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Abstract

The use of Fiber Reinforced Concrete (FRC), which is considered as a high-
performance building material, presents advantages over traditional concrete
including its enhanced mechanical strength, durability, and sustainability.
However, numerous innovations related to fibers, nanomaterials, smart
properties, and Additive Manufacturing (AM) are still dispersed throughout
the literature. This review aims to provide an integrated and up-to-date
synthesis of material innovations, performance outcomes, durability
mechanisms, and sustainable applications of FRC. A systematic literature
review was conducted using Scopus, Web of Science, ScienceDirect,
SpringerLink, and Google Scholar, focusing primarily on peer-reviewed
studies published between 2015 and 2025. Based on their content, the articles
have been categorized according to their focus on fiber type, mechanical
performance, durability behaviors, environmental assessments,
nanotechnologies and 3D printing. The analysis indicates that optimized fiber
incorporation (0.1-2% by volume) generally improves tensile strength, flexural
strength, and service-life durability, depending on fiber type, dosage, and
exposure conditions. Hybrid and nano-modified systems demonstrate enhanced
crack control, bond performance, and impact resistance. Sustainable
assessments indicate possible decreases in steel consumption and in total
resources during the entire life cycle of structures made of FRC. In addition to
these achievements, several open issues exist in terms of long-term durability
information, life-cycle assessment standards and durable design rules. This
review consolidates current knowledge and identifies priorities for future
research toward reliable, large-scale implementation of advanced FRC
systems.

1.0 INTRODUCTION
Advances in construction materials are characterized
through the introduction of fiber reinforced concrete
(FRC). The fibers in a fiber reinforced concrete
(FRC) improve the performance, strength, and
durability of the concrete [1]. The incorporation of
fibers into the cementitious matrix allows for
enhanced properties such as; crack control, tensile
capacity, ductility, fatigue resistance, and impact
resistance when compared with traditional
unreinforced concrete. These steel, synthetic
polymer, glass, or natural fibers resist breakage,
increase tensile strength, and exceed steel
reinforcement [2]. This enables the potential
reduction in reliance on traditional steel reinforcing
systems that can lead to a decrease in structural mass,
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improved durability of structures, and reduced
lifecycle costs. In addition to this FRC also
contributes to sustainability in construction through
an increase in service life of structures, reductions in
maintenance  requirements, and through the
utilization of recycled and bio based fibers. FRC's
fibers and mixing processes make it suitable for
pavements, bridges, industrial floors, and structural
components[3]. Therefore FRC is being increasingly
viewed as a "future ready" material for building
resilient and sustainable infrastructure.

Despite considerable research into the mechanical
and durability advantages of FRC there is still a lack
of an integrated review that considers the latest
advances in  fiber materials, manufacturing
techniques and new technologies, as well as long
term durability, and sustainability issues. In addition
to the significant increase in functionality provided
by new technologies such as nanotechnology, smart
materials, and additive manufacturing, this represents
a need for an integrated and updated synthesis of
current technological developments. The primary
objective of this review is to provide an integrated
and up-to-date synthesis of advancements in Fiber
Reinforced Concrete, covering material innovations,
mechanical performance enhancements, durability
mechanisms, sustainability —considerations, and
emerging technologies. Unlike previous reviews that
focus on specific fiber types or isolated performance
aspects, this study consolidates developments across
multiple scales including nano-modification, hybrid

systems, smart  functionality, and additive
manufacturing to present a comprehensive
framework for future-ready FRC systems.

A systematic literature review methodology was
adopted to ensure comprehensive and unbiased
coverage of recent advancements in FRC. Peer-
reviewed journal articles and selected conference
papers were collected from major scientific databases
including Scopus, Web of Science, ScienceDirect,
SpringerLink, and Google Scholar. The primary
search keywords included fiber reinforced concrete,
mechanical performance of FRC, durability of FRC,
sustainability of FRC, nanotechnology and its
application to FRC, smart concrete, and three-
dimensional (3D) printing techniques in FRC. The
majority of the literature referenced in this review is
from the last ten years; however, it also references
some of the more recent advances made in these
areas. Articles were chosen due to their relation to
either the material properties, technical development,
or structural application of FRC. Articles were
thoroughly reviewed and analyzed to determine
common themes, performance enhancements, and
areas of further study that will aid in the continued
advancement of FRC.

The contributions of the current study are
highlighted in Table 1 as an illustration of how the
current review article integrated scope is different
than prior FRC review studies.

