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ABSTRACT

Corrosion of steel reinforcement in concrete structures poses a critical challenge to the durability, safety, and
serviceability of modern infrastructure. This review comprehensively examines the underlying mechanisms of
corrosion, primarily chloride ingress and carbonation, which lead to structural degradation through cracking
and spalling. The paper synthesizes a wide range of mitigation strategies, including corrosion inhibitors,
protective coatings, fiber-reinforced concretes, and emerging materials like geopolymer concrete. Special
attention is given to marine and coastal structures, where environmental exposure exacerbates deterioration.
The effectiveness of steel fiber reinforcement in enhancing crack resistance is discussed alongside its potential
to introduce new corrosion pathways. Sustainable and alternative binders such as geopolymer concretes,
particularly when reinforced with natural fibers, show promise in improving corrosion resistance while
supporting environmental goals. Advanced monitoring techniques—ranging from electrochemical methods to
real-time embedded sensors—are highlighted as essential tools for early detection and life-cycle management.
The paper concludes with a comparative analysis of the latest research efforts and identifies key directions for
future studies, including field validation of laboratory findings, performance-based design standards, and
integration of smart corrosion monitoring technologies. Overall, this review provides a critical foundation for
enhancing the durability of reinforced concrete structures through both conventional and innovative corrosion
resistance strategies.
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1.0 INTRODUCTION

Reinforced concrete (RC) is the backbone of modern infrastructure, combining the compressive strength of
concrete with the tensile properties of steel reinforcement. This composite material is used extensively in
bridges, buildings, tunnels, dams, marine structures, and industrial facilities due to its versatility, cost-
effectiveness, and adaptability. However, the durability of RC structures is increasingly threatened by one
critical issue—corrosion of the embedded steel reinforcement (Almeraya et al., 2012). Corrosion-induced
deterioration undermines structural performance, reduces service life, and incurs significant maintenance and
rehabilitation costs. Consequently, improving corrosion resistance in RC structures has become a central
theme in sustainable civil engineering research and practice (Arya &Dhanya, 2021).

Corrosion in RC is typically initiated when aggressive agents such as chloride ions or carbon dioxide
penetrate the concrete cover and disturb the high-alkaline environment that passivates the steel surface. In
chloride-induced corrosion, chloride ions break the passive layer, initiating localized corrosion that expands
with rust formation. In carbonation-induced corrosion, CO: reacts with calcium hydroxide in concrete to
reduce the pH, thereby enabling generalized steel corrosion (Popov, 2016; Dauji, 2018). Both mechanisms
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generate corrosion products that occupy more volume than the original steel, leading to cracking, spalling of
the concrete cover, delamination, and ultimately, structural degradation.

Environmental factors play a crucial role in accelerating corrosion. Marine environments, deicing salts,
industrial pollution, and high humidity contribute significantly to chloride ingress and carbonation.
Furthermore, structural design parameters such as concrete quality, cover thickness, and permeability directly
affect the rate of deterioration (Sahani et al., 2024). The use of low-quality concrete or poor construction
practices—such as inadequate curing, segregation, or honeycombing—further intensifies the vulnerability of
RC to corrosion.

Over the past few decades, significant efforts have been made to understand the mechanisms of corrosion and
develop strategies to enhance the corrosion resistance of RC structures. Numerous reviews have addressed
electrochemical theories, deterioration kinetics, and modeling techniques (Popov, 2016; Arya &Dhanya, 2021;
Marcos-Meson et al., 2019). These studies emphasize that corrosion mitigation requires a multi-faceted
approach involving materials, structural design, protective systems, and maintenance planning.

Among the most effective strategies for corrosion resistance is the use of corrosion inhibitors, either as
surface-applied compounds or as concrete admixtures. These inhibitors interfere with the electrochemical
corrosion process by forming protective films on steel surfaces or by neutralizing aggressive ions (Buildings,
2022). However, the long-term performance of inhibitors depends on factors such as inhibitor type, dosage,
concrete composition, and exposure conditions.

Another promising solution involves the incorporation of fibers into the concrete matrix, particularly steel
fibers. Fiber-reinforced concrete (FRC) enhances mechanical performance, crack control, and impermeability,
indirectly improving corrosion resistance by limiting the pathways for chloride ingress and moisture
movement (Gopu& Joseph, 2022; Marcos-Meson et al., 2017). Nevertheless, while steel fibers improve
structural toughness, they may introduce additional corrosion risks if not properly protected or if exposed to
aggressive environments (Fernandez&Neves, 2024).

More recently, geopolymer concrete has emerged as an environmentally sustainable and durable alternative to
ordinary Portland cement (OPC) concrete. Studies have demonstrated that geopolymer matrices exhibit
superior chemical resistance and reduced permeability, making them less susceptible to chloride-induced
corrosion (Agrawal & Malviya, 2025). The inclusion of natural fibers, such as coconut fiber, in geopolymer
concrete further enhances its toughness and crack-resisting capabilities, aligning with green construction
goals.

