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A B S T R A C T

Fibre-reinforced functionally graded concrete (FRFGC) has garnered significant interest due to its enhanced mechanical properties, durability, and environmental
benefits. This literature review provides an in-depth analysis of the current research on FRFGC, focusing on its mechanical performance, durability in extreme
conditions, sustainability through the use of recycled materials, and innovations in manufacturing techniques such as 3D printing. Studies highlight the superior
tensile and flexural strength of FRFGC, especially when reinforced with steel, polypropylene, or hybrid fiber mixes. Research also indicates improved crack
resistance, freeze-thaw durability, and enhanced longevity in cold regions, positioning FRFGC as a robust material for infrastructure exposed to harsh
environmental conditions. Incorporating recycled materials, particularly rubber fibers from discarded tires, enhances the sustainability of FRFGC, reducing its
ecological footprint while maintaining mechanical performance. Furthermore, advancements in 3D printing have revolutionized FRFGC production, allowing for
precise control over fiber distribution and further optimizing its properties. While significant progress has been made, gaps remain in understanding FRFGC’s
long-term structural performance and large-scale applications. Future research should focus on optimizing fiber content, advancing sustainable material use, and
refining manufacturing methods to fully harness FRFGC’s potential in modern construction.
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1. INTRODUCTION

Fibre Reinforced Functionally Graded Concrete (FRFGC) represents a significant advancement in the field of construction materials, offering enhanced
mechanical properties, durability, and sustainability. Functionally graded concrete (FGC) refers to concrete with a gradual variation in composition and
structure across its volume, allowing for tailored mechanical performance across different layers. When combined with reinforcing fibers—such as
steel, polypropylene, or waste materials like rubber—FGC transforms into a highly resilient material capable of withstanding complex stress patterns,
cracking, and environmental degradation. This fiber reinforcement not only improves tensile and flexural strength but also enhances ductility and
resistance to failure under load. The increasing need for stronger and more durable materials in critical infrastructure, such as bridges, high-rise
buildings, and pavements, makes FRFGC an appealing solution to modern engineering challenges.

The development of FRFGC also aligns with the growing focus on sustainable construction practices. Traditional concrete production is energy-
intensive and contributes significantly to global carbon emissions. By incorporating recycled materials, such as ground granulated blast furnace slag
(GGBS) and waste rubber fibers, FRFGC reduces its environmental impact while maintaining superior mechanical performance. Additionally,
advances in manufacturing techniques, such as 3D printing, have revolutionized the production of FRFGC by allowing precise control over fiber
placement and composition, leading to optimized material performance. This integration of sustainability and technological innovation positions
FRFGC as a material that not only meets the performance demands of modern construction but also addresses the global imperative for more eco-
friendly building practices. As such, FRFGC has the potential to shape the future of construction, with its applications spanning from traditional
infrastructure projects to cutting-edge architectural designs.

2. Mechanical Performance of Fibre Reinforced Functionally Graded Concrete

One of the most critical factors influencing the adoption of FRFGC in construction is its superior mechanical performance compared to traditional
concrete. In functionally graded concrete, the material properties are tailored through gradual transitions between layers of different compositions,
enhancing the overall structural performance. When fibers are added to this composite, the mechanical behavior is further improved, especially in terms
of tensile and flexural strength.
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Research conducted by Zhiyuan et al. (2024) introduced a constitutive model for FRFGC, focusing on the effects of fiber spacing and interfacial
interactions. This study found that the critical fiber volume fraction ranges between 6% and 7%, with mechanical properties such as peak stress, tensile
strength, and toughness improving as fiber content increases within this range. Beyond 7%, the rate of improvement slows down due to the limitations
imposed by fiber spacing . This highlights the importance of optimizing fiber content to balance mechanical performance and material efficiency.

Additionally, Sabireen et al. (2023) investigated the use of both natural and recycled aggregates in FRFGC, showing that the inclusion of fibers
significantly improved the concrete's strength and durability . The use of recycled aggregates, in particular, represents a move towards more
sustainable concrete production without compromising performance. Furthermore, Sridhar et al. (2022) conducted an experimental study on hybrid
fiber reinforced concrete (HFRC), which utilized steel and polypropylene fibers. Their findings revealed that the hybrid mixture improved compressive
strength, splitting tensile strength, and flexural toughness, which are critical for structures subjected to dynamic loads and extreme conditions . These
studies collectively underscore the potential of FRFGC in enhancing the mechanical resilience of concrete structures, especially in high-stress
applications like bridges, high-rise buildings, and pavements Grigorii Vozniuk, Еlena Kаvalerova, Pavel Krivenko, Оleg Petropavlovskii(2013).

3. Durability in Extreme Conditions

Concrete structures, especially those exposed to harsh environmental conditions such as freezing temperatures, must exhibit excellent durability to
ensure long-term performance. Several studies have explored the ability of FRFGC to withstand extreme conditions, including cold climates and
environments where freezing and thawing cycles are common.

Jiang et al. (2022) investigated the durability of FRFGC in cold regions, particularly focusing on its resistance to freeze-thaw cycles. Their research
revealed that the combination of steel and polypropylene fibers, along with the addition of a superplasticizer, significantly enhanced the crack
resistance and reduced the drying shrinkage of the concrete. This makes FRFGC particularly suitable for mass concrete structures in cold climates,
where traditional concrete may suffer from significant cracking and durability issues due to freeze-thaw cycles .