Table 1: Comparison of the present review with major FRC reviews

Aspect/ Reference [4] [5] [6] [7] Present Review
Mechani  Polyme
. cal r & . Waste fibers &
Primary scope oropertie  glass Hybrid FRC sustainability Integrated FRC systems
S fibers
Fiber coverage Limited Limited Hybridonly Waste fibers All major fiber classes
. N I Modera | . . Explicit long-term &
Durability & sustainability Limited te Limited Strong life-cycle focus
Nanotechnology & smart FRC Not Not Not covered  Limited Dedicated synthesis
covered  covered
3D printing & automation Not Not Not covered  Limited Explicit coverage
covered  covered
Materia  Fiber- - .
overall contribution Property I combination Su_stalnablllty- Future-ready, multi-
-based - oriented scale framework
specific -based

This review was designed to be systematic for the
purpose of providing a clear and logical approach to
the development of the review's discussion. The first
part of the review will introduce the importance of
FRC in today's construction practices as it relates to
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the ability of FRC to improve structural performance
and sustainability. Following that introduction, the
second part will define the objectives of this review.
In the third part, the method used in the review will
be explained which includes an explanation of the
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search strategy used to identify the literature, the
criteria used to select studies, and the themes that
were used to categorize the selected studies. After the
method section, the review will move into a
discussion on the mechanical performance
improvements in FRC due to the addition of fibers
and then discuss the durability and sustainability
improvements.  Following the discussion of
mechanical and durability/sustainability
improvements, the review will continue with a
discussion of the emerging technologies such as
nanotechnology, smart self-healing/self-sensing
systems, and 3D printing application of FRC. Lastly,
the review will discuss the research gaps, the long
term uncertainties, and how the current review
contributes to the knowledge.

2.0 FUNDAMENTALS OF FIBER
REINFORCED CONCRETE

Fibers in the concrete matrix are added to produce
Fiber Reinforced Concrete. Steel, glass, synthetic
polymers, carbon, or natural fibers are incorporated
into concrete to improve tensile strength, durability,
and crack resistance. FRC is typically composed of
cement, water, sand, gravel, and fibers. The fiber
content in concrete mixes typically ranges from 0.1%
to 3%, depending on the desired performance
characteristics [8]. Table 2 lists FRC fiber types, their
composition, characteristics, benefits, and uses.

Table 2: Various types of fibers used in fiber reinforced concrete

Typic Typical .
. al ; Fiber
Fiber Matengl_ Fiber F_|ber Volume . Common
Compositio Diamet : Properties N
Type n Lengt or Fraction Applications
h (mm) (%)
(mm)
el el (e m - 0zs - 05 - TG Ll st pevere,
Fibers [9] orrod form) 50 1.0 2.0% sup . : ' g :
impact resistance. tunnels.
Lightweight, .
Synthetic Polypropyle 10 - 0.1 - corrosion-resistant, Par_klng_ lots,
? ne, nylon, 0.1-0.6 . residential pavements,
Fibers [4] 60 1.0% reduces plastic
polyester . . precast concrete.
shrinkage cracking.
Alkali- Excellent corrosion Marine structures,
Glass resistant 10~ 015 - 01 " resistance, high tensile water tanks, sewage
Fibers [5] 50 0.5 1.0%
glass strength. treatment plants.
Carbon- . .
Exceptional strength- High-performance
Carbon based . . . L
. . 10 - 005 - 01 - to-weight ratio, high applications,
Fibers materials 2 .
50 0.2 0.5% durability,  corrosion aerospace, structural
[10] (e.g., carbon . .
. resistance. reinforcements.
filaments)
. Eco-friendly, .
Natural ~ Jute, sisal, ., 0.1 - biodegradable, low Eco-friendly concrete,
Fibers bamboo, 01-1.0 . rural housing,
60 0.5% tensile strength, . o
[11] coconut husk . sustainable buildings.
sustainable.
Different fiber types have various beneficial features chosen will depend upon which mechanical

for Fiber Reinforced Concrete as seen in Table 2.
Steel & Carbon fibers are known for their high
tensile strength & ability to limit cracks in FRC
while glass & synthetic fibers have a corrosion
resistant feature & natural fibers also have
sustainable applications. Which type of fiber is
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properties are needed, how durable the product needs
to be, environmental exposures the product will
experience and whether the owner wants the product
to be a sustainable material. FRC can be used in
industrial floors and pavements because the fibers
improve abrasion resistance. Figure 1 (i)-(ix) shows
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the appearance of various fibers used in prior
investigations.

While carbon fiber FRC offers good heat resistance,
its thermal conductivity may not be advantageous for
all applications. FRC can exhibit a higher coefficient
of thermal expansion than regular concrete, though
this is rarely a significant concern in most

¢ e
B4 ) A
(vii)

’w.
a

construction projects. For optimal performance, the
concrete matrix must have homogeneous fiber
distribution [12]. Its long lifespan and low
maintenance reduce repairs, replacements, and
environmental impact. FRC increases concrete
performance, decreasing the need for energy-
intensive steel rebar[13].

7(ixj

Figure 1: Appearance of some fibers used in concrete. (i) steel fibers (ii). polypropylene fibers
iii) glass fibers (iv). carbon fibers. (v). wheat straw. (vi). plastic fibers. (vii). sugarcane fibers.

