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ABSTRACT
This paper from recent review of literature delves into the significance

of reinforced concrete in infrastructure development, lauding its
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Federal University of Nigeria's coastal regions. Factors such as chloride ions, harsh

strength, durability, and versatility. The attention then shifts to the

corrosion challenges confronting reinforced concrete structures in

Technology, Akure. environments, and diverse corrosion mechanisms are scrutinized, with

exploration of mitigation strategies including inhibitors, coatings, and

cathodic protection. Non-destructive testing methods are emphasized for corrosion detection.
The discussion underscores the critical imperative for effective monitoring and mitigation in
Nigeria, emphasizing environmental and climatic factors influencing corrosion in reinforced
concrete structures. The paper also investigates the multifaceted impact of material-related
factors on concrete corrosion, stressing the importance of concrete quality, steel composition,
and environmental conditions. Economic repercussions are explored, emphasizing the
substantial costs of corrosion-induced maintenance. Various prevention and mitigation
strategies, such as corrosion-resistant materials and innovative concrete designs, are
examined. Overall, the study emphasizes the urgent need for comprehensive approaches to
ensure the longevity and resilience of reinforced concrete infrastructure, particularly in

coastal regions.
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INTRODUCTION

Nations the world over invest heavily in infrastructure projects in hopes of strengthening
economic activities, ease the business environment and recoup the investments. Infrastructure
project is expected to not be a source of concern in both the short and long term when it
comes to the recurrent budgets of nations. Consequently, careful selection of materials on the
basis of mechanical performance and durability is undertaken. Against this background,
reinforced concrete has remained an indisputably and almost irreplaceable construction
material as a result of the benefits it affords in the area of infrastructure development.
Reinforced concrete material is a composite that by composite action integrate the tensile
capacity of steel with the compressive strength and durability of concrete.®® Hence, the
resultant composite material is one able to resist induced stresses over a long period of time
without noticeable deformation. Where structural integrity is extremely desirable, the
capability of reinforced concrete for high load bearing capacity and remarkable strength is
employed.®? This property makes it suitable for a wide array of applications such as
buildings of both residential and commercial use, civil structures such as dams and bridges,
military infrastructure such as shooting range as well as under-water construction and any

type of structure susceptible to large dynamic and static load and temperature variations.[*®!

Quite apart from strength, reinforced concrete structures are durable. Their durability is partly
accounted for by the alkalinity of concrete itself which protects the rebar from adverse
environmental conditions such as corrosion.® The concrete, where it is very dense acts as a
barrier to protect the rebar from ingress of aggressive chemicals, moisture and such
conditions that make oxidation of the bars possible to cause a breakdown of the structure over
time.[® Hence, the relatively high density of concrete as a result of its compactness makes it
suitable for long term use in diverse environmental conditions including corrosive soils and
marine environment.'"*®¥ Furthermore, flexibility of architectural forms to aid design in any
geometrical form from elementary to complex makes concrete a versatile construction
material. Both as precast and in situ construction, concrete in the initial fresh state not only
allows for geometrical flexibility in design but also dimensional freedom to have long
spanning structural elements with limitless possibilities in depth as well.®* The flexibility in
shape and dimension has the advantages in terms of allowing the engineer to utilizing the
added strength afforded by the property of geometry to increase the load carrying capacity of

reinforced concrete structural elements.
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Moreover, the initial cost which may be at the inception of reinforced concrete structures is
compensated for by the long-term minimal maintenance requirements.*® This fact is evident
in the recent drive of the federal government towards reinforced concrete materials for
adoption as road pavements because of the longevity it affords and the consequent long-term
savings. Hence, reinforced concrete structures are desirable as the choice material for
infrastructure projects because of the life cycle cost. Therefore, from the perspective of the
overall life cycle cost, it is an inexpensive material.®® Therefore, reinforced concrete is seen
to be one ubiquitous construction material owing to its strength, durability, flexibility for
geometry and limitless dimension as well as cost effectiveness especially in the long-term.
Hence, it is customary to find many applications in buildings, roads, dams, bridges and

complex and important engineering structures.

