UHPRGC. However,
further research is necessary to clarify the mechanics
of hybrid fibers under dynamic loads and to investigate
the synergistic benefits of using different fiber types.

5 High compressive strength

It is well-known that UHPRGC without fibers tends to
become more brittle as its compressive strength increases.

To address this, adding various types of fiber can improve
the material’s ductility. A notable difference in brittleness
is observed when GPC is compared with NC. It is indicated
that GPC has lower fracture energy than NC, which further
decreases as compressive strength increases [169]. This
makes the integration of rubber into GPC a worthwhile
endeavor. Studies have used CR as a substitute for fine
aggregates in GPC, resulting in an enhancement of
31.5–53.3% in energy dissipation capacity with rubber sub-
stitution ratios ranging from 5 to 20% [170]. Moreover,
investigations into slag-FA-based low-strength RGPC show
that a rubber replacement ratio of 0–10% slightly enhances
compressive performance. However, exceeding a 10% repla-
cement ratio adversely impacts this performance [171].
When rubber was substituted for fine aggregates in UHPGC
at various levels, tests on its mechanical properties and
microstructure revealed an increase in porosity and pore
size, which in turn reduced its mechanical strength with
higher rubber content [141]. Figure 14 shows the correlation
between steel fiber volume and UHPC strengths [79].

In UHPGC, different water-to-binder ratios result in
varying compressive strengths. A ratio of 0.4 achieves a
compressive strength of 70 MPa, whereas a lower ratio of
0.25 reaches up to 200 MPa after 56 days [38]. This elevated
strength permits the creation of thinner, more efficient
structural components. Varying the types of pozzolans
incorporated into the UHPGC matrix influences these
strength outcomes [42]. For instance, using MK, which
has a lower calcium content than slag, results in decreased
compressive strength in comparison to samples that con-
tain slag [172]. The higher calcium levels found in other
aluminosilicates facilitate the formation of Ca–Al–Si
hydrates in the microstructure, enhancing the concrete’s
mechanical properties [173]. Incorporating SF into UHPGC
enhances the geopolymerization process and improves the
microstructural integrity, thus strengthening the concrete
[42]. Optimal results were observed when 15–30% of SF was
substituted with slag, with the peak compressive strength
occurring at 30% substitution [25]. This strength gain is
primarily due to the slag filling voids between cement par-
ticles, which minimizes water requirements during hydra-
tion [174]. Moreover, increasing the SF content up to 30%
not only augments compressive strength but also reduces
permeability due to an increase in cement hydration pro-
ducts [175]. However, substituting more than 30% of slag
with SF leads to an excessive amount of hydrated silica
fume particles, compromising the microstructure and
diminishing the compressive strength [176]. Excessive
water in UHPGC mixtures also undermines the compres-
sive strength by disrupting the polymerization process
[177]. The existence of interfacial voids encircling
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elastomeric particles and phase alterations at the rubber–
matrix interface are pivotal determinants of mechanical
functionality in rubber-toughened polymers. These voids
frequently emerge from discrepancies in mechanical attri-
butes, engendering stress concentrations that may culmi-
nate in debonding [178]. In styrene polymers, cavitation
within the elastomeric particles can diminish stress
without fracturing, influenced by parameters such as par-
ticle dimension and cross-linking extent [179]. Elevated
filler concentration and prolonged curing durations can
amplify the quantity of voids, although void dimensions
typically remain invariant [180]. In core–shell rubber par-
ticles, heterogeneous deformation beyond the yield
threshold propels debonding and cavitation bands [181].
Simultaneously, chemical interactions at the interface,
encompassing Fe–C and Fe–S bonding in magnetite-filled

rubber composites, indicate robust stress-transfer mechan-
isms that can modify phase behavior [182]. X-ray diffraction
(XRD) affords further elucidations, unveiling alterations in
crystallinity and sharper peaks with increased filler con-
centration, as observed in silica nanoparticle-reinforced
systems [183]. Furthermore, discrepancies in thermal
expansion between rubber and the polymer matrix can
induce thermal stresses and facilitate phase transitions at
reduced temperatures [179] (Figure 15).

The relationship between fiber length and the mechan-
ical properties of UHPGC is depicted in Figure 16 [46]. Con-
trary to what might be expected, reducing fiber length does
not necessarily detract from compressive strength. In fact,
for specimens cured for 28 days under standard conditions,
both compressive and ultimate flexural strengths tend to
increase with longer fibers. However, these strengths

Figure 15: Correlation between steel fiber volume and compressive and flexural strengths of UHPC (Adopted from [79]).

Figure 16: Effect of straight steel fibre length on compressive strength of UHPGC (Adopted from [46]).
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exhibit variability when the fiber length is altered during
steam curing [46]. Researchers have developed UHPGC uti-
lizing GGBS and SF, activated with alkaline substances,
achieving compressive and flexural strengths of 175 and
13.5 MPa, respectively [37]. A study explored the impact
of substituting a portion of GGBS with SF in the UHPGC
production process [38]. This substitution enhanced the
UHPGC’s compressive strength to approximately
178.0 MPa at a 12.5% replacement level, though further
replacement to 15% led to a reduction in strength. In small
proportions (2%), elastomeric materials effectively bridge
microcracks and improve toughness while not leading to
substantial declines in compressive strength [184–186].
Nevertheless, when the elastomer content exceeds a cri-
tical limit, the consequent stagnation in porosity and inter-
facial irregularities between elastomer particles and the
surrounding matrix significantly reduces compressive
strength [186]. Furthermore, the morphology and large-
strain mechanical characteristics of the elastomer itself
determine the efficacy with which it disperses stress, high-
lighting the significance of regulating strain-stiffening
behavior [187]. To alleviate these drawbacks, additives
such as SF can refine the microstructure, enhance particle
densification, and fortify interfacial adhesion, thereby
mitigating the detrimental effects on compressive strength
while capitalizing on the toughness enhancements con-
ferred by elastomers [186,188]. Sophisticated design meth-
odologies, including multi-scale dynamic physical net-
works, can further optimize fracture resistance and
facilitate rapid self-healing [189]. Achieving a balance
between elastomer-derived toughness and sufficient com-
pressive strength relies on meticulous mixed design, pru-
dent material selection, and alignment with specific

application requirements to ensure dependable, long-
term performance.

Moreover, there is scant research on the behavior of
UHPGC under high-temperature conditions, specifically its
mechanical degradation, physicochemical alterations, and
susceptibility to spalling. The reduction in strength of
UHPGC at temperatures below 600°C is attributed to the
breakdown of the calcium–aluminum–silicate–hydrate
(C–A–S–H) phase, resulting in thermal cracking that
increases porosity and leads to a coarser pore structure
[190]. The challenges of recycling solid waste materials
have also been reported, as recycling firms struggle with
the diverse melting points and high costs associated with
processing various wastes [191]. Consequently, much of
these materials end up in landfills, posing environmental
risks due to their non-biodegradable nature [192]. Recent
studies have concentrated on producing GPC that cures at
room temperature to reduce the energy required for the
curing process [193]. Despite the advancement in geopo-
lymer technology, limited focus has been given to UHPGC
production. Elzeadani et al. developed UHPGC using SF and
GGBS, noting that the material’s compressive strength
reached 124 MPa without steel fibers and increased to
175 MPa with the inclusion of steel fibers [159]. Wetzel
and Middendorf [38] examined the influence of SF on
UHPGC, highlighting its significant compressive strength
and low capillary porosity, comparable to traditional
UHPC. It is also confirmed that the optimal strength of
178.6 MPa was achieved with a 12.5% volume substitution
of GGBS with SF, though this strength decreased when the
substitution level reached 15% [141].

Figure 17 displays SEM micrographs of samples after
28 days of curing, illustrating the microstructure’s impact

Figure 17: A comparative analysis explaining the flexural and compressive strengths of various Ultra-High Performance Grout Concrete (UHPGC)
formulations following a curing period of 28 days, underscoring the significant impact that modifications in the mix design and curing conditions
exert on the overall mechanical performance (Adapted from [196]).
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on UHPGC’s mechanical properties [141]. The control mix
(Figure 17a) shows a uniform, dense microstructure with a
continuous geopolymer gel phase of calcium–aluminum–

silicate hydrates (C–A–S–H), enhanced by high slag con-
tent. A mixture with 22.5% CG (CG3) substitution for fine
aggregate (Figure 17b–d) improves the microstructure by
strengthening the particle–geopolymer gel bond, unlike
the CC3 and CR3 mixtures [141]. Meanwhile, the incorpora-
tion of SF at levels ranging from 20 to 30% was found to
reduce the flowability of GPC, despite significantly impacting
its rheological andmechanical properties when used at higher
substitution rates. In addition, it has been observed that in
polymer concrete (PC)-based UHPC systems, fibers with
hooked ends and corrugations display enhanced bonding
strength compared to straight fibers [194,195]. The flexural
and compressive strengths of the UHPGC at 28-day curing
age are shown in Figure 7 [196]. It is reported that the
UHPGC-S3 specimen demonstrates superior compressive and
flexural strengths of 146.3 and 20.8MPa, respectively, which
are 40.4 and 80.9% greater than those of the UHPGC-S0 spe-
cimen [196]. This increase in compressive strength is due to
the delayed formation and growth of cracks in fiber-rein-
forced UHPGC [46]. Furthermore, a higher steel fiber content
reduces the average spacing between fibers, enhancing their
load-bearing capacity and overall mechanical properties [197].
The fibers’ bridging effect on the matrix plays a crucial role in
significantly boosting the ultimate flexural strength of UHPGC
[46]. However, from an economic perspective, the extensive
use of steel fiber will inevitably raise the cost of UHPGC.