(viii). jute fiber. (ix). sisal fibers [14]

3.0 MECHANICAL PERFORMANCE
IMPROVEMENTS

Mechanical enhancement properties will be
discussed in detail throughout this section. The focus
will be on enhancing mechanical characteristics of
polymers including; Tensile Strength, Flexural
Properties, Crack Resistance, Fatigue Resistance,
Impact Resistance. A quantitative review of recent
literature will be provided to demonstrate the effects
of different fiber types, fiber volume fractions, and
hybrid reinforcement methods on the structural
behavior of polymers.

3.1 Material

Recent innovations in Fiber Reinforced Concrete
have introduced a variety of new fibers, each
enhancing concrete properties in unique ways[15].

)
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Carbon fibers contribute to residual strength after
cracking, and are lightweight and corrosion-resistant
[16]. Basalt fibers, derived from natural rock, are
suitable for harsh conditions and high temperatures
due to their corrosion resistance and thermal stability
[17]. Hybrid fibers combine one or more of these
different fiber types to achieve a balance of improved
strength, durability and lower costs [18]. These new
materials also make the fiber-reinforced concrete
stronger, more resistant to degradation and longer-
lasting in the most sustainable way possible, for
many different types of building applications. Table
3 provides a comparison of fiber volume fraction,
typical fiber diameter, length and the effect that these
have on properties of concrete for each fiber type.
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Table 3: New types of fibers and their influence on the properties of fiber reinforced concrete
Fiber
Volume Tensile
Type Influenc Influence
(mm)/ Influence o Influence Influence
Diameter
(mm)
. . . Significant
Carbon  0.1% - 0.5% / (';/e“cTer;]:; or ETZpOrvaed Improved Ir—leg?tangg”?fé%r_l Improved
Fibers 10-50/0.05 (~25-40% (~40-50%
neutral 30% h 70% more
[19] -0.2 : increase) more
effect increase) durable) .
resistant)
Basalt 0.1% - 1.0% / l\ﬁutral Improved | q High riswtgncle Moderate
Fibers  20-50/0.1- &oor O (~15- mproved  fo _Chemicals o roved
[20] 0.4 slight 20%) (~20-25%) (~40-50% more (~20-30%)
' increase 0 resistant) 0
Neutral Moderate to
Recycled 0.5% - 1.5% / offect or Improved Imoroved high, depending Moderate
Fibers 10-60/0.1 - sliaht (~10- (~1p5_20%) on fiber type Improved
[21] 0.5 inc?rease 15%) (~20-30% more (~20-30%)
resistant)
Synthetic  0.1% - 1.0% / Neutral Improved Moderate High
) effect or Improved  improvement
Fibers 10 - 60/ 0.1 - slight (~10- (~10-20%) (~10-20% more Improved
[22] 0.6 S!g 15%) ° 0 (~30-40%)
increase durable)
Natural 0.1% - 0.5% / I\#nlmal Improved | q g/l odderateé, b.\llylth Low to
Fibers 20-60/01- °© ect on (~10- m1p5r02v56;/ 'Zoeg{)%/a Hity moderate
[23] 10 compressive 15%) (~15-25%) (~ 6 more (~10-20%)
strength eco-friendly)
Glass 0.1% - 1.0% / Minimal Improved ngh COTOSION 1 jerate
. decrease or Improved  resistance (~40-
Fibers 10-50/0.15 neutral (~15- (~20-30%) 50% more Improved
- 0, ~20-3009
[24] 0.5 effect 20%) resistant) (~20-30%)
High, depending
Hybrid 0.5% - 2.0% / Significant  Improved imoroved " the Significant
Fibers 10-60/0.1- increase (~30- (~3p5_50% ) combination Improved
[6] 1.0 (~10-15%)  40%) (~30-50% more (~30-40%)
durable)

From Table 3, it is clear that Fiber Reinforced
Concrete exhibits optimal performance at a fiber
volume percentage ranging from 0.1% to 2% [24]-
[27]. The addition of more fiber increases tensile
strength, reduces damage from impacts, improves
durability; although, may increase difficulty in
working with it. Carbon and Basalt Fibers enhance
Compressive Strength by increasing the interaction
between fibers and the concrete matrix [25]. While
most fibers contribute to increased flexural strength,
carbon, basalt, and hybrid fibers show notable
improvements,  with  reported increases of
approximately 25-40% for carbon fibers [22], 20—
25% for basalt fibers [23], and 35-50% for hybrid
fibers [6], depending on fiber content and mix
design. Glass, carbon, and basalt fibers also provide a

@ © 2026 by the author(s). Licensee NIJOTECH.
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30-50% improvement in corrosion and chemical
resistance [22]-[23]. Additionally, synthetic and
basalt fibers enhance resistance to dynamic loading
and impact by 40-50%.

