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ABSTRACT

This review investigates the potential of CFRP-steel composite tendons to enhance the flexural
performance of prestressed concrete beams. CFRP strands offer high tensile strength, lightweight
characteristics, and excellent corrosion resistance, whereas steel strands are ductile and cost-effective.
The combination of these materials in composite tendons aims to optimize the structural behaviour
and durability of prestressed beams. This study provides a comprehensive overview of the current state
of research on the mechanical properties, bond performance, and failure mechanisms of prestressed
concrete beams reinforced with CFRP-steel composite tendons. Additionally, it examined the
influence of different design parameters, such as tendon configuration, pre-tensioning levels, and
anchorage systems, influence the flexural capacity and serviceability of the beams. This review also
discusses the challenges associated with practical implementation, including long-term durability,
fatigue behaviour, anchoring, and cost implications. Through a critical analysis of experimental
studies, analytical models, and numerical simulations, this study identifies gaps in existing knowledge
and proposes future research directions to improve the understanding and application of composite
tendons in prestressed concrete design. The insights presented herein are intended to guide structural
engineers and researchers in developing more efficient and sustainable prestressed concrete systems.
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Abbreviations

FRP Fiber-reinforced polymer
CFCC Carbon Fiber Composite Cable

RC Reinforced Concrete
SMA Shape Memory Alloy
SFCB Steel-FRP Composite Bars

PC Prestressed Concrete
UHPC Ultra-high-performance concrete
HSC High-strength concrete
NSC Normal strength concrete

I. Introduction

In the field of structural engineering, the design and construction of beams that can efficiently carry
significant loads over long spans while minimizing structural depth are of paramount importance.
Traditional prestressed concrete beams that utilize steel tendons for prestressing have been widely used
owing to their high strength and ductility. However, the ever-increasing demand for more efficient and
sustainable construction practices has necessitated the exploration of advanced materials and
innovative design approaches.
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Fibre-reinforced polymers (FRP), particularly carbon fibre-reinforced polymers (CFRP), have
emerged as promising alternatives to steel in various structural applications. CFRP tendons offer
several advantages over steel tendons, including higher tensile strength-to-weight ratios, excellent
corrosion resistance, and reduced maintenance costs. Despite these benefits, the brittle failure mode
and lower modulus of elasticity of CFRP compared with steel pose significant design challenges. This
has led to the use of composite tendons, combining CFRP and steel, to leverage the strengths of both
materials.

1.1 Research Problem

The primary challenge in the flexural design of prestressed beams using composite FRP tendons is to
optimize the use of CFRP and steel to enhance the structural performance while addressing the inherent
limitations of each material. Specifically, this research aims to investigate how composite tendons can
be utilized to increase the span-to-depth ratio of prestressed beams, leading to slenderer and efficient
structural elements.

1.2 Significance of the Study

This research has significant potential to revolutionize the design of prestressed concrete beams. By
effectively combining CFRP and steel tendons, it is possible to create structural elements that are not
only stronger and more durable but also more efficient and sustainable. The findings of this study

can lead to the development of new design standards and construction practices, promoting the wider
adoption of composite tendons in the construction industry.

One traditional solution to the corrosion problem is to protect the reinforcement by reducing the
porosity of concrete. This can be achieved by increasing the amount of cement or by using concrete
admixtures.

The flexural design of prestressed beams using composite fibre-reinforced polymer (FRP) tendons is
a modern approach aimed at improving the durability, performance, and sustainability of concrete
structures. Composite FRP tendons are increasingly used owing to their superior mechanical properties
and resistance to environmental degradation compared with traditional steel tendons.

By Using Composite FRP Tendons, we can reduce the depth of the beam and increase the span-to-
depth ratio.

Composite Tendons created from CFRP and Steel Strands are a new approach to reduce the span-to-
depth ratio of prestressed concrete beams. The demand for advanced materials and innovative design
approaches in civil engineering has led to significant advancements in the flexural design of prestressed
concrete beams. Traditionally, steel tendons have been used for prestressing, owing to their high tensile
strength and ductility. However, issues related to corrosion, high weight, and long-term maintenance
costs have prompted the exploration of alternative materials. Carbon fibre-reinforced polymer (CFRP)
tendons have emerged as a promising solution because of their superior properties such as high
strength-to-weight ratio, excellent corrosion resistance, and low relaxation losses. Despite these
advantages, CFRP tendons have limitations including brittleness and high initial cost, which can affect
the overall performance and economic feasibility of prestressed concrete structures.