In contrast, UHPGC systems exhibit different behaviors.
The use of C fibers, characterized by a higher deformation
ratio, leads to increased bonding strength through chemical
bonds, mechanical interlocks, and friction. However, the
brittle nature of the geopolymer matrix in UHPGC systems
is less capable of handling increased localized stress, often
leading to premature failure [198]. Similar mechanisms have
been observed in PC-based composites [199]. Moreover,
hooked-end steel fibers have been shown to bemore effective
in enhancing flexural strength compared to corrugated fibers
in UHPGC systems, mirroring findings in previous research
on PC-based UPHC. This is attributed to the superior mechan-
ical interlock provided by hooked-end fibers and their
optimal deformation ratio [200]. In general, the development
of UHPRGC achieves exceptional compressive strength,
making it ideal for high-stress construction applications.
This strength results from the synergistic effects of GPC and
advanced reinforcement techniques, enhancing structural
integrity and load-bearing capacity. By integrating rubber
particles and fibers, UHPRGC surpasses performance criteria
for demanding engineering projects, providing a durable and
sustainable alternative to traditional concrete.

In general, UHPRGC without fiber reinforcement tends
to exhibit brittleness as compressive strength increases,
making the incorporation of various fibers essential for
enhancing ductility. Rubber replacement ratios of 5–20%
can increase energy dissipation by 31.5–53.3%, but ratios
exceeding 10% may negatively impact performance. The
compressive strength of UHPRGC is influenced by water-
to-binder ratios, with MK demonstrating lower compres-
sive strength compared to slag due to its reduced calcium
content. The addition of SF promotes geopolymerization
and enhances microstructural integrity, with optimal com-
pressive strength achieved by replacing 15–30% of SFwith slag.
Research on thermal cracking and spalling in UHPRGC is lim-
ited, although recent studies have investigated room-tempera-
ture geopolymer concrete to decrease curing energy require-
ments. Some studies have reported compressive strengths of
up to 175MPa with steel fibers and 178.6MPa with a 12.5%
volume substitution of GGBS with SF. An investigation into
the microstructure after 28 days of curing revealed a contin-
uous sodium hydroaluminosilicate geopolymer gel phase in
the control mix, while replacing 22.5% of fine aggregate with
coarse aggregate improved the particle–geopolymer gel bond.
Although the inclusion of SF can reduce flowability, it signifi-
cantly enhances the material’s rheological and mechanical
properties. Increased steel fiber content improves the load-
bearing capacity and mechanical performance of UHPRGC-S3
specimens; however, excessive fiber use may raise overall
costs. Due to its high compressive strength, UHPRGC is parti-
cularly suitable for high-stress construction applications.
− GPC demonstrates unique fracture energy characteris-

tics compared to NC. However, the microstructural
changes affecting fracture toughness in UHPRGC with
rubber inclusions are not well understood. Further
empirical research is needed to clarify how varying
rubber content influences the fracture energy of GPC
relative to NC, especially at higher substitution ratios.

− The mechanical degradation of UHPGC at elevated tem-
peratures is insufficiently studied, with limited research
on the thermal stability of the C–A–S–H phase and the
mechanisms responsible for spalling.

− Further research is necessary to develop environmen-
tally sustainable curing methods and formulations for
UHPRGC, specifically focusing on room-temperature
curing techniques that minimize energy consumption.

6 Flexural and tensile strengths

The material demonstrates notable flexural strength,
making it well-suited for scenarios that demand high
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Figure 18: SEM images and EDX characterization of UHPGC (Adopted from [141]). (a) GPC, (b) CG3, (c) CC3, and (d) CR3.
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resistance to bending or tensile forces. Research has shown
that increasing the amount of GGBS replaced by SF in GPC
leads to longer initial and final setting times as well as
improved flowability [201]. Studies have found that incor-
porating up to 0.5% PPF by volume enhances the mech-
anical properties of traditional concrete [47,124,125].
Moreover, it has been observed that an increase in SF con-
tent in UHPRGC markedly boosts both its compressive and
flexural strength [37]. However, despite similar compressive
strengths, the ultimate flexural strengths of UHPGC are
reported to be lower than those of UHPC. Specifically,
when UHPGC reaches a compressive strength of about
170 MPa, its ultimate flexural strength ranges between 25
and 30MPa, which is 25–37.5% less than that of UHPC [46].
Studies have indicated that while PPF does not significantly
boost the compressive strength of concrete used in water
tunnel linings when compared to SF, it considerably
enhances tensile strength, flexural strength, stiffness, and
energy absorption capacity [202]. Concrete samples with
lower fiber volumetric percentages demonstrate higher
tensile and flexural strengths than those without fibers,
underscoring the role of fibers in strengthening the con-
crete’s resistance to harsh conditions. When comparing the
effects of SF, PPF, and glass fibers in concrete, it has been
observed that adding fibers increases both air content and
porosity, with SF-containing mixtures showing the smallest
increase in air volume [203]. Figure 18 depicts the SEM
micrographs and EDX analysis of UHPGC [141].

The electrical resistivity (ER) of concrete is also
lowered by fiber addition, with the greatest reduction
occurring with SF due to its conductive properties. The
durability of GPC is enhanced by increasing SF content,
which also reduces permeability and water absorption
[204,205]. Studies have also highlighted that PPF controls

crack propagation by mitigating plastic and drying
shrinkage, which in turn decreases permeability. It is con-
cluded that a low percentage of PPF can minimize moisture
loss and early age shrinkage in concrete [206]. However, it
has been found that increasing the consumption of PPF or
SF can diminish the durability of high-strength concrete,
particularly in SF-rich mixes [207]. The integration of
either polypropylene or steel fibers into UHPC is known
to improve many of its properties [149]. Typically, steel
fibers are used to boost physical and chemical pro-
perties, especially tensile and flexural strengths [208].
PPF offers additional benefits such as thermal stability,
chemical inertness, and resistance to corrosion, making
it well-suited for the alkaline environment of concrete.
Furthermore, the hydrophobic surface properties of
polypropylene do not interfere with the concrete hydra-
tion process [209].

Figure 19 offers an in-depth examination of the rela-
tionship between various CR replacement ratios and
changes in the tensile performance of UHPRGC [210].
Notably, the peak tensile strength of the R-50 group is
2.79 MPa, the highest recorded, exceeding that of the R-0
by 3.20%. The R-20 group exhibited a peak tensile strength
comparable to that of the R-0. Conversely, the R-50 group
demonstrated the lowest tensile strength at 2.16 MPa, indi-
cating a decrease of 22.6 and 25.0% compared to those of
the R-0 and R-5, respectively [211]. Generally, CR replace-
ment of up to 20% can enhance the peak tensile strength,
which contradicts some existing studies [212]. This discre-
pancy may arise from the distinct hydration behavior of
the slag-FA UHPRGC binder material used, differing from
conventional concrete [213]. Moreover, the CR particles,
being smaller than 1 mm, possess a favorable particle
size distribution with other materials, optimizing the

Figure 19: The consequence of replacing ratios of crumb rubber on tensile mechanical property index of UHPRGP: (a) peak strength; (b) tensile
modulus; and (c) strain energy (Adopted from [210]).
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internal structure when the CR replacement ratio is below
20% [210]. It is important to note that the strain energy in
the R-20 and R-35 groups significantly declined compared
to the other groups. This reduction may be due to the
increased CR content weakening the interfacial density of
UHPRGC, thereby affecting its bonding performance [213].