3.2 Processing and Manufacturing Techniques
Modern fiber dispersion and mixing techniques
significantly enhance the performance of Fiber
Reinforced Concrete. High-shear and vortex mixers
can achieve over 95% uniform fiber distribution
within the concrete matrix. The mechanical
properties and crack resistance of the concrete
improve with this uniformity. To achieve uniform
dispersion, the mixing duration and speed must be
carefully controlled, especially within the typical
fiber volume range of 0.1% to 2%. Advanced
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techniques, such as fiber pre-wetting, reduce
clumping and improve distribution and workability.
Advances in mixing techniques and fiber-matrix
bonding directly enhance the mechanical properties
and durability of FRC structures.

3.3 Performance Outcomes

Fiber Reinforced Concrete incorporating carbon,
basalt, or steel fibers exhibits greater strength, crack
resistance, and durability. These fibers typically
increase tensile strength by ~10-30% and flexural
strength by ~10-50%, with the highest gains reported
for hybrid fibers (Table 2). Fibers significantly
inhibit both the initiation and propagation of cracks.
Additionally, synthetic and basalt fibers enhance
resistance to dynamic loading and impact by 40-50%
[21].

L
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Percentage inerease in Initial Impact Energy

100 % 25mm L 75% 25mm L+ 50% 25Smm L+ 25% 25mm L + 100 % 50mm L

25% S0mm I 50% S0mm L 75% S0mm I,
Mix Combinations

0.5 Vol.% u1Vol%

(@)

1.5 Vol.%

Percentage increase of Final Impact Energy

Glass, carbon, and basalt fibers enhance the
corrosion, chemical, and freeze-thaw resistance of
FRC. In coastal or industrial environments with
moisture or chemical exposure, FRC can extend
service life by 30-50% compared to conventional
concrete [23]. Fibers improve the resistance of FRC
to high temperatures, seismic forces, and impact.
Carbon and basalt fibers enhance the thermal
resistance of concrete. Different fiber combinations
of Mixed Steel Fiber-Reinforced Concrete (MSFRC)
affect energy in Figures 2 (a) and (b). Figures 2 (a)
and (b) illustrate initial and ultimate impact energy.
They show that combining 25 mm and 50 mm steel
fibers considerably improves impact resistance. The
impact energy of a 50% short and 50% long fiber
combination is about 300% higher than that of plain
concrete.

e
=
=

o
=
—_—

= =
—
—
—
—_—

o
=

[ T T A
= = 1
=1 =
—
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=
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100

- =

100 % 25mm L 75% 25mm L + 50% 25mm L+ 25% 25mm L+ 100 % 50mm L
25%S0mmL  50%50mmL  75% 50mm L

Mix Combinations

0.5 VoL% ®1Vol% = L5Vol%

(b)

Figure 2: Impact energy with mixed steel fibers (a) initial; (b) ultimate [26]

4.0 DURABILITY
PERFORMANCE

Beyond mechanical enhancements; reliability and
sustainability for the long term, as well as long term
durability, are decided by this. Creep, shrinkage, fire
performance, fatigue resistance, freeze-thaw
durability, chemical degradation, and aging of the
fiber-matrix interface will be studied in detail in this
part. Additionally, particular attention will be given
to long-term uncertainty and performance due to
combined exposures from the environment.

AND LONG-TERM

4.1 Creep, Shrinkage, and Fatigue Behavior

Fibers can limit crack growth at the interfacial
transition zone (ITZ) and redistribute stress within
the material thereby limiting long term deformation
through crack development. Synthetic fibers may be
used to control both plastic and drying shrinkage as

@ © 2026 by the author(s). Licensee NIJOTECH.
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they have shown to inhibit early age microcracking.
While creep behavior will continue to be influenced
by the fiber type, fiber volume and bond durability
when subject to prolonged loading conditions.

Fiber reinforced concrete (FRC) has a greatly
improved fatigue performance than non-fiber
reinforced concrete. The ability for the fibers to
bridge cracks that develop during fatigue loading
creates time for additional cracks to form and causes
less stiffness loss due to cracking. A hybrid fiber
system combines the high energy absorbing
capabilities of the shorter fibers along with the ability
to stop crack propagation of longer fibers and has
exhibited higher fatigue endurances than either single
type of fiber system alone. Unfortunately, many
studies on fatigue performance have only been
performed at the laboratory scale and therefore, there
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is still significant uncertainty regarding their
potential performance over real service life.