Reinforced Concrete in Infrastructure: Strength, Durability, and Coastal Challenges

In spite of the benefits of reinforced concrete, corrosion challenges in reinforced concrete
structures along Nigeria's coastal region are a significant concern due to the harsh coastal
environment and the presence of chloride ions from seawater.!?>1%8 The corrosion of steel
reinforcement in concrete structures is a major durability issue that can lead to structural
failure [101132116.129115] The nhenetration of chloride ions into the concrete causes the corrosion
of the steel reinforcing bars, which weakens the structures and reduces their service life.lX%62
The corrosion damage in reinforced concrete structures is influenced by factors such as load,

fatigue, and non-uniform corrosion of reinforcements,[10%132116:129]

To address the corrosion challenges in reinforced concrete structures, various approaches
have been explored. These include the use of corrosion inhibitors, repairing processes,
coatings, and cathodic protection.”® Corrosion inhibitors can enhance the strength,
durability, and microstructure of coastal concrete structures.l®®! Repairing processes and
coatings can help prevent concrete corrosion damage, with a focus on performance in coastal
and corrosive environments.l®®! Cathodic protection, such as impressed current cathodic

protection, can be used to mitigate the corrosion of steel reinforcement in RC columns.

In addition to corrosion, the harsh coastal environment can also lead to other forms of
deterioration in reinforced concrete structures. Freeze-thaw cycles and seawater corrosion,
combined with seismic activity, can cause significant damage to structures in cold coastal
seismic regions.'™¥) The cyclic response of reinforced concrete members subjected to
artificial chloride-induced corrosion has been studied, highlighting the continuous
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deterioration of RC elements due to aggressive environmental factors. The cracking of the
concrete protective layer caused by non-uniform corrosion of reinforcements is another
concern that needs to be analyzed.*?! To detect and assess corrosion in reinforced concrete
structures, non-destructive testing methods such as ultrasonic guided wave leakage (UGWL)
and half-cell potential methods have been used.''® UGWL has shown promise in detecting
the onset of corrosion and delamination between rebar and concrete.!*”

Highlighting corrosion challenges in reinforced concrete structures in coastal regions
To address the corrosion challenges in reinforced concrete structures in Nigeria's coastal
regions, it is important to understand the impact of corrosion on these structures. The
durability of reinforced concrete structures in coastal areas is a major concern due to the high
corrosive nature of these environments.®” The corrosion of reinforcing steel in concrete,
often caused by the penetration of chlorides from marine environments, is a significant factor
contributing to the deterioration of these structures.®™ Exposure to seawater erosion and the
presence of chloride ions in concrete can lead to reinforcement corrosion, further
exacerbating the challenges faced in coastal regions.®? Similarly, pitting attack has been
identified as the primary form of corrosion for materials in coastal sites, emphasizing the
aggressive nature of corrosion in these regions.™**! Also, the impact of stray currents on the
corrosion of reinforced concrete structures as well has been noted, with studies reporting that
stray currents can accelerate corrosion of reinforcement in concrete, posing additional
challenges in coastal areas.**!

In addressing these challenges, the use of corrosion inhibitors and self-healing coatings has
been proposed as potential solutions. Corrosion inhibitors are widely used to prevent
chloride-induced corrosion in reinforced concrete structures, although further understanding
of their interaction mechanisms with the passive film on steel is required.””? Additionally,
self-healing coatings, despite their advantages, face challenges similar to other corrosion
protection methods, highlighting the need for comprehensive solutions to combat corrosion in
coastal regions.™*¥! Failed concrete structures in Nigeria are often attributed to the corrosion of
reinforcing steel used in these structures. The corrosion of reinforcing steel leads to severe
damage in various concrete structures, including bridges, buildings, and water facilities. Post-
tensioned concrete structures have also experienced failures due to the rupture of tendons
caused by corrosion, sometimes resulting in catastrophic consequences.!! Statistics have

indicated that over 40% of structure failures are due to the corrosion of reinforcement,
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emphasizing the significant impact of corrosion on concrete structures in Nigeria.[*”
Furthermore, reports and literature have highlighted the common occurrences of failures due
to corrosion degradation of structures in aggressive environments, particularly in coastal
areas.’! These cases of failed concrete structures underscore the primacy for effective
corrosion monitoring and mitigation strategies in Nigeria. Understanding the corrosion
behavior of reinforcing steel and implementing measures to prevent and address corrosion in
concrete structures is essential to ensure the durability and safety of infrastructure in the

country.