In summary, UHPRGC exhibits exceptional flexural
strength, making it suitable for high-strength applications.
Its mechanical properties can be improved by adding PPF
up to 0.5%, by volume. While increasing SF content
enhances compressive and flexural strengths, the ultimate
flexural strength of UHPRGC remains lower than that of
UHPC. PPF significantly enhances the tensile strength, flex-
ural strength, stiffness, and energy absorption capacity,
although it does not notably improve the compressive
strength. The inclusion of fibers increases air content and
porosity, with SF mixtures showing the least increase in air
volume. Moreover, fiber addition reduces ER, particularly
in SF-containing mixtures, which also improves durability
by decreasing permeability and water absorption. PPF aids
in controlling crack propagation by reducing plastic and
drying shrinkage, further decreasing the permeability. The
incorporation of polypropylene or steel fibers in UHPC
enhances thermal stability, chemical inertness, and corro-
sion resistance.
− The relationship between GGBS and SF replacement in

GPC is not well understood, particularly regarding how
different ratios affect setting times, durability, and
strength. Future research could identify optimal blend
proportions for enhanced performance.

− Peak tensile strength in slag-FA UHPRGC varies with CR
replacement ratios, indicating a need for further study
on the hydration behavior. Future research should
investigate the interactions between CR particles and
other components during hydration and their effects
on concrete properties.

− Higher CR concentration correlates with reduced strain
energy in some groups, suggesting potential weakening
of interfacial bonding. Future studies should explore
how variations in interfacial density affect the structural
integrity and performance of the material under dif-
ferent loading conditions.

7 Reduced shrinkage

Fiber integration generally mitigates drying shrinkage by
enhancing the bond between the matrix and fibers or by
managing crack development [214]. The efficacy of this
control is notably higher in hybrid fiber-reinforced

cementitious composites compared to single-fiber compo-
sites, owing to the diverse properties of the mixed fibers,
which address cracks at varying scales more effectively.
Specifically, longer fibers are efficient at bridging and con-
trolling the expansion of larger cracks, while shorter fibers
are adept at managing smaller crack growth [215]. This
dual action significantly reduces drying shrinkage in the
composites, a primary factor observed in certain samples
that showed optimal shrinkage reduction in high-strength
concrete [215]. Nonetheless, the inherent porosity of FRRC
can diminish its resistance to shrinkage. Higher porosity
levels facilitate easier moisture migration to the surface
through the pores, consequently increasing the shrinkage
strain [214].

UHPRGC typically exhibits lower shrinkage rates than
traditional concrete, enhancing both its crack resistance
and long-term durability. Despite UHPRGC’s reduced por-
osity, its geopolymer binder system – particularly with
high calcium content – can heighten susceptibility to
freeze–thaw cycles due to autogenous shrinkage, leading
to potential cracking [216]. Studies on high-strength GPC
have shown increased polymerization and strength during
the initial 56 freeze–thaw cycles, which diminish after 300
cycles. At this stage, compressive strength-related cracks,
aligned with the load direction and induced by perpendi-
cular flexural stress, become evident [217]. The influence of
freeze–thaw conditions has thus been identified to impact
flexural strength more severely than compressive strength
due to early internal cracking [107]. Another research indi-
cates significant strength reductions after undergoing var-
ious numbers of freeze–thaw cycles – specifically 225, 100,
and 120 [218]. In contrast, conventional UHPC generally
shows little strength variation even after 300–800 cycles.
The more pronounced degradation in geopolymer binders
is linked to their inherent shrinkage stresses and greater
porosity [72]. Figure 16 highlights that despite the slow
formation of microcracks, geopolymer samples maintain
stability and exhibit strong resistance to 300 freeze–thaw
cycles [217].

Studies have demonstrated that RTS fibers signifi-
cantly impact the reduction of drying shrinkage in FRRC
[215]. Specifically, FRRC mixes incorporating 1% RTS fiber
showed marked improvement in shrinkage control over
time compared to other mixes, supporting the effectiveness
of the fiber bridging mechanism [219]. However, the mix
designated as R10S1.5P0.5 was less effective at reducing
shrinkage compared to R10S1.0P0.5, likely due to poorer
compaction caused by a higher fiber content of 2% [220].
Conversely, increased doses of RTP fibers consistently
improved shrinkage control, with the most significant
reduction being 22.3% compared to mixes devoid of RTP
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fibers. This enhanced performance is attributed to the RTP
fibers’ ability to distribute shrinkage stresses across cracks
[221]. Interestingly, all FRRC compositions outperformed
plain mortar in terms of shrinkage resistance, with
improvements ranging from 7.9 to 41.6%. This indicates
the substantial potential of utilizing a combination of
CRs, RTS fibers, and RTP fibers to decrease the drying
shrinkage in plain mortar [215]. Furthermore, this reduc-
tion in shrinkage not only helps prevent cracking but also
contributes to the enhanced durability of the concrete.
Figure 20a shows that at day 7, the UHPGC microstructure
is generally dense but contains some unreacted material
[222]. As source materials dissolve more slowly, more C
(N)–A–S–H gel forms, enhancing mechanical properties
by day 28 (Figure 20c) [223]. The alkaline activator partially
dissolves GGBS particles, creating the C(N)–A–S–H gel
(Figure 20a). At day 7, rapid reactions cause minor micro-
cracks, but by day 28, more GGBS dissolves, leading to an
increase in the C(N)–A–S–H gel in UHPGC (Figure 20d). The
microstructure of geopolymer concrete is closely related to
its mechanical properties [36]. At day 7, UHPC exhibits a
loose structure with microcavities and unreacted particles
(Figure 20b) due to incomplete hydration. By day 28, the

number of unreacted particles significantly decreases
(Figure 20d) [222]. In summary, UHPGC production pre-
sents an environmentally friendly solution for managing
industrial waste. From a sustainability perspective, UHPGC
emerges as a cost-effective and eco-conscious alternative to
traditional UHPC. The development of UHPGC represents a
major advancement in sustainable construction materials.
The integration of rubber aggregates into geopolymer
matrices reduces shrinkage, enhancing the durability and
lifespan of concrete structures. This shrinkage reduction is
due to the flexibility of rubber particles, which alleviate
internal stresses that typically lead to cracking. Moreover,
the use of geopolymer binders not only improves mechan-
ical performance but also promotes environmental sus-
tainability by incorporating industrial by-products like
FA and slag. Overall, the innovative combination of
UHPRGC and UHPGC offers a promising approach for
building eco-friendly, high-performance structures with
enhanced dimensional stability and lower maintenance
costs.

Overall, the integration of fibers in hybrid FRRC effec-
tively mitigates drying shrinkage by enhancing the bond
between the matrix and fibers and regulating crack

Figure 20: SEM images of UHPGC and UHPC mixtures (Adopted from [222]). (a) UHPGC at 7 days (G6SF24F3), (b) UHPC at 7 days (UHPC2F3), (c) UHPGC
at 28 days (G6SF24F3), and (d) UHPC at 28 days (UHPC2F3).
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development. Longer fibers bridge larger cracks, while
shorter fibers manage smaller crack growth, significantly
reducing drying shrinkage, especially in high-strength con-
crete. Although UHPRGC generally exhibits lower
shrinkage rates due to reduced porosity, its geopolymer
binder, particularly with high calcium content, can
increase susceptibility to freeze–thaw cycles from autoge-
nous shrinkage, potentially leading to cracking. RTS fibers
notably improve shrinkage control in FRRC, with mixtures
containing 1% RTS fiber showing significant enhancements
over time. The combination of CR, RTS fibers, and RTP
fibers further decreases drying shrinkage in plain mortar,
enhancing the concrete’s durability. Additionally, the pro-
duction of UHPGC offers an environmentally sustainable
solution for managing industrial waste, serving as a cost-
effective and eco-friendly alternative to traditional UHPC.
− Recent studies have shown that the strength of high-

strength GPC decreases after repeated freeze–thaw
cycles. Evaluating the long-term performance of dif-
ferent GPC formulations, especially beyond 300 cycles,
may offer valuable insights for optimizing mixtures in
areas vulnerable to severe weather conditions.

− While rubber aggregates show promise in reducing
shrinkage, further investigation is needed to understand
the mechanisms by which they alleviate internal
stresses.

− While the effectiveness of hybrid FRRC in mitigating
drying shrinkage is well established, further research
is needed to explore the synergistic interactions among
different fiber types, investigating the optimal combina-
tions of longer and shorter fibers for various applica-
tions, and fracture sizes could improve the performance
across a range of environmental conditions.

8 Microstructural properties

The microstructural properties of UHPRGC are funda-
mental to its enhanced performance, influencing its
strength, durability, and ductility. Understanding these
microstructural features requires an in-depth exploration
of the interactions between the geopolymer matrix, rubber
particles, and the overall composite structure [46]. The
geopolymer binder in UHPRGC is synthesized from alumi-
nosilicate materials such as MK, slag, or FA, activated by
alkaline solutions like potassium or sodium hydroxide and
silicate [25]. The geopolymerization process results in a
three-dimensional aluminosilicate network that forms a
dense, amorphous structure. This structure is highly resis-
tant to chemical attacks and thermal degradation,

providing a robust matrix that binds the other components
of the concrete. The dense nature of the geopolymer matrix
is crucial in minimizing voids and porosity, which are
common pathways for water and chemicals to infiltrate
and damage conventional concrete [176].