The assessment and monitoring of corrosion in RC structures have also seen notable advancements.
Traditional methods such as half-cell potential measurements, linear polarization resistance, and electrical
resistivity remain widely used. However, they are now complemented by modern techniques including
acoustic emission, X-ray microtomography, and fiber-optic sensing systems, which offer higher sensitivity
and spatial resolution (Monitoring corrosion of steel bars, 2014; Su et al., 2022; Angst et al., 2023). These
technologies allow for real-time and non-destructive evaluation of corrosion activity, enabling timely
maintenance interventions and life-cycle cost optimization.

Computational models further aid in understanding and predicting corrosion behavior under various exposure
scenarios. Finite element models simulate the progression of corrosion-induced cracking, bond degradation,
and loss of load-bearing capacity, while phase-field and chemo-mechanical models offer insight into localized
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corrosion and non-uniform chloride attack (Korec et al., 2023; Grassl& Davies, 2011). These predictive tools
are essential in the development of performance-based design frameworks for durable infrastructure.

In addition to technical advances, corrosion resistance must be viewed from a sustainability and service-life
perspective. Corrosion leads to massive material and energy consumption for repair and rehabilitation,
contradicting the goals of sustainable development. Thus, enhancing the durability of RC structures through
corrosion-resistant technologies not only extends their lifespan but also reduces environmental impact and
life-cycle costs (Kapadia et al., 2019).

Despite the progress made, several challenges remain. Many corrosion protection systems show reduced
effectiveness over time, especially under harsh environmental conditions or due to improper application.
Moreover, while high-performance materials such as stainless steel reinforcement and advanced coatings offer
superior protection, their cost often limits widespread application (Critical literature review of high-
performance corrosion control, 2009). Field validation of lab-scale innovations is another gap that needs to be
bridged to ensure practical reliability.

Therefore, this review aims to consolidate the current state of knowledge on corrosion resistance in reinforced
concrete structures. It systematically discusses the following key aspects:

. Mechanisms and influencing factors of corrosion in RC.

. Corrosion prevention strategies including inhibitors, coatings, fibers, and alternative binders.
. Monitoring technologies and predictive modelling for corrosion assessment.

. Challenges, limitations, and future directions in corrosion-resistant design and maintenance.

By synthesizing research findings across materials science, structural engineering, and durability modelling,
this paper contributes to a comprehensive understanding of corrosion resistance and offers guidance for
enhancing the longevity and sustainability of concrete infrastructure.

2.0 LITERATURE REVIEW

Agrawal and Malviya (2025) proposed a sustainable solution using geopolymer concrete reinforced with
coconut fibers. Their study showed improved compressive strength, lower water absorption, and enhanced
corrosion resistance due to the dense aluminosilicate matrix and natural fiber bridging.

Sahani et al. (2024) explored corrosion's role in reducing RC lifespan, particularly under harsh environments.
Their review connected material degradation directly with serviceability limits, drawing attention to lifecycle
design as a means of controlling long-term costs.

Fernandez and Neves (2024) extended this understanding by experimentally quantifying how corrosion in
steel fibers affects flexural performance. Their results showed noticeable reductions in ductility and load
capacity once fiber corrosion begins, highlighting the need for protective treatments.

Materials & Structures (2023) provided a summary of accelerated testing and monitoring techniques for
laboratory validation of corrosion performance. This included wet—dry cycling, impressed current tests, and
chloride migration studies.

Buildings (2022) presented a detailed evaluation of corrosion inhibitors in reinforced concrete. Organic,
inorganic, and hybrid inhibitors were examined for performance in field and lab conditions. The authors
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concluded that inhibitor effectiveness is highly context-dependent, with long-term durability requiring
compatibility with concrete composition and exposure conditions.

Gopu and Joseph (2022) reviewed the dual role of fibers—especially steel and synthetic types—in enhancing
both mechanical strength and corrosion resistance. While fibers help in crack control and permeability
reduction, the authors cautioned against using untreated steel fibers in chloride-rich environments.

Su et al. (2022) introduced a novel monitoring method using embedded sensors for real-time corrosion
detection. This approach offers engineers data-driven decision-making tools for preventive maintenance.

Arya and Dhanya (2021) offered a broader view on corrosion control strategies, covering inhibitors,
coatings, cathodic protection, and stainless-steel rebars. Their work serves as a practical guideline for
selecting appropriate protection systems based on environment and budget.

Tang and Wilkinson (2020) investigated corrosion resistance in railway tunnel linings exposed to coastal
moisture. Their work highlighted that corrosion control is not only a material issue but also dependent on
structural exposure and drainage efficiency.

Marcos-Meson et al. (2019) investigated SFRC durability against acid and chloride attack. Their work
suggested that SFRC performs better than plain concrete in most aggressive conditions, especially when
combined with low-permeability mixes.

Kapadia et al. (2019), although focused more broadly on India's renewable energy strategies, indirectly
supported the shift toward sustainable construction materials like geopolymers, given their lower carbon
footprint and reduced steel consumption in corrosion-prone environments.