Corrosion of reinforced concrete

Reinforced concrete structures are susceptible to corrosion of the embedded steel
reinforcement, which can compromise their functional and structural properties. Corrosion of
reinforcement can lead to concrete cracking, reduced bond between reinforcement and
concrete, and corrosion penetration at the reinforcement surface, ultimately affecting the
durability of the structure.®™ The corrosion products resulting from the corrosion of steel
reinforcement can cause the protective layer of concrete to crack or spall, further reducing the
structure's durability.? Additionally, corrosion can lead to a decrease in the load and yield
deflection of reinforced concrete beams, ultimately affecting their mechanical properties.l’”
The corrosion of reinforcement in concrete is an electrochemical process, and the use of
corrosion inhibitors has been studied as a practical method for corrosion control in reinforced
concrete due to its ease of operation and low cost.® Furthermore, the addition of micro-
fibers to concrete has been shown to improve the protective properties of the concrete cover,

potentially reducing the corrosion of reinforcement bars in reinforced concrete elements.!*"!

Definition and Types of corrosion on reinforced concrete structures

To understand the types of corrosion in reinforced concrete structures, it is essential to
consider the various factors that contribute to this phenomenon. The corrosion of reinforcing
steel in concrete is a significant issue that affects the durability and structural integrity of
concrete structures.™? The corrosion process occurs due to the difference in the concentration
of dissolved ions inside the concrete, leading to the formation of electrochemical potential
cells or corrosion cells, characterized by a flow of electrons and ions between the cathodic
and anodic regions.”® This corrosion can be caused by various factors such as chloride-
induced corrosion, carbonation corrosion, stray current, and biocorrosion.?*234641 Chioride-

induced corrosion is a common cause of deterioration in reinforced concrete structures,
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particularly in marine environments, where the penetration of chlorides into the concrete
leads to the corrosion of the reinforcement.®™ Additionally, carbonation corrosion occurs
when carbon dioxide penetrates the concrete, reducing its protective properties and increasing
the risk of reinforcement corrosion.l*! Stray current and biocorrosion also contribute to the
acceleration of reinforcement corrosion in concrete structures, leading to further
deterioration.[*?* 4®!

There are different types of techniques that can be used to induce corrosion in reinforcement,
including natural corrosion, accelerated corrosion, and simulated corrosion.® The impact of
corrosion on the ductility and residual capacity of reinforcing bars is well-documented, with
corrosion leading to the development of corrosion pits on the reinforcement surface, which
can increase in number and size over time, ultimately affecting the structural integrity of the
concrete.®™ Furthermore, the use of corrosion inhibitors has been studied as a method to
prevent and mitigate corrosion in reinforced concrete structures. While corrosion inhibitors
are widely used to prevent chloride-induced corrosion, their interaction mechanisms with the
passive film present on steel still require deeper understanding.’?”*% Additionally, the actual
service life of reinforced concrete structures depends on various factors, including

environmental erosion, material quality, design quality, and corrosion resistance.*?

Corrosion mechanisms in reinforced concrete structures

Corrosion in reinforced concrete structures is a complex phenomenon influenced by various
factors. The presence of cracks in concrete has been shown to increase penetrability, allowing
corrosion agents such as oxygen, moisture, and chlorides to ingress into the concrete and
reach the reinforcing steel.®®) The effect of corrosion on the mechanical properties of
reinforced concrete beams has been studied, revealing that while corrosion has minimal
impact on the elastic stage and cracking load, it significantly reduces the overall load and
yield deflection, with a linear correlation to the corrosion rate.’”! Additionally, the use of
corrosion inhibitors in concrete to prevent chloride-induced corrosion is a widely adopted
practice, although the interaction mechanisms of these inhibitors with the passive film on
steel require further understanding.*”?

Furthermore, the addition of inhibitors to concrete, such as potassium dichromate and
potassium chromate, has been explored as a means of protecting reinforced steel from
corrosion.®  Additionally, the use of modified hydrotalcites as smart additives for
anticorrosion applications in reinforced concrete has been investigated, emphasizing the
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importance of understanding the corrosion mechanisms and concrete properties that affect
reinforcement corrosion.™®* Moreover, the penetration of chlorides, often from exposure to
marine environments, is highlighted as a major factor causing the corrosion of reinforcing

steel in concrete structures.!

Corrosion inhibitors are considered practical methods for controlling corrosion in reinforced
concrete due to their ease of operation and low cost.”®! The corrosion of reinforcement in
concrete can lead to significant deterioration mechanisms, such as de-passivation of the steel
due to carbonation or chloride attack, resulting in rapid steel corrosion and reduced structural
durability.?®”) The importance of understanding the effect of corrosion on the construction
performance and service life of reinforced concrete structures is emphasized, as corrosion can
cause significant losses in energy damping capacities and reduce the bearing capacity and
durability of the structures