Rubber particles, typically derived from recycled tires,
are integrated into the geopolymer matrix, contributing
significantly to the microstructure [224]. These particles
vary in size and shape, creating a heterogeneous compo-
site. The rubber particles introduce a degree of flexibility
and energy absorption that is not present in traditional
concrete. Microscopically, the rubber particles are dis-
persed within the geopolymer binder, forming a complex
network [225]. The contact between the geopolymer matrix
and rubber particles is critical; a strong bond at this inter-
face ensures effective stress transfer, enhancing the
mechanical performance of UHPRGC [42]. One of the
notable microstructural benefits of UHPGC is its ability to
resist and control microcracking [172]. Under loading con-
ditions, micro-cracks can initiate within the concrete
matrix. However, the presence of rubber particles acts as
a bridging mechanism, absorbing energy and preventing
the cracks from propagating rapidly [208]. This crack-brid-
ging capability enhances the material’s toughness and
allows it to sustain larger deformations without significant
damage. The delayed crack propagation contributes to the
overall durability and longevity of the material, making it
suitable for demanding applications [209].

Figure 21 shows the deconvoluted spectrum of UHPGC
paste specimens cured for 28 days, focusing on the range of
1,300–800 cm−1 [196]. It is reported that the deconvoluted
spectra reveal bands around 1,144 and 1,080 cm−1, which
originate from the typical Si–O stretching vibrations at Q4
and Q3 sites [226]. It is generally accepted that the Si single
bond O stretching vibration at the Q2 site produces the
band near 990 cm−1 [227]. The band at 870 cm−1 is com-
monly attributed to Si–O terminal vibrations [226]. In
sodium-based geopolymer systems, the Si–O stretching
vibration in Si–O–Na structures is responsible for the
band at 933–954 cm−1 [226]. Sodium ions, acting as common
network modifiers, directly influence the non-bridging
oxygen atoms in the first coordination sphere of silicon
atoms, which is closely linked to the distribution of struc-
tural units (SiQn, where n = 0–4) in sodium silicate gels
[228]. This interaction might explain the variation in the
bands occurring between 1,031 and 1,038 cm−1 [229].

The porosity and density of UHPGC are key microstruc-
tural characteristics that influence its performance. The
geopolymer binder’s dense nature, combined with the opti-
mized mix design of UHPC, results in a composite with
minimal voids [209]. This reduced porosity plays a crucial
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role in improving the mechanical properties and durability
of the concrete. Lower porosity restricts the penetration of
water and harmful chemicals, which are key contributors
to the deterioration of traditional concrete [230]. As a
result, UHPRGC demonstrates excellent resistance to freeze–
thaw cycles, sulfate attacks, and other environmental chal-
lenges. Additionally, the ITZ between the rubber particles and
the geopolymer matrix is a vital aspect of its microstructure.
In conventional concrete, the ITZ is often considered the
weakest area due to the presence of micro-cracks and voids
[231]. In UHPRGC, the geopolymer binder and rubber particles
form a more cohesive ITZ, reducing the likelihood of defects.
A strong ITZ ensures effective load transfer between the
matrix and the rubber particles, contributing to the

composite’s overall strength and ductility [231]. This robust
interfacial bonding is essential for the material’s high-perfor-
mance characteristics.

At the nanoscale, the geopolymer matrix of UHPRGC
contains a network of aluminosilicate gel phases, primarily
composed of N–A–S–H. This gel phase is accountable for
the high compressive strength and durability of the geopo-
lymer binder [232]. The presence of rubber particles does
not significantly disrupt the formation of this gel phase but
instead complements it by introducing energy-dissipating
features. Advanced analytical methods, including SEM and
transmission electron microscopy, show a uniformly dis-
tributed gel phase with few micro-cracks and a compact
network structure [190]. This nanoscale organization is

Figure 21: Deconvolution spectra of 28-day cured UHPGC paste specimens over 1,300–800 cm−1 (Adopted from [196]).
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pivotal for the composite’s superior performance [209].
Also, mechanical reinforcement provided by the micro-
structural arrangement of rubber particles within the
geopolymer matrix is another critical aspect [208]. As illu-
strated in Figure 22a, a high slag dosage resulted in a
denser microstructure with fewer internal defects like
pores and micro-cracks.

At a slag dosage of 0.193, incompletely reacted FA indi-
cates incomplete polymerization. However, increasing the
slag dosage to 0.731 achieved a significantly denser micro-
structure. The ITZ between the binding phase and

aggregate also became denser and less distinct, improving
bonding with aggregates [233]. Figure 22b shows the effect
of the Si/Al ratio on G-UHPC’s microstructure at a CaO
dosage of 0.3. A Si/Al ratio of 3 produced a denser micro-
structure than a ratio of 4.5. At a Si/Al ratio of 3, the ITZ
between the matrix and aggregate was less distinct, with
fewer pores and unreacted materials. Increasing the Si/Al
ratio to 4.5 led to more silicates, aluminates, and unreacted
slag, resulting in a less dense microstructure. Figure 22c
and d illustrates that the ITZ between G-UHPC and the steel
fiber was nearly flawless, similar to UHPC, indicating

Figure 22: The effect of (a) slag and (b) Si/Al ratio microstructures of UHPGC, and (c) the interaction zone among the steel fiber of UHPGC and (d)
UHPC (Adopted from [129]).
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excellent bonding. This flawless ITZ improved the mechan-
ical behavior of G-UHPC by ensuring synergy between the
concrete matrix and the steel fibers. The inherent elasticity
and toughness of rubber particles enhance UHPGC’s ability
to withstand dynamic loads and impact forces. This mechan-
ical reinforcement at the microstructural level translates to
improved macro-scale properties, such as increased impact
resistance and extended fatigue life. Structures made from
UHPRGC can better absorb and dissipate energy, making
them ideal for applications in seismic regions or where blast
resistance is required [111,159].

From an environmental perspective, the microstruc-
tural properties of UHPRGC contribute to its sustainability.
The use of recycled rubber particles addresses waste man-
agement issues and reduces the carbon footprint asso-
ciated with concrete production [172]. The dense, durable
geopolymer matrix requires less maintenance and repair
over its lifespan, further reducing environmental impact
[158]. Moreover, the production of geopolymer binders gen-
erates significantly lower CO2 emissions compared to tradi-
tional Portland cement, making UHPRGC an environmen-
tally friendly alternative [177]. In brief, the microstructural
properties of UHPRGC are characterized by a dense geopo-
lymer binder matrix, well-integrated rubber particles, and a
strong ITZ. These microstructural features contribute to the
material’s enhanced mechanical properties, durability, and
sustainability. The rubber particles provide energy absorp-
tion and crack-bridging capabilities, while the geopolymer
binder ensures a dense, chemically resistant matrix.
Together, these properties make UHPRGC a promising mate-
rial for various advanced construction applications, offering
both performance and environmental benefits.

Ultimately, the UHPRGC is formulated using a geopo-
lymer binder derived from MK, slag, or FA, activated by
potassium or sodium hydroxide and silicate. This composi-
tion creates a dense, amorphous matrix that exhibits high
resistance to chemical and thermal degradation. The incor-
poration of recycled tire rubber particles enhances the
microstructure, resulting in a heterogeneous composite
that promotes flexibility and energy absorption. A strong
bond between the rubber particles and the geopolymer
matrix facilitates effective stress transfer, thereby
improving the mechanical properties of UHPRGC. The per-
formance of UHPRGC is influenced by its porosity and den-
sity, with an optimal mix design minimizing voids and
enhancing durability against water and chemical intru-
sion. The ITZ between the rubber particles and the geopo-
lymer matrix is crucial for mitigating flaws and enhancing
strength and ductility. Due to the elasticity and hardness of
the rubber particles, UHPRGC demonstrates superior per-
formance in seismic and blast resistance applications.

Moreover, the utilization of recycled rubber significantly
contributes to environmental sustainability by reducing
waste and lowering the carbon footprint associated with
concrete production, as geopolymer binders emit less CO₂
compared to traditional Portland cement.
− While the qualitative benefits of the interactions

between the geopolymer matrix and rubber particles
are recognized, there is a lack of quantitative data
regarding their effects on the mechanical properties of
UHPRGC. Future research should systematically investi-
gate how variations in the rubber particle size, shape,
and distribution affect key properties such as strength,
ductility, and energy absorption.