4.2 Fire Resistance and High-Temperature
Performance

High temperature introduces multiple degradation
mechanisms to fiber reinforced composites (FRC),
such as: a.) Fiber melting; b.) Matrix micro-cracking;
c.) Loss of bond strength. Synthetic fibers, (such as
polypropylene) will enhance the fire-resistance of
FRC by melting at relatively lower temperature and
providing a means for pressure relief which reduces
explosive spall. On the other hand, steel and carbon
fibers have a higher load bearing capability at
moderate elevated temperatures and can also increase
thermal conductivity and therefore cause differential
thermal stresses. There has been no adequate long
term residual strength characterization of hybrid or
nano modified FRC systems post-fire.

4.3 Freeze-Thaw Resistance and Chemical
Degradation
In addition to limiting crack widths, the presence of
fibers in FRC will help to improve stress
redistribution; this reduces the likelihood of cracks
connecting and subsequently limits the amount of
water entering the system as well as the potential for
frost damage from within the structure. The ability of
glass, basalt and synthetic fibers to provide better
protection against cold climate conditions compared
to steel fibers should be noted, with the latter being
susceptible to expansion (due to corrosion) if
moisture and/or chlorides are able to penetrate into
the matrix. Mechanisms of chemical degradation
such as sulfate attack, carbonation and chloride ion
ingress will all be significantly affected by the
interaction between the fibers and the matrix. While
fibers limit permeability through control over
cracking processes, steel fibers are still at risk for
corrosion in high-aggressive environments, unless
the steel fibers are protected by a coating or a very
dense matrix. A long-term concern exists regarding
the chemical stability of natural fibers as both
biodegrade under certain environmental conditions

and have an adverse response to alkaline
environments.
44 Aging and Fiber—Matrix Interface

Degradation
Over an extended time, it will be the degradation of
the fiber-matrix interface that will determine the
overall long-term durability of the composite system.
The repeated cycling of temperature, the fluctuation
of moisture levels, and the exposure to chemicals can
result in a weakening of the interfacial bond which

@ © 2026 by the author(s). Licensee NIJOTECH.
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can result in a pulling out of fibers from the matrix
and a loss of the ability of the composite to carry
load after cracking. Although nano-modification and
surface treatment have shown potential for increasing
the interfacial durability; however, the long-term
performance of these modification techniques are
still unproven with respect to the real-world
environments they are likely to experience.

5.0 EMERGING TRENDS IN FIBER
REINFORCED CONCRETE

5.1 Nanotechnology

Nanotechnology enhances FRC's  mechanical
performance,  durability, and  sustainability.
Nanomaterials, especially nanoparticles, reinforce
and maintain concrete. Nanosilica, nano-titanium
dioxide, CNTs, and nano-clay increase FRC fiber-
matrix bond and stress transfer by 15-30%, boosting
tensile  strength and fracture toughness[27].
Nanoparticles increase concrete microstructure,
boosting compressive and tensile strength 20-
40%][28].

Chemical resistance, water absorption, and freeze-
thaw performance enhance 25-40%  using
nanoparticles[29]. Self-healing nanosilica and CNTs
repair  micro-cracks, prolonging FRC life.
Nanotechnology and fibers properly disperse fibers
in concrete, reducing clumping and enhancing crack
management. Nanomaterial-based surface treatments
increase fiber-matrix bond strength by 25-50%,
enhancing tensile and flexural strength[30]. A
detailed illustration of the synergy between
nanoparticles and fibers in FRC can be found in
Table 4.

Table 4 demonstrates that the combination of
nanotechnology and fiber technology results in an
improvement in the functionality of fiber reinforced
composites (FRC), and therefore, their overall
performance. This is due to enhanced fiber matrix
bonding, increased toughness and crack resistance,
improved functional characteristics, and longer
service life compared to traditional fiber-reinforced
composite materials [38].

Nashat Alghrairi et al.[40] found nanomaterials alter
concrete strength, durability, and environmental
resistance. Nanomaterials increase compressive
strength by 12-50% over reference. Nanomaterials
and polypropylene fibers increase flexural, tensile,
and compressive strength as shown in Figure 3.
Nanomaterials are superior for future construction
projects due to their unique properties.
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Table 4: Synergies between nanotechnology and fibers in FRC
Nanoparticle/Fi Property
ber Type Enhanced Impact on FRC Influence
Enhances stress transfer, 20-40% increase in

Bonding between reduces voids, and
fiber and matrix ~ densifies the concrete
matrix
- Increases resistance to
Nano-silica [31
[31] Durability chemical attacks and
freeze-thaw cycles
Self-healing Improves self-healing
properties capabilities in cracks
Nano-titanium Self-cleaning Improves resistance to
dioxide [32] properties dirt and pollutants
Carbon Enhances energy
nanotubes :;2?3225:3’ crack absorption and crack
(CNTs) [33] bridging ability
. Fills micro-pores,
Nano-clay [34] Hydration and improving concrete's
pore structure densi
ensity

Steel fibers [35]