Dauji (2018) focused on RC structures in marine zones where high salinity accelerates chloride ingress. The
study reviewed the progression of rust-induced cracking and concluded that conventional OPC concrete fails
to offer long-term resistance unless combined with inhibitors or coatings.

Marcos-Meson et al. (2017) echoed similar sentiments, presenting a deep analysis of corrosion in steel fiber-
reinforced concrete (SFRC). Their findings indicated that while crack bridging by fibers reduces ingress,
localized corrosion can initiate at fiber ends if not properly passivated.

Popov (2016) supplemented this understanding with detailed numerical and experimental investigations into
corrosion propagation in concrete. He underscored how localized corrosion not only weakens steel but also
alters the concrete microstructure, affecting its mechanical and transport properties.

Monitoring Corrosion (PLOS ONE, 2014) combined electrochemical tests with X-ray and micro-
tomography to visualize and quantify corrosion progression. This hybrid diagnostic technique allowed spatial
mapping of damage, which is critical for structural integrity assessments.

Almeraya et al. (2012) provided a foundational review of corrosion in reinforced concrete, outlining both
electrochemical and environmental factors influencing steel deterioration. Their work highlighted the primary
mechanisms—chloride ingress and carbonation—and emphasized the resulting structural implications such as
cracking and spalling.
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Critical Literature Review by US DOT (2009) reinforced the role of performance-based specifications in
corrosion control, especially in infrastructure like bridges. It emphasized standardization, long-term data
collection, and system redundancy to ensure sustainability.

Comparative Analysis of Research Works

| Aspect ‘m Key Contributions

Mechanism Almeraya et al. (2012), Popov (2016), and Sahani et al. (2024) clarified initiation and
Understanding |[propagation mechanisms, linking them to structural degradation and lifespan reduction.
Marine/Coastal Dauji (2018) and Tang & Wilkinson (2020) emphasized chloride attack and environmental
Exposure ||control in coastal/marine structures.

Arya &Dhanya (2021) and Buildings (2022) reviewed inhibitors, coatings, and design

Protection Strategies ||practices, while the US DOT (2009) stressed performance-based approaches.

Fiber-Reinforced _ Gopu& Joseph (2022), Marcos-Meson et al. (2017, 2019), and Fernandez&Neves (2024)
Concrete |lexplored FRC’s benefits and corrosion vulnerability, especially in chloride zones.
Alternative Binders Agrawal & Malviya (2025) demonstrated sustainable, corrosion-resistant concrete using
(Geopolymers) ||natural fibers and geopolymer matrices.

Monitoring Su et al. (2022), PLOS ONE (2014), and Materials & Structures (2023) advanced real-time,
Technologies ||visual, and accelerated assessment methods.

3.0 CONCLUSIONS

Corrosion resistance in reinforced concrete structures remains a central concern in civil infrastructure,
affecting long-term durability, safety, and maintenance costs. This review has synthesized current knowledge
across multiple domains—corrosion science, materials engineering, monitoring technologies, and
sustainability. The following conclusions can be drawn:

1. Mechanisms and Influencing Factors: Corrosion in RC is predominantly initiated by chloride
ingress and carbonation, with environmental exposure, concrete quality, and cover thickness playing major
roles in determining susceptibility.

2. Mitigation Strategies: Corrosion inhibitors and surface coatings provide valuable short-to-medium
term protection, but their effectiveness is often limited by environmental compatibility and durability. Fiber-
reinforced concretes, particularly with steel and synthetic fibers, enhance crack resistance but require careful
consideration of corrosion potential at fiber ends.

3. Innovative Materials: Geopolymer concrete reinforced with natural fibers such as coconut fiber
presents a sustainable and corrosion-resistant alternative to traditional OPC concrete. These materials reduce
permeability and delay corrosion onset.

4. Monitoring and Diagnostics: Recent advances in embedded sensors, tomography, and
electrochemical monitoring allow for early detection and real-time assessment of corrosion activity, offering
significant advantages in maintenance planning and lifecycle management.

5. Sustainability and Service Life: Long-term corrosion control strategies must align with sustainable
construction practices. Performance-based standards and life-cycle analysis are critical for future-proofing
infrastructure.

Recommendations for Future Research

. Greater emphasis should be placed on field validation of lab-scale protective systems.
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. Long-term performance studies are needed for fiber-reinforced and geopolymer concretes in diverse
climatic zones.

. Integration of smart sensing systems into routine structural health monitoring frameworks should be
explored.

. Cross-disciplinary collaboration is essential to develop comprehensive, cost-effective, and scalable
corrosion resistance solutions.

In conclusion, addressing corrosion in reinforced concrete requires a multifaceted approach involving
materials innovation, intelligent monitoring, and sustainable design practices. The integration of these
strategies is vital for achieving resilient and durable infrastructure in the face of growing environmental and
economic challenges.
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