− The importance of the ITZ between rubber particles and
the geopolymer matrix is highlighted; however, further
research is essential to fully elucidate its microstruc-
tural properties and mechanics. Future studies should
focus on the evolution of the ITZ under different envir-
onmental conditions and loading scenarios, as well as
how modifications to the ITZ can enhance the overall
performance of UHPRGC.

9 Fracture behavior

It is reported that various factors affect the fracture beha-
vior of FRC, including the characteristics of the aggregate/
matrix, the strength of bonding between aggregate–matrix
and fiber–matrix, and the properties of the fibers them-
selves [54,234]. Previous research has explored the fracture
properties of GPC, focusing on how different elements
impact these properties [235]. It has been observed that
GPC generally exhibits higher fracture energy compared
to OPC [236]. However, studies examining the detailed frac-
ture behavior of steel–PPF-reinforced UHPRGC are still
emerging and limited in scope [205]. Research has modeled
the combined impact of fibers and the matrix in UHPC,
suggesting that an optimal fiber content should be deter-
mined for mixes with substantial fiber volumes [237].
Investigations into the effects of monofilament and fibril-
lated PPFs, as well as monofilament polyolefin fibers on
GPC, have shown significant enhancements in flexural
toughness. In particular, 19 and 51 mm fibrillated PPF
fibers improved flexural toughness by 1.5 and 2.5 times,
respectively, while the inclusion of 48 and 55 mm polyo-
lefin fibers increased it by 5.6 and 6.3 times compared to
plain GPC [238]. These mixtures also exhibited increased
fracture energy. Further studies indicate that increasing
the volume of steel fibers in slag-based UHPGC boosts
both fracture energy and toughness [235]. Maximum
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fracture energy was observed with a 1.5% fiber volume
fraction, and fracture toughness of the mortar quadrupled
with a 2% volume fraction. According to Figure 23,
increasing the modulus of the alkali activator in the con-
crete leads to greater shrinkage, which in turn causes more
initial micro-cracks [235]. These initial defects can nega-
tively impact strength gains but result in a more ductile
matrix that absorbs more energy during crack propaga-
tion, enhancing overall toughness. Research comparing
GPC and conventional concrete, both with a specified com-
pressive strength of 30 MPa, reveals that increases in the
volume percentage of steel fibers enhance both fracture
energy and toughness across concrete types [54]. The
most significant enhancement was recorded in a mix con-
taining a 0.75% volume fraction of fiber, with GPC consis-
tently exhibiting superior fracture energy and toughness
compared to conventional concrete.

Moreover, AAS steel FRC demonstrated a fracture
toughness three times higher than that of steel fiber-rein-
forced ordinary Portland cement concrete [205]. Further
findings indicate that adding up to a 0.5% volume fraction

of PPFs and SF to FA-based GPC significantly boosts its
flexural toughness, especially in heat-cured specimens
compared to those cured under ambient conditions [52].
Studies also show that end-deformed (hooked) SF enhances
flexural toughness more effectively than straight or length-
deformed fibers. When SF and PPF volumes are increased
in sodium carbonate-activated slag mortar, the fracture
parameters improve, with SF-enriched mixes displaying
superior properties such as crack resistance and ductility
over those containing only PPF [239]. Expanding the
research to UHPGC, increases in SF volume from 1 to 3%
led to increases in fracture energy by 56.5 and 45%, respec-
tively [49] (Figure 4). Similarly, increasing the PPF volume
from 1 to 3% also increased the fracture energy, with SF
notably enhancing the tensile strength, flexural toughness,
and resistance to shrinkage and cracking [240]. PPF is dis-
tinguished by its high melting point, chemical inertness,
hydrophobic nature, and stability in alkaline environ-
ments, which contribute to controlling shrinkage cracking
[191]. It is also among the most affordable and readily
available fibers [241] (Figure 24).

Figure 23: Parametric effects on fracture energy and peak load of the samples (Adopted from [235]). (a) Alkali concentration, (b) modulus, (slag/FA
ratio, and liquid/binder ratio.

Rubberized and non-rubberized UHPGC for sustainable construction  31



The integration of SF and PPF, and specifically the
substitution of 0.25% of SF volume with PPF, not only
reduced mechanical properties but also improved the dur-
ability of UHPGC, raising questions about how these fibers
interact to influence fracture properties [242]. Figure 25
illustrates that fiber addition and increased volume frac-
tion lead to greater mid-span deflection and a more ductile
response post-peak load, enhancing fracture energy [240].
Analysis of load–displacement curves after the peak load
reflects the concrete’s enhanced resistance to crack growth
and propagation [243]. Hooked-end steel fibers, when
added at varying volumes, showed that greater fiber frac-
tions directly correlate with higher fracture energies [244].
Orientation of fibers perpendicular to the crack was found
to be most effective in inhibiting micro-crack growth,
enhancing fracture energy [245]. In contrast, in high
water-to-cement ratio concretes, SF tends to pull out of
the matrix, whereas in low ratio settings, fibers with lower
tensile strength are likely to break [246]. Figure 18 illus-
trates the results of optical microscopy observations on
UHPGC samples containing varying amounts of SF [49].
The images reveal that hardened geopolymer pastes are
present on the surface of steel fibers, but this phenomenon
is not evident in specimens with 10% SF content. The find-
ings from this study suggest that the mechanical properties
of UHPGC are significantly influenced by the fiber–matrix

bonding, which is related to the SF content, supporting
conclusions from previous research [247].

Figure 26 demonstrates that adding 1, 1.5, and 2% fiber
volumes significantly increases fracture energy, with
declines observed after substituting PPF into the mixes
[240]. The inclusion of rubber in RGPC as a replacement
for fine aggregates led to increases in energy dissipation
capacity by 31.5–53.3% for rubber replacement ratios
between 5 and 20% [213]. However, exceeding a 10%
rubber content in slag-FA-based low-strength rubber GPC
adversely affected compressive performance [170]. Repla-
cing fine aggregates with rubber in UHPGC increased por-
osity and pore size, which negatively impacted mechanical
performance as rubber content increased [171]. The unex-
plored uniaxial compressive behavior of UHPRGC and the
need to verify the environmental and economic benefits of
incorporating rubber underscore ongoing research direc-
tions [171]. This displays that the efficacy of FRC hinges on
the interaction between the matrix’s resistance and the
fibers’ tensile strength. The fracture behavior of UHPRGC
shows enhanced toughness and ductility due to the energy-
absorbing rubber particles, reducing crack propagation. In
contrast, UHPGC exhibits superior compressive strength
but with more brittle fractures. The combination of rub-
berized and non-rubberized GPC offers a balanced solu-
tion, providing both high fracture toughness and rigidity

Figure 24: Observation of the crack zone of UHPGC with optical microscopy (Adopted from [49]). (a) 5%, (b) 10%, (c) 20%, and (d) 30%.
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for advanced, durable, and sustainable concrete struc-
tures. Ultimately, the enhanced fracture properties of these
innovative materials pave the way for more resilient and
durable concrete structures, contributing to the advance-
ment of sustainable construction technologies.

In brief, GPC has demonstrated superior fracture
energy compared to OPC. However, there is a scarcity of
research focusing on the fracture characteristics of
UHPRGC reinforced with steel and PPFs. Existing studies
highlight the importance of identifying an optimal fiber
content for mixtures with elevated fiber volumes.
Particularly, the addition of steel fibers significantly
enhances both fracture energy and toughness in slag-based
UHPGC, with a 0.75% fiber volume fraction yielding the
most substantial enhancements relative to traditional con-
crete. Moreover, AAS steel FRC exhibits fracture toughness
that is three times greater than that of Portland cement
concrete. The inclusion of 0.5% volume of polypropylene

and steel fibers in FA-based GPC substantially improves
flexural toughness, especially in heat-cured specimens.
Conversely, substituting 0.25% of steel fiber volume with
PPFs can lead to a decline in mechanical properties,
although it enhances the durability of UHPRGC.
Additionally, the mechanical performance of UHPGC is
influenced by the bonding between the fibers and the
matrix, which correlates with the SF content. Despite the
limited research on the fracture behavior of steel and PPF-
reinforced UHPRGC, further investigation is necessary to
elucidate the mechanisms of fracture initiation and propa-
gation. Employing advanced imaging techniques, such as
SEM or digital image correlation, could provide valuable
insights into the characterization of fracture surfaces and
associated processes.