Il. Literature

To overcome the limitations associated with the exclusive use of either CFRP or steel tendons,
composite tendons that integrate both the materials have been proposed. The combination of CFRP
and steel strands in a single composite tendon system seeks to capitalize on the strengths of each
material while mitigating their respective weaknesses. CFRP provides high tensile strength and
corrosion resistance, reducing the risk of environmental degradation, whereas steel contributes to
ductility and energy absorption capacity, enhancing the overall toughness and deformability of the
beam. This hybrid approach has the potential to improve both the flexural capacity and durability of
prestressed concrete beams, making them attractive options for modern construction.

2.1 CFRP and CFCC Tendons
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Tianlai and Shuai concluded that external prestressing with CFRP tendons offers several advantages
for strengthening concrete beams, including an enhanced flexural capacity, stiffness, and crack
resistance. The design theory and formula developed in this study provide a reliable reference for
practical engineering applications and offer an efficient method for bridge and infrastructure
reinforcements.

This study provides valuable insights into the application of CFRP tendons in external prestressing of
concrete beams. It combines both experimental testing and theoretical modelling, offering a well-
rounded approach to understanding the flexural behaviour of CFRP-strengthened beams. While it
addresses key variables, such as the tendon bending angle, reinforcement ratio, and concrete strength,
the study also contributes to the ongoing development of design guidelines for CFRP tendon
applications in civil engineering.

This study fills a gap in the understanding of the flexural performance of beams strengthened with
CFRP tendons and provides a solid foundation for future studies, particularly for bridge reinforcement.
Davood Askari developed a model to explore design recommendations for unibody clamp anchors and
stressing devices, considering tendon stress at the ultimate and internal force distributions. This study
demonstrates the effectiveness of the CFRP repair system in restoring and enhancing the structural
integrity of damaged prestressed concrete beams. He aims to provide a comprehensive overview of the
research on the flexural behaviour of prestressed concrete beams reinforced with CFRP-steel
composite tendons. This study discusses the mechanical properties, bond characteristics, and failure
modes associated with these composite tendons and their impact on the overall flexural performance
of beams. The influence of key design parameters such as tendon configuration, prestressing levels,
and anchorage systems was critically examined. Additionally, this study addresses the challenges of
implementing composite tendons, including long-term durability, fatigue performance, and cost
considerations, as well as the post-tensioning process, which are essential for their broader adoption
in practical applications.

Furthermore, this review synthesizes findings from experimental investigations, analytical models, and
numerical simulations to provide insights into the current state of knowledge and to identify gaps that
warrant further research. By highlighting the advantages, limitations, and future research needs of
CFRP-steel composite tendons in prestressed concrete design, this study aims to guide structural
engineers and researchers in developing more efficient, durable, and cost-effective solutions for the
construction industry.

This introduction sets the stage for an in-depth discussion of the potential of CFRP-steel composite
tendons in enhancing the performance of prestressed concrete beams, and contributes to ongoing
efforts to improve sustainability and innovation in civil engineering practices. Lucena and Aaron Paul
I. Carabbacan concluded that CFRP tendons outperformed CFCC tendons in terms of tensile strength,
with CFRP exhibiting a higher tensile capacity. Both CFRP and CFCC tendons perform similarly to
traditional steel tendons in terms of serviceability and flexural behaviour, making them suitable for
use in environments where corrosion resistance and long-term durability are critical. Furthermore, the
composite-bonding wedge anchorage system was identified as the most effective anchorage
mechanism for both CFRP and CFCC tendons, ensuring that the tendons can fully utilize their tensile
strength without premature bond failure. This system demonstrates that FRP tendons can be anchored
effectively, providing confidence in their use in prestressed concrete structures.