Additionally, Jiang et al. (2024) extended the investigation to include the use of Ground Granulated Blast Furnace Slag (GGBS) in FRFGC,
highlighting its contribution to both mechanical performance and environmental sustainability. Their findings indicated that the incorporation of GGBS
improved the material's resistance to fracture and environmental degradation, particularly in cold and wet conditions. Moreover, the use of GGBS
reduced the carbon footprint of the concrete mix, making FRFGC an attractive option for projects prioritizing environmental sustainability.

The durability of FRFGC was further demonstrated in the work of Sridhar et al. (2022), where hybrid fiber mixes (steel and polypropylene) were
shown to improve resistance to cracking and deformation. Their research suggested that FRFGC could outperform conventional concrete in terms of
resistance to environmental stressors, making it a more viable option for infrastructure exposed to extreme conditions .

4. Sustainability and Use of Recycled Materials

One of the major challenges facing the construction industry today is the need to reduce the environmental impact of concrete production. Traditional
concrete manufacturing is associated with high levels of CO2 emissions and energy consumption, which have spurred research into more sustainable
alternatives. FRFGC presents a solution by incorporating recycled materials, such as rubber fibers from discarded tires, into its composition.

Choudhary et al. (2021) explored the use of rubber fibers in FRFGC, demonstrating that the incorporation of rubber fibers enhanced the flexural
strength of the concrete while also providing a sustainable outlet for waste materials. Rubber fiber-reinforced concrete exhibited better flexural
behavior than conventional concrete, although a slight reduction in compressive strength was observed. This trade-off between mechanical properties
and sustainability is critical, especially for projects where flexural strength is prioritized over compressive strength, such as in pavements and bridge
decks. The study by Sumit et al. (2020) on the valorization of waste rubber fibers in FRFGC further emphasized the potential of recycled materials to
improve both the mechanical performance and environmental impact of concrete. Their research demonstrated that the use of waste rubber fibers not
only enhanced the concrete’s sustainability but also contributed to improved crack resistance and impact performance, making it suitable for
applications in high-stress environments.

These results imply that FRFGC, especially when used with recycled materials, can greatly lessen the environmental impact of building projects. This
is in line with the worldwide movement towards more environmentally friendly building methods that emphasize recycling waste materials and cutting
greenhouse gas emissions.

5. Innovative Manufacturing Techniques

The rapid development of advanced manufacturing techniques, particularly 3D printing and additive manufacturing, has opened new possibilities for
the production of FRFGC. These technologies allow for more precise control over the distribution of fibers and other materials within the concrete,
leading to enhanced mechanical properties and reduced material waste.

Amardeep et al. (2022) explored the potential of 3D-printed FRFGC and found that incorporating steel fibers into the 3D printing process improved
the mechanical performance of the final product . Their experimental approach demonstrated that 3D printing allows for more efficient fiber
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placement, leading to better stress distribution and improved tensile and flexural strength. The ability to customize the material’s composition on a
layer-by-layer basis further enhances its performance, making it ideal for complex architectural and structural applications.

Geng et al. (2022) extended this research by fabricating functionally graded cement-based composites through additive manufacturing. Their work
revealed that 3D-printed FRFGC exhibited significantly higher bending and impact strength compared to conventionally cast concrete. The graded
porosity and optimized fiber distribution allowed for improved mechanical performance, with specific compressive strength increasing by up to 96% .
These advancements suggest that 3D printing could revolutionize the way FRFGC is produced, offering a more sustainable and efficient approach to
concrete manufacturing. Abdullah Al-Saidy,Sherif El-Gamal, Kazi Abu Sohail(2023).

6. Performance in Structural Applications

The performance of FRFGC in structural applications has been a focus of several studies, particularly in terms of flexural behavior and load-carrying
capacity. Othman et al. (2021) conducted an in-depth analysis of functionally graded concrete beams with various fiber distribution patterns. Their
research demonstrated that the gradient distribution of fibers within the beams significantly influenced their flexural behavior, with certain patterns
enhancing load-carrying capacity and reducing crack propagation.

Furthermore, Gunasekaran et al. (2022) examined the impact resistance of functionally graded preplaced aggregate fibrous concrete (FPAFC). Their
findings showed that FPAFC, when reinforced with steel fibers, exhibited superior impact resistance compared to conventional concrete. This is
particularly important for applications where structures are subjected to dynamic or repeated loading, such as in bridges and industrial floors .

7. CONCLUSION

The body of research on fibre reinforced functionally graded concrete (FRFGC) indicates its significant potential as a high-performance, sustainable
material for the construction industry. Its ability to combine enhanced mechanical properties with improved durability and sustainability makes it an
attractive option for a wide range of applications. The integration of recycled materials and the development of advanced manufacturing techniques,
such as 3D printing, further highlight FRFGC's versatility and potential for future innovations.

However, there are still gaps in understanding the long-term performance of FRFGC, particularly in large-scale structural applications and under
extreme environmental conditions. Future research should focus on optimizing fiber content and distribution, exploring new combinations of recycled
materials, and refining manufacturing processes to maximize the material’s potential in real-world construction projects.
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