10 Ductility properties

Overall, the ductility of UHPGC and UHPRGC is notable for
its contribution to structural resilience and safety. UHPRGC
demonstrates increased ductility, resulting from the com-
bined effects of rubber particles and the geopolymer
matrix [248]. The incorporation of rubber particles within
the concrete matrix greatly enhances its capacity to deform
under stress without breaking [268]. The ductility of
UHPRGC is significantly better than that of traditional con-
crete due to several critical factors [249]. First, the inclu-
sion of rubber particles in the geopolymer matrix signifi-
cantly enhances the ductility of the concrete. Rubber
particles, typically sourced from recycled tires, are flexible
and can absorb substantial energy during deformation.
These rubber particles act as flexible inclusions that bridge

Figure 25: Load-mid-span deflection curves for different mixtures (Adopted from [240]).

Figure 26: Gf variation versus mixtures (Adopted from [240]).
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micro-cracks, delaying their propagation and thus enhan-
cing the material’s toughness and energy absorption capa-
city [240].

Figure 27 presents the stress–strain curves of UHPRC
with varying rubber contents and strain rates [17]. The
data show that maximum compressive stress generally
increases with strain rate across all UHPRC mixes, consis-
tent with previous studies on the strain rate hardening
effect of concrete [250]. At first, the stress–strain curves
are linear, signifying elastic deformation, before gradually
bending as they approach the peak stress. Post-peak, the
compressive stress decreases, with UHPC exhibiting ductile
behavior due to steel fiber bridging, unlike the brittle post-
peak behavior of normal strength concrete [250]. Three
scenarios were observed. Scenario 1: (i) stress decreases
with an outward bowing curve, (ii) stress decreases line-
arly, and (iii) stress plateaus before dropping. Scenario 2:
(i) occurred at lower strain rates, (ii) at higher strain rates,
and (iii) with high strain rates and high rubber content
(40%) [17]. Scenario 3: (i) involved a few major cracks,
while (ii) and (iii) showed full-length cracks with uniform
width expansion [17].

Similarly, UHPGC demonstrates excellent strain hard-
ening behavior, allowing it to undergo substantial defor-
mation before reaching failure [2]. This flexibility allows
the concrete to withstand greater strains before failing,
which is crucial in applications where the material is sub-
jected to dynamic loads or impacts [61]. The rubber parti-
cles effectively act as energy dissipators, distributing stress
more evenly throughout the matrix and reducing the like-
lihood of sudden brittle failure. Moreover, the rubber par-
ticles contribute to crack bridging within the concrete. It is
reported that when micro-cracks develop under stress,
the rubber particles help bridge these cracks, preventing
them from propagating rapidly [85]. This crack-bridging
mechanism delays the onset of significant damage and
allows the concrete to maintain its integrity under higher
strains. The delayed crack propagation and increased
crack resistance are essential for enhancing the overall
toughness and durability of the material [124].

The strain-hardening behavior observed in UHPGC is
another critical aspect of its ductility, as strain hardening
refers to the material’s ability to withstand increasing
loads even after initial yielding [251]. In the case of

Figure 27: Comparison of stress-strain curves of UHPRC at different strain rates for different rubber contents: (a) 0%, (b) 10%, (c) 20%, and (d) 40%
rubbers (Adopted from [17]).
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UHPRGC, the rubber particles and the geopolymer matrix
can work together to provide this property [252]. As the
concrete deforms, the rubber particles stretch and absorb
energy, while the geopolymer matrix undergoes plastic
deformation. This combined effect allows UHPRGC to sus-
tain higher loads and larger deformations, making it par-
ticularly suitable for structures subjected to extreme
loading conditions [85].

Moreover, the geopolymer matrix itself contributes to
the enhanced ductility of UHPRGC [252]. Geopolymer bin-
ders, synthesized from industrial byproducts such as slag
and FA, provide superior long-term durability and che-
mical resistance compared to traditional Portland cement
[252]. The amorphous structure of geopolymer binders
allows for greater flexibility and deformation capacity,
which complements the rubber particles’ energy-
absorbing properties [253]. This results in a composite
material with a unique ability to resist cracking and with-
stand high strains without losing its structural integrity.
The improved ductility of UHPRGC also has significant

implications for its practical applications [254]. In earth-
quake-prone regions, it is revealed that structures made
from UHPGC can better absorb and dissipate seismic
energy, reducing the risk of catastrophic failure [255].
From Figure 28, it can be observed that increasing the
rubber replacement ratio leads to the gradual formation
of saturated cracks, thereby enhancing tensile ductility
[186]. The incorporation of rubber lowers the matrix tough-
ness, which further boosts the tensile ductility of UHPRC.
On a microscopic level, results from the single-crack tensile
test indicated that longer fibers substantially increase
fiber-bridging strength, thereby enhancing the tensile duc-
tility of UHPRC [186].

The addition of rubber slightly raises the fiber-brid-
ging strength, possibly due to the bridging effect of PR
particles or improved fiber dispersion, resulting from the
increased viscosity of the mortar [256]. Longer fiber
lengths and higher rubber replacement ratios notably ele-
vate the PSH indices, signifying enhanced ductility. Con-
versely, very short fiber lengths do not achieve the desired

Figure 28: Pseudo-strain-hardening and fiber-bridging stress-crack opening indices of UHPRC (Adopted from [186]).
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multiple cracking and steady-state cracking characteristics
observed in ECC [252], likely due to inadequate fiber
embedment length. An excessively high rubber replace-
ment ratio detrimentally affects the tensile ductility of
UHPRC [186].

Likewise, in applications requiring blast resistance,
such as military or critical infrastructure, UHPRGC’s ability
to withstand high-impact forces and deformations makes it
an ideal material choice [26,257,258]. The enhanced ducti-
lity also translates to improved fatigue resistance,
extending the lifespan of structures exposed to cyclic
loading [26]. This improved ductility makes UHPRGC parti-
cularly suitable for applications requiring high impact
resistance and energy dissipation, such as in earthquake-
prone regions or for blast-resistant structures [259]. In
summary, the ductility characteristics of UHPGC stem
from the combined effect of rubber particles and the geo-
polymer matrix [85]. The rubber particles contribute flex-
ibility and energy absorption, while the geopolymer binder
improves toughness and resistance to cracking. This combi-
nation leads to a material with exceptional strain-hardening
behavior, crack-bridging capabilities, and overall durability.
UHPRGC’s enhanced ductility makes it a promising material
for various advanced construction applications, offering
both performance and sustainability benefits. Overall, the
ductility properties of UHPGC and UHPRGC are notable for
their contribution to structural resilience and safety. UHPGC
exhibits exceptional ductility due to its densemicrostructure
and the strong bond between the aggregate and geopolymer
matrix. The incorporation of rubber aggregates in UHPRGC
further enhances ductility by introducing flexibility and
energy absorption capabilities. This combination allows
UHPRGC to withstand higher deformation under stress
without significant loss of strength, making it particularly
suitable for seismic-prone regions and applications
requiring enhanced impact resistance, contributing to the
development of safer and more resilient structures. Figure
29 shows the most potential benefits of UHPRGC products.

UHPGC combines the outstanding mechanical proper-
ties of UHPC with the ecological benefits of geopolymer
technology, representing a practical and sustainable solu-
tion for contemporary construction challenges. In contrast
to conventional UHPC, which depends significantly on
cement clinker and emits considerable volumes of CO₂
during fabrication, UHPGC utilizes aluminosilicate-rich
industrial byproducts (e.g., FA or ground granulated blast
furnace slag) activated by alkaline solutions. This culminates
in a significantly diminished carbon footprint and reduced
embodied energy [222]. Furthermore, UHPGC can incorpo-
rate recycled materials, enhancing its sustainability profile.
A principal advantage resides in its capacity to achieve ele-
vated compressive strength, frequently attaining up to
133 MPa at day 28, placing it on par with numerous
cement-based UHPC formulations [222]. Although its flexural
and tensile strengths may be slightly inferior, these charac-
teristics are amenable to deliberate enhancement through
meticulous optimization of mix design and strategic reinfor-
cement, such as the inclusion of fibers or the adjustment of
the binder-to-aggregate ratio [179]. This adaptability in
mechanical performance optimization renders UHPGC
advantageous for various construction applications that
necessitate both strength and durability.

Capitalizing on UHPGC’s essential strengths, adopting
three-dimensional (3D) printing demonstrates the transfor-
mative potential for lightweight, modular construction
methodologies. Robotic 3D printing, for example, facilitates
precise layer-by-layer deposition that can encapsulate intri-
cate geometries and complex architectural forms without a
traditional framework [261,262]. This precision mitigates
material waste since each component is fabricated to exact
specifications, and promotes mass customization, a para-
digm in which structural elements can be tailored to design
and performance criteria. Additionally, the rapid setting
characteristics of geopolymer binders are well-suited to
automated printing processes, permitting the extruded
layers to maintain their shape and bond effectively with

Figure 29: Most potential benefits of UHPRGC products (Adapted with improvements from [260]).
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subsequent layers. When amalgamated with quaternary
blended mixes (e.g., FA, slag, SF, and other pozzolans), the
printability and mechanical integrity of the finished struc-
tures can be substantially enhanced [263]. This customized
approach guarantees that the rheology, setting behavior,
and early age strength satisfy the rigorous demands of 3D
printing, thus expanding the scope of applications for
UHPGC in practical construction contexts.