This study provides engineers with valuable insights into the properties and performance of CFRP and
CFCC tendons, highlighting their suitability for use in prestressed concrete structures, particularly in
environments where corrosion resistance is a priority. These findings suggest that CFRP tendons are a
superior option for high-tensile applications owing to their greater tensile strength, whereas CFCC
tendons still provide adequate performance in less demanding scenarios. Additionally, the anchorage
system described in this article ensures that engineers can effectively utilize the full capacity of FRP
tendons, making them a viable alternative to traditional steel in many applications.
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Zhang and Wang presented a comprehensive analysis of the mechanical behaviour of prestressed
CFRP-strengthened RC beams under two different prestressed introduction methods. Both methods
improved the flexural performance of the beams although mechanical tensioning outperformed SMA
wire heating recovery in terms of stiffness improvement and failure mode control. The proposed
bending carrying capacity model accurately predicts the flexural response of the beams, making it a
useful tool for engineers working with CFRP-strengthened structures.

2.2 FRP & SFCB Tendons

Sha and Davidson successfully verified the composite beam theory for predicting the transfer length
in FRP-prestressed concrete members by using finite element analysis.

1. The results demonstrate that the bond-slip behaviour between the FRP tendons and concrete is a
critical factor in determining the transfer length, and the friction coefficients must be carefully selected
for accurate modelling.

2. The finite element model provides a useful tool for validating theoretical models and offers
insights into the behaviour of prestressed members that are difficult to obtain experimentally.

The findings of this study have direct applications in the design of FRP-prestressed concrete structures,
such as bridges and buildings. The ability to accurately predict transfer lengths using both theoretical
and finite element methods ensures that engineers can design reliable and durable structures that take
full advantage of the high strength and corrosion resistance of FRP materials. This study also
emphasizes the importance of understanding the bond behaviour in prestressed systems to improve the
design and serviceability of such structures.

This study contributes significantly to the field of civil engineering by combining analytical and
numerical approaches to validate the critical aspects of FRP-prestressed concrete design. By
integrating finite element modelling with composite beam theory, the authors provided a more
comprehensive understanding of the transfer length and bond behaviour in pretensioned concrete
members. These results are highly relevant for the development of design guidelines and practical
applications for the construction of prestressed concrete structures.

The research by Etman et al. contributes significantly to the understanding of Steel Fibre Composite
Bars (SFCBs) as an alternative to traditional steel and FRP reinforcement. The combination of a steel
core with FRP coating is a promising solution for enhancing the durability of concrete structures in
corrosive environments. However, the increased deflections and wider cracks associated with SFCBs
suggest that they may not entirely replace steel but rather be used in specific applications where
corrosion resistance is critical and higher deflections are permissible.

The analytical study accompanying the experimental work provides validated formulas for predicting
beam performance, which can be applied in practical design scenarios.

A mini-review by Abduljabbar and Abdulsahib provides a detailed examination of the flexural
performance of hybrid FRP/steel-reinforced concrete beams. By combining the strengths of both
materials, the hybrid system offers an improved solution for modern structural applications,
particularly in terms of balancing strength, ductility, and corrosion resistance. However, the review
also underscores the need for further research, particularly regarding the long-term behaviour of hybrid
beams, the bond between FRP and concrete, and the optimization of reinforcement ratios.

Fatima El Meski and Mohamed H. Harajli provided significant insights into the flexural behaviour of
unbonded post-tensioned PC members strengthened with FRP composites. The combination of
experimental testing and numerical modelling demonstrated the effectiveness of FRP in enhancing the
performance of these members. The developed design-oriented model offers a reliable method for
calculating the flexural capacity of unbonded systems, thereby addressing a key gap in existing
guidelines. This study contributes valuable knowledge to the field of structural strengthening,
particularly for engineers dealing with post-tensioned systems in which unbonded tendons are used.
This study successfully addressed a critical gap in the field of FRP strengthening for unbonded post-
tensioned members. By combining the experimental results with numerical analysis, the authors
provided a comprehensive framework for understanding the flexural behaviour of these systems. The
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design-oriented model proposed in this study will be particularly useful for practicing engineers
because it offers a practical method for calculating the flexural capacity of unbonded systems using
FRP composites.