Nano-silica

surface coating

Increases bond strength
between fibers and matrix

Synthetic fibers Nano-coatings !mpr]?ves flber-m?tt?x
[36] (e.g., nano-silica) interface, prevents fiber
’ pullout
Nano-silica and Enhances resistance to
Glass fibers [37] CNT surface corrosion and increases
treatments bonding strength
. . - Combines the benefits of
Hybrid  fibers Nan0—3|I|c_a + both fiber types for
[38] CNT coating .
enhanced crack resistance
Natural ~ fibers Nano-clay :Trgﬁ:icj(ves l:;?lgdlng WV;{S;
[39] modification

resistance

compressive strength, 15-30%

improvement  in  tensile
strength
25-40%  improvement in
durability —and  chemical
resistance
Reduction in crack

propagation by 30-50% over
time

15-25% reduction in surface
dirt accumulation, improving
aesthetic longevity

25-50%
toughness
resistance

improvement  in
and impact

10-20% increase in overall
density and 20-30% reduction
in water absorption

30-40% increase in bond
strength, improving  post-
cracking resistance

20-30%  improvement in

tensile and flexural strength

25-50%  improvement in
corrosion resistance, 20-30%
increase in flexural strength

30-50% improvement in crack
resistance and 20-40%
increase in durability

10-20%  improvement in
workability, 15-25%
reduction in water absorption

Nano-silica and carbon nanotubes significantly
enhance the properties of Fiber Reinforced Concrete
(Table 4). The incorporation of carbon nanotubes
with nano-silica improves compressive and tensile
strength by 20-40% and 30%, respectively[41].
These nanoparticles also enhance chemical and
environmental resistance by 25-50%, thereby
increasing the robustness of FRC.
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Self-healing nano-silica lowers crack propagation by
30-50% and increase material life[42]. Crack
resistance and impact strength enhance concrete
strength and durability by 25-50% with nanoparticles
and fibers. Nano-clay and fibers make mix
workability 20% higher and water absorption 20-
30% lower, making it easier to build.
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Figure 3a: Improvement in compressive strength
[40]

25

% Improvement

2

Type of nanomaterial

Figure 3b: Improvement in flexural strength
enhancement.[40]

120
100
80
60
40

% Improvement

20

8.5

Type of nanomaterial

Figure 3c: Improvement in splitting tensile
strength with different nanocomposite types.[40]

5.2 Smart Fiber Reinforced Concrete

Smart Fiber Reinforced Concrete integrates sensors
for real-time monitoring of concrete health, enabling
self-healing capabilities and self-sensing
functionality[43]. This innovation boosts concrete
construction durability, performance, and
environmental adaptability.

5.2.1 Self-healing and self-sensing FRC

Cracks in Self-Healing Fiber Reinforced Concrete
trigger embedded microcapsules or bacteria, which
start the self-sealing process to mend the cracks and
restore structural integrity. This self-healing process
extends concrete service life by 30-50% [44]. and
reduces maintenance, especially in  severe
environments. Fibers or nanoparticles in Self-Sensing
FRC can detect concrete cracks, deformation, and
temperature  changes[44]. Real time health
monitoring of concrete using auto sensing
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capabilities allows for early detection of structural
anomalies to avoid catastrophic failures and expedite
maintenance. Using the same auto sensing
capabilities; maintenance can be completed with
increased accuracy which results in a 20-30%
increase in maintenance efficiency.

5.2.2 Integration with sensor technologies for
monitoring concrete health

Stress, strain, temperature, and fracture damage are
continuously monitored using FRC sensors that
measure these properties of concrete. The structural
health monitoring (SHM) of structures includes
sensors such as strain gauges, fiber optic sensors, and
wireless sensor networks for monitoring the
condition of concrete structures [45]. Smart
technologies including sensors can also evaluate and
optimize fiber types, nanomaterials, and curing
processes associated with the production of FRC,
which can increase construction efficiency while
reducing costs by 20-30% [46].

5.3 3D Printing with Fiber Reinforced Concrete
Fiber Reinforced Concrete has changed the way the
construction industry operates by incorporating 3D
Printing into its processes. The new ways to create,
will allow for the precision and efficiency in
fabricating complex, customized and long-lasting
buildings.

5.3.1 Advancements in 3D printing techniques
involving frc

The use of nanotechnology and fiber reinforcement
in FRC enables faster curing, allowing for the
creation of much more complex designs that include
internal systems such as plumbing, electrical, HVAC
etc. which would be difficult or impossible to
achieve with traditional materials and older methods.
The ability to produce structures quickly (reduced
building time), with a high degree of accuracy and
precision, allows for greater flexibility in the design
of buildings and architecture; and provides the
opportunity for builders to take advantage of new
technologies [47].

5.3.2 Benefits for complex structures and
construction automation

Complex geometric constructions including curved
walls, honeycomb patterns, and mathematically
optimal shapes can be printed using FRC 3D
printing. These novel designs increase structure
strength-to-weight ratio, reducing material use and
enhancing resilience. 3D printing also speeds up
construction, reduces labor costs, time, and errors,
and optimizes material use. These buildings can be
built in one-third the time using standard procedures.
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Adding medium fibers to the printing mix increases
tensile strength and crack resistance, making printed
structures safer and longer-lasting. Construction is
faster, material waste is lower, design flexibility is
increased, and durability is better using 3D-printed
FRC [48]. Figure 4. (a) shows the characteristics of
the tested materials in relation to their compressive
strength and density. Figure 4(a) demonstrates that
high compressive strength is not merely a function of
a high bulk density. Compressive strength can be
negatively impacted by both high bulk densities as
well as the internal pore structure and chemical
make-up of the mixture. In general, the B1 based
mixes were stronger than the B2 based mixes; also
the addition of aluminum powder gave higher
strength values for the mixes than did the addition of
hydrogen peroxide. It illustrates that developing good
lightweight concrete is dependent upon achieving an

\
5
|
|

E STRENGTH
~—

DENS

COMPRESS

@

optimal balance between bulk density, compressive
strength and internal pore size. Figure 4. (b) shows
the characteristics of the tested materials in relation
to their bending strength and density. Figure 4. (b)
illustrates that there is a non-linear correlation in
relation to bending strength and density. Although
the B1 based mixture series showed greater density
and higher bending strengths than the B2 based
mixture series; this did not mean that as one
increased, the other would increase at the same rate.
The highest value of bending strength shown in
figure 4. (b) is for B1/AL which has approximately
5.36 MPa flexural strength. Many of the foams and
fiber reinforced materials produced have much lower
bending strength due to their lower densities. The
presence of voids in the foam and porous nature of
the fibers reduce the structural integrity of the solid
matrix by interrupting it, particularly when the
porosity is irregular.

FLEXURAL STRENGTH
DENSITY [KG/M™]

(b)

Figure 4: Characteristics of the tested materials in the context of (a) compressive strength and density. The
bars represent compressive strength values (MPa), while the line corresponds to density (kg/m3). (b) bending
(flexural) strength and density. The bars represent flexural strength values (MPa), while the line corresponds to

density (kg/md).[49]
5.4  Sustainable Construction Practices

5.4.1 Use of industrial waste fibers

Fiber-reinforced Concrete incorporating industrial
waste fibers, notably plastic, provides sustainable
building resilience [50]. Recycled PET bottle and
other plastic fibers save waste and improve concrete
mechanical properties. FRC with up to 5% recycled
plastic fibers saves plastic waste and enhances
impact resistance, tensile strength, and crack
control[51]. These innovative strengthening methods
reduce waste and virgin material utilization. Table 5
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addresses FRC sustainability and eco-friendly fibers'
environmental benefits.

Table 5 clearly shows how Fiber Reinforced
Concrete (FRC), can improve sustainability of
structures due to it's ability to lower a structure's
Carbon Footprint, Embodied Energy, and Resource
Consumption. In addition to using Recycled & Bio-
based Fibers, this method also reduces waste and
promotes renewable resources, thus minimizing
negative environmental impacts. Furthermore, the
increased Durability and Longer Service Life of
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Structures made from FRC

results

in fewer

Table 5: Key sustainability aspects of FRC

Maintenance and Repair requirements over time.

Sustainability
Aspect

Fiber Type

Environmental Impact

Quantitative Impact

Eco-friendly
fibers [52]

Use of recycled materials
(plastics, textiles, rubber)

Recycled Fibers

Bio-based Fibers

FRC Durability

Extended Service

Reduces waste and
landfill material

Renewable,
biodegradable fibers (jute,
sisal, bamboo)

Reduced reliance on fossil
fuel-based materials

Enhanced durability due
to better crack resistance
and toughness

Reduced need for

. . . frequent  repairs  and
Red_uctlon in  Life replacements
environmental .

: Lower production energy
impact [53] - .
Energy Efficiency  compared to conventional

Carbon Footprint

reinforcement

Reduced use of energy-
intensive materials like

30-50% reduction in carbon
footprint compared to traditional
concrete with steel fibers.

Diverts hundreds of tons of waste
materials from landfills per large-
scale project.

25-30% reduction in embodied
energy compared to synthetic
fibers.

40% carbon savings when
replacing synthetic fibers with
bio-based fibers.

50% reduction in  resource
consumption over the lifecycle of
structures.

50% fewer resources used for
repairs, reducing the overall
environmental impact.

20-30% reduction in embodied
energy when replacing steel
reinforcement with fibers.

20-30% decrease in carbon
footprint due to the reduction of

steel

steel use in construction.

5.4.2 Low-carbon footprint FRC alternatives:
Sustainable FRC alternatives lessen concrete's
environmental effect with low-carbon materials [54].
Hemp, jute, and bamboo emit less carbon than
synthetics [55]. Concrete mix embodied carbon can
be reduced by 30-40% by replacing cement with
geopolymer cement, fly ash, or slag [56]. Sustainable
concrete building uses low-carbon methods to reduce
greenhouse gas emissions, energy use, and waste.
These sturdy materials encourage green building
[57].

6.0 RESEARCH GAPS, LIMITATIONS AND
CONTRIBUTION

6.1 Research Gaps

Although Fiber-Reinforced Concrete has
demonstrated greater longevity than conventional
concrete, there are many key issues still that need to
be resolved.
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e There is a lack of long term (>20-30-year
equivalent) experimental and field performance
data

e There are limited mechanistic models that link
fiber degradation, loss of bonding to the matrix,
and structural performance

e The current level of knowledge of coupled effects
(i.e., fire, then freeze-thaw, or chemical
exposure) is very limited

e There are no standard durability-based design
guidelines or life-cycle performance models
available for Fiber Reinforced Concrete.

It is necessary to address all of these issues before we
can make reliable predictions about the service life of
Fiber-Reinforced Concrete and thus, have wider
acceptance of Fiber-Reinforced Concrete as a viable
structural material.

6.2 Limitations

While Fiber Reinforced Concrete (FRC), exhibits
great opportunities in terms of environment
compared to conventional reinforced concrete, the
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sustainable indicators presented in previous section
have several limitations.

e The reported sustainable indicators, such as
reductions in carbon footprint and resource
consumption, are primarily based on literature-
derived estimates rather than original life cycle
assessments (LCA) for individual projects.

e These indicators primarily use a cradle-to-gate
system boundary, covering processes from raw
material extraction to concrete mixing,
excluding construction, use, maintenance, and
end-of-life impacts due to data inconsistency.

e Long-term benefits of enhanced durability and
reduced maintenance may not be fully captured
in quantitative results.

e Sustainability outcomes are heavily influenced by
regional factors like energy mix, manufacturing
processes, and transportation  distances,
contributing to increased uncertainties due to
variations in functional units and service-life
assumptions.

e Many emerging fibers and hybrid FRC systems
lack standardized environmental databases,
complicating comparisons.

e Future efforts should aim to develop harmonized
cradle-to-grave LCAs incorporating region-
specific data and service-life performance.

6.3  Contribution of Present Work

This evaluation is different than others that have
evaluated FRC in that it has integrated performance
of the mechanical properties of FRC, the mechanisms
which affect the durability of FRC, an assessment of
the environmental sustainability of FRC, the
incorporation of nanotechnology advancements into
FRC, the ability of FRC to be intelligent or "smart,"
and the use of Additive Manufacturing (AM) to
create FRC in one comprehensive approach. The
study quantitatively defines the range of possible
performance of the fibers that comprise FRC,
compares various types of fibers used in FRC, and
systematically identifies research gaps that exist
regarding the long-term durability of FRC, life cycle
modeling of FRC, and the need for standards
governing FRC. Ultimately, this study will provide
the necessary framework for implementing reliably
and on a large scale the next generation of high-
performance FRC systems.

7.0 CONCLUSION

The article outlines new developments that improve
significantly the mechanical properties, durability
and sustainability of fiber reinforced concrete (FRC)
when compared to traditional concrete. In terms of
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mechanical properties, significant advances are
identified in tensile strength, bending strength,
cracking and longevity through the use of fiber
reinforcement made from carbon, basalt, recycled,
hybrid, and bio-based fibers. Newer technologies
including the use of nanotechnology in conjunction
with FRC; smart self-healing and self-sensing
systems and fiber based 3D printing have developed
the functionality of FRC in terms of efficiency during
construction, reduction of material usage and
increased structural resilience. Together, the new
developments identify FRC as a versatile, high-
performance material applicable to a wide range of
demanding structural and infrastructure applications.
Although significant advancements have been made
in this area, there remains considerable opportunity
for research in order to overcome existing limitations
in the form of cost for advanced fibers, achieving
consistent fiber distribution within the mixture of
ingredients and the absence of standard procedures
for the design and testing of FRC mixes. It is
imperative to conduct extensive research on the
interactions between fibers, nanomaterials and the
cementitious matrix in order to provide accurate
durability projections and structural performance
characteristics.

Therefore, future research in this field should include
long term durability assessments; life cycle
performance models and the development of cost
effective and large-scale manufacturing processes.
Significant additional research is also required to
develop fiber-matrix interfaces; hybrid fiber systems;
nano modified concretes and smart sensing and self-
healing mechanisms that can be integrated into
common construction practices in order to increase
the reliability of FRC while maintaining workability.
It is anticipated that continued research and
technological advancement of FRC will enable a
transformative impact on the construction industry in
the form of providing sustainable; durable; and high-
performance structures that meet both global
environmental objectives and resilience objectives.
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