To summarize, UHPRGC offers enhanced ductility due
to the interaction between rubber particles and the geopo-
lymer matrix. The rubber particles absorb energy, bridge
micro-cracks, and delay crack propagation, improving
toughness, strain hardening, and energy absorption. This
prevents brittle failure and maintains structural integrity
under higher loads. Moreover, UHPRGC’s geopolymer
matrix provides greater durability and chemical resistance
than Portland cement, thanks to its amorphous structure
and the energy-absorbing properties of rubber. Its high duc-
tility, compact microstructure, and crack resistance make it
ideal for seismic and impact-resistant applications, sup-
porting safer and more sustainable construction practices.

11 Sustainability

UHPRGC exhibited superior performance compared to con-
ventional concrete, including faster compressive strength
development and improved bonding strength between the
reinforcement and paste, as well as between the aggregate
and paste [264]. However, UHPRPCs also have some

limitations, such as high brittleness, vulnerability to
cracking, and significant shrinkage [43,45,48]. These chal-
lenges can be addressed by incorporating fibers. While
substantial research has been done on the mechanical
properties of UHPRGC using ordinary Portland cement
with various admixtures, the study of SF and PPF’s effects
on the strength and durability of UHPRGC, particularly in
relation to chloride ion penetration resistance, is still in its
early stages.

All concrete mortars typically involve a significant
cement content, challenging the sustainability goals of
modern construction due to cement’s extensive carbon
footprint [265]. Cement production is responsible for about
12–15% of global energy consumption and 5–8% of world-
wide CO2 emissions [104]. To mitigate these impacts, there
is a growing trend toward substituting conventional aggre-
gates in concrete with industrial waste products such as
CR, which helps decrease emissions of CO2 and SO2 [266].
Recycled tire products include steel fibers, CR, rubber
powder, and occasionally, rubber fibers, derived from
components like carbon black, synthetic and natural rub-
bers, and textile or metal reinforcements found in tires
[267]. Despite their potential, recycled rubbers are mini-
mally used in construction, representing only 5% of their
applications [268]. However, Figure 30 provides detailed
quantitative data that can be used to estimate both the
CO2 emissions and embodied energy associated with the
cementitious materials utilized in the composition of
UHPGC [42,231,269,270].

It has been observed that using CR as a substitute for
fine and coarse aggregates in concrete influences its

Figure 30: The CO2 and energy emissions of cementitious materials used in the mix design of UHPGC (Raw data obtained from [42,231,269,270]).
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properties [265]. Although it reduces certain mechanical
properties, such as compressive, flexural, and tensile
strength, as well as durability factors like moisture absorp-
tion and chloride ion permeability [104], it improves duc-
tility, energy dissipation, and thermal and acoustic insula-
tion [271]. Research has been directed toward optimizing
the use of finer rubber particles, such as rubber fibers and
powder, to enhance the durability of RuC. These additives
have been shown to improve the concrete’s fracture resis-
tance and resistance to chloride ion penetration, while also
increasing water permeability and carbonation depth.
However, finding the ideal rubber replacement ratio
involves balancing strength and durability to meet the
needs of specific applications [272].

Despite considerable research, the adoption of GPCs and
alkali-activated materials is limited by challenges associated
with using highly corrosive liquid alkaline activators. This has
led to increased use of solid activators like sodium metasili-
cate anhydrate, which can be mixed similarly to OPC.
Ambient temperature curing of one-part GPC has been shown
to attain compressive strengths up to 107MPa at day 28 [273].
GPC and alkali-activated materials are recognized for their
high thermal resistance, up to 1,350°C, and significantly
enhanced acid resistance, offering a cost-effective alternative
to traditional UHPC [274]. These materials are promising for
high-temperature ceramics, precast applications, eco-friendly
concrete binders, fire-resistant coatings, and hazardous waste
encapsulation [275]. Figure 31 presents the advantages of
advanced UHPRGC integrated with FA-GPC.

The transportation industry’s growth has led to an
increase in vehicle numbers and, consequently, a surge
in waste tires, with about 100 million tires discarded
annually worldwide [276]. Currently, nearly four billion
waste tires populate landfills and stockpiles [277]. This
has spurred extensive research into using processed waste
products as partial or full substitutes in concrete, driven by
the rapid production rate and mineral content of concrete
[278]. As vehicle numbers increase, the environmental
issues associated with discarded rubber become more
pressing, leading to innovative RuCs created by replacing
natural aggregates in OPC-based concretes with rubber
particles [26]. Approximately 86% of the scrap tires are
recycled through various methods like retreading, energy
recovery through incineration, pyrolysis for gas and
carbon black production, or shredding for use in asphalt,
concrete, and polymers [279]. These recycling practices not
only mitigate environmental harm but also stimulate eco-
nomic growth across several industries.

The performance of RuCs is influenced by factors like
rigidity, particle size, gradation, and surface characteristics
of the rubber [280]. The rubber’s hydrophobic nature can
reduce the bond strength between rubber particles and the
cement paste, but treating the rubber with sodium hydro-
xide or incorporating supplementary cementitious materials
can help enhance this bonding [281]. Advanced uses of tire
waste to enhance concrete quality have been thoroughly
investigated, suggesting the inclusion of siliceous or limestone
mineral fillers to bolster the mechanical properties of RuC
[282]. Using SFs together with rubber and steel fibers can
increase concrete’s compressive strength by up to 20%
when rubber content reaches 20%, resulting in more predict-
able tensile properties and improved bonding strength [283].
Figure 32a highlights how UHPGC with rubber and recycled
steel fibers is more environmentally friendly than conven-
tional UHPC, showing a notable reduction in CO2 emissions,
which further decreases with higher rubber content [213].
Similarly, Figure 32b shows significant cost savings with the
use of recycled steel fibers, although the impact of CR on cost
is relatively minimal [213] (Figure 33).

UHPRGC is acknowledged for its environmental advan-
tages, largely due to its incorporation of industrial by-pro-
ducts like FA or slag, which substitute a portion of the
cement content and thereby reduce carbon emissions
from cement production. This material provides both eco-
nomic and environmental benefits by allowing direct inte-
gration into concrete without necessitating additional
industrial processing. The integration of waste lathe scraps
into OPC and similar enhancements in GPC underline the
ecological improvements achievable through such innova-
tions. In addition to mechanical and durability factors, a

Figure 31: Advantages of advanced UHPRGC integrated with FA-GPC
products (Adapted from [41]).
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comprehensive life cycle assessment (LCA) can clarify the
net ecological benefits of RGPC in comparison to traditional
concrete. While geopolymer binders already demonstrate a
diminished carbon footprint by replacing a substantial por-
tion of the Portland cement content, integrating recycled
rubber further reduces landfill waste. Nevertheless, the com-
promise in compressive strength introduced by rubber may
necessitate overengineering or the application of supplemen-
tary binder, thereby counteracting some of these ecological
advantages. For example, if thicker sections or more signifi-
cant volumes of concrete are required to attain equivalent
load-bearing capacity, the increased material consumption

could undermine the overall carbon savings. Conversely,
rubber incorporation may enhance durability and reduce
long-term maintenance requirements, presenting a potential
ecological “payback” over the structure’s lifespan. Balancing
these elements – diminished embodied carbon, waste diver-
sion, potential structural overengineering, and maintenance
considerations – demands a holistic LCA methodology, inte-
grating performance criteria and ecological metrics to opti-
mize the long-term sustainability of RGPCs.

Recent research highlights that adding fibers to the
brittle geopolymer matrix not only controls shrinkage
but also boosts mechanical strength by enhancing fracture

Figure 32: (a) Breakdown of carbon emissions and CO2-e per cubic meter of concrete and (b) breakdown of cost and total cost per cubic meter of
concrete (Adopted from [213]).

Figure 33: CO2 emission and embodied energy of UHPGC samples (Adopted from [196]).

Rubberized and non-rubberized UHPGC for sustainable construction  39



toughness. This improvement stems primarily from the
fibers’ ability to bridge across cracks, effectively managing
crack propagation and thus delaying the onset of signifi-
cant cracking, which in turn reduces the energy demand
associated with crack management. The application of
recycled rubber tires in concrete also contributes signifi-
cantly to waste reduction and sustainability efforts [284].

Advances in geopolymer technology have revealed its
superior binder qualities, offering substantial environ-
mental benefits, with studies estimating that geopolymers
have approximately 9% lower CO2 emissions than tradi-
tional concrete made entirely from cement [285]. Further
efforts to decrease CO2 emissions involve the development
of waste-based activators [286]. Moreover, the perfor-
mance of GPC structures matches that of conventional con-
crete in key metrics such as compressive, flexural, and
tensile strengths [287], making it a viable alternative for
various construction applications. Besides, GPC has gained
attention for its potential in reducing greenhouse gas emis-
sions and is increasingly studied for applications in con-
crete mix enhancements, repair, retrofitting, fireproofing
of structures, and more [288]. Notable successes include its
use in pavement construction [289], masonry [290], rein-
forced geopolymer structures [29], and as a repair material
[291], all of which underscore its versatility and environ-
mental benefits. Figure 31 illustrates the CO2 emissions and
embodied energy for fiber-reinforced UHPGC specimens,
highlighting the environmental advantages of green
UHPGC [196]. Among these specimens, UHPGC-S0 has the
lowest CO2 emissions at 0.2598 t·m−3. Due to the high CO2

emissions from steel fiber production [292], increasing
steel fiber content raises CO2 emissions, implying a trade-
off between enhanced performance and higher carbon
costs. At a fixed 2% steel fiber content, the precursor ratio
results in only a slight increase in CO2 emissions. The
embodied energy analysis showed that adding steel fiber
slightly raises the total energy consumption for UHPGC
production due to the relatively low individual embodied
energy of steel fibers (0.0205 GJ·t−1) [196]. However, repla-
cing GGBS and FA with RHA, a pozzolanic byproduct gen-
erated via the regulated incineration of rice husks, a widely
prevalent agricultural waste. Owing to its elevated amor-
phous silica concentration, RHA functions as a highly effi-
cient supplementary cementitious material, enhancing the
mechanical properties and longevity of concrete and geo-
polymer matrices. As RHA has a negative individual embo-
died energy (−0.354 GJ·t−1) due to its use as fuel [293], this
substitution greatly lowers the total energy consumption.
These findings suggest that partially replacing GGBS and
FA with RHA enhances the “green potential” of UHPGC.

It is also reported that while CR composites offer cer-
tain beneficial properties and environmental advantages,
their practical application in construction has been limited
[294]. This limitation stems primarily from inadequate
research on these properties and a prevalent misconcep-
tion that compressive strength is the sole determinant of
concrete’s utility, irrespective of its intended use. To better
integrate RuC into specific applications, a “design by func-
tion” approach is recommended, which tailors the con-
crete’s properties to its intended purpose [295]. There are
numerous potential uses for concrete that require charac-
teristics not typically found in traditional mixes. For
instance, applications such as resurfacing or lining side-
walks, certain types of slabs on soil, and specific repair
scenarios may benefit from concrete with lower compres-
sive strength [296]. RuC-based materials are proposed for a
variety of specialized applications where their unique
properties can be leveraged [295]. In brief, the sustain-
ability of UHPRGC is crucial in promoting eco-efficient con-
struction practices. Both UHPGC and UHPRGC utilize indus-
trial by-products like FA and slag, significantly reducing
the reliance on Portland cement and thereby lowering
carbon emissions. The inclusion of recycled rubber aggre-
gates in UHPRGC further enhances sustainability by
diverting waste tires from landfills and contributing to
circular economy principles. These materials exhibit
superior mechanical properties and durability, ensuring
a longer service life and reduced maintenance needs, col-
lectively diminishing the overall environmental impact.
Their high performance in infrastructure applications sup-
ports the transition to more sustainable and resilient built
environments. By integrating advanced materials science
with environmental stewardship, UHPGC and UHPRGC
represent a significant step forward in sustainable
construction.

12 Conclusions

This review article offers a novel evaluation of UHPGC,
emphasizing the distinctive combination of geopolymer
binders and recycled rubber particles to enhance both
mechanical properties and environmental sustainability.
Based on the review, several key conclusions can be
drawn.
− The substitution of fine aggregates with fine CR in geo-

polymer concrete significantly reduces compressive
strength, with notable reductions of 76% in FA-based
mixes and 78% in MK-based mixes at higher rubber
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contents. However, a minimal 2% rubber content can
lead to a slight increase in strength.

− The effects of CR replacement on compressive strength
are complex, showing a 7% strength increase at a 10%
replacement level of fine and coarse aggregates, but a
substantial 34% decrease at the 30% level, demon-
strating the need for careful optimization of rubber con-
tent in geopolymer concrete formulations.

− UHPRGC achieves remarkable compressive and flexural
strengths with 3% fiber and optimal sodium oxide and
water-to-binder ratios. However, its high OPC content
(750–1,200 kg·m−³) contributes significantly to CO2 emis-
sions, estimated at 0.83 tons per ton of clinker produced.
The best compressive strength exceeds 120MPa with 8–9%
Na2O and a W/B ratio of 0.300–0.325, while lower strengths
correlate with reduced Na2O and higher W/B ratios.

− Research indicates that when steel fibers exceed 13 mm
in length, the flexural performance of concrete
diminishes due to increased spacing, highlighting the
significance of fiber length and spacing for optimal per-
formance. Additionally, RGPC demonstrated maximum
residual strength after 90 days of exposure to hydro-
chloric and sulfuric acids, confirming that the NaOH
pre-treatment method enhances its durability.

− Incorporating rubber into UHPRGC enhances energy dis-
sipation by 31.5–53.3% at substitution ratios of 5–20%,
though performance may decline above 10%. Optimal
compressive strength is achieved with 15–30% SF
replaced by slag, peaking at 30% substitution. UHPGC
can reach compressive strengths of 175 MPa with steel
fibers and 178.6 MPa with a 12.5% GGBS substitution.
Furthermore, substituting 22.5% crushed glass for fine
aggregate improves microstructural properties and
mechanical performance.

− Incorporating up to 0.5% PPF by volume improves the
mechanical properties of traditional concrete and helps
reduce moisture loss and early-age shrinkage. For GPC,
increasing SF content enhances durability by lowering
permeability and water absorption. However, excessive
amounts of PPF or SF can negatively impact the durability
of high-strength concrete, especially in SF-rich mixes.

− Blends of FRRC with 1% RTS fiber effectively controlled
shrinkage. High-strength GPC experienced polymeriza-
tion and strengthening during the first 56 freeze–thaw
cycles, but performance declined after 300 cycles,
resulting in load-aligned cracks. In contrast, conven-
tional UHPC exhibited no significant strength changes
after 300–800 freeze–thaw cycles, while strength reduc-
tions occurred after 225, 100, and 120 cycles.

− At 7 days, UHPGC displayed a predominantly dense micro-
structure while still containing unreacted components. By
28 days, the degradation of GGBS particles enhanced the

formation of (C(N)–A–S–H) gel, thereby improving the
mechanical properties.

− Increasing the slag dosage from 0.193 to 0.731 enhances
the density of the microstructure, leading to a reduction
in internal flaws and an increase in aggregate density
within the ITZ. This higher slag content significantly
improves bond strength and, consequently, the mechan-
ical performance of UHPRGC.

− Fiber reinforcement significantly enhances GPC and AAS
concrete. Fibrillated PPFs and polyolefin fibers improved
flexural toughness up to 6.3 times. Steel fibers increased
fracture energy, with optimal performance at 1.5–3%
volume, confirming a strong fiber-content correlation.

13 Recommendations for
future work

− RGPC offers improved durability, including better abrasion
resistance and impact strength, but often at the cost of
reduced compressive strength. Further research is neces-
sary to optimize the trade-off between strength and dur-
ability, possibly using hybrid materials or additives.

− Developing comprehensive guidelines and standards for
the integration of UHPRGC in construction practices is
essential. This includes providing recommendations on
optimal combinations of fibers and binders to ensure
consistent performance.

− Future research could concentrate on the development
of novel bonding agents or treatments specifically aimed
at enhancing the adhesion between rubber particles and
the cement matrix. Such advancements may result in
improved mechanical properties and increased dur-
ability of RuC.

− Developing predictive models to simulate the mechan-
ical behavior of UHPRGC under diverse loading condi-
tions and environmental factors could improve design
methodologies and construction processes. Future
research may investigate the integration of machine
learning techniques to predict performance based on
mix design parameters and material properties.

− Explore the development of hybrid concrete systems that
incorporate various supplemental materials (e.g., SF, GGBS,
CR) and fibers to enhance performance characteristics,
including flexural strength, ductility, and durability.

− Thorough analysis of the lifecycle environmental
impacts associated with the production of UHPRGC is
necessary to identify strategies for minimizing its
carbon footprint and resource consumption, thereby
promoting its adoption within sustainable construction
frameworks.
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