Ebrahim et al. concluded that SFCBs significantly improve the flexural performance of UHPC beams.
Key parameters such as the steel core area, reinforcement ratio, and FRP modulus play a dominant
role in enhancing stiffness, moment capacity, and deflection control. This study confirms that SFCB-
reinforced UHPC beams outperform beams reinforced with HSC and NSC in terms of strength and
stiffness, making them an ideal choice for critical infrastructure applications.

The findings also suggest that future research should focus on optimizing the design of SFCBs,
particularly in relation to the inner steel core and FRP wrapping modulus, to further improve the
structural performance of reinforced concrete beams.

This paper provides a comprehensive numerical study of the flexural behaviour of UHPC beams
reinforced with SFCBs. The combination of steel and FRP offers a balanced approach to address the
challenges of durability, ductility, and flexural strength in modern concrete structures. This research
presents clear evidence of the advantages of SFCBs over traditional reinforcement methods, making
them a valuable resource for engineers and designers to implement innovative reinforcement solutions
in high-performance concrete structures.

The study by Ge et al. provided valuable insights into the flexural performance of concrete beams
reinforced with SFCBs. The experimental and theoretical frameworks established in this study lay the
groundwork for future investigations on the application of SFCBs in structural engineering. By
addressing the shortcomings of traditional reinforcement methods, SFCBs can significantly enhance
the performance and longevity of concrete structures in various applications including marine and
high-speed railway environments.

Further experimental and computational studies are essential to fully understand the structural
behaviour of SFCB-reinforced elements. Investigations into the long-term performance under cyclic
loading and environmental conditions as well as the development of design codes for SFCB
applications are critical for advancing this innovative reinforcement technology.

2.3 FRP Composite Tendon

El Meski and Harajli found a combination of experimental results with an analytical model and showed
that the developed procedure provides a reliable design approach for evaluating the flexural capacity
of unbonded post-tensioned members strengthened with an external FRP. It adheres to the ACI
standards and enhances the understanding of FRP’s role of FRPs in concrete strengthening, particularly
in post-tensioned applications.

This research is critical for advancing the use of FRP composites in structural strengthening, especially
in applications where unbonded tendons are involved, and where control of failure modes such as FRP
debonding is essential for safe design practices.

This review highlights the importance of the ACI Committee 440 recommendations for ensuring safe
and efficient strengthening of concrete members using FRP composites.

The study by EI Meski and Harajli offers valuable insights into the flexural behaviour of unbonded
post-tensioned concrete members strengthened with external FRP composites. The experimental
results demonstrate that FRP composites effectively increase both the load capacity and stiffness of
unbonded members, albeit at the cost of reduced deformation capacity. Moreover, the study highlights
the challenges associated with calculating the strains and stresses in unbonded tendons, which are
critical factors in extending FRP strengthening guidelines to these systems.

Overall, this study contributes to the broader effort to develop standardized guidelines for using FRP
composites in unbonded post-tensioned systems, addressing a critical gap in current design codes, and
making strides toward more robust and efficient retrofitting solutions.

Dolan proposed a robust framework for the flexural design of prestressed concrete beams by using
FRP tendons. This highlights the importance of considering FRP’s unique mechanical properties of
FRPs, particularly their brittleness and linear elasticity. The proposed design methodology, validated
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by experimental data, provides a reliable approach for engineers seeking to employ FRP tendons in
environments that require non-corrosive materials. However, owing to the lack of ductility, careful
attention must be paid to the strength reduction factors and failure modes in the design.

This study provides a solid foundation for the use of FRP tendons in prestressed concrete structures,
addressing both the theoretical and practical aspects of design.

I11. Conclusion

The above study showed that many types of tendons are used in various types of beams and slabs.
They used steel-FRP, CFCC, and CFRP tendons. This study confirms that CFRP tendons are a high-
performance option, particularly suited for applications that require high tensile strength and corrosion
resistance. The difficulty in providing a proper anchoring system while using CFRP tendons was a
crucial aspect of this study. The tensile strengths of the steel and CFRP strands were different. The
externally prestressed CFRP tendons exhibited an increase in beam strength. Most studies have
focused on RC beams with externally prestressed CFRP tendons. This review paper deals with internal
prestressed Composite Tendons Created from CFRP and steel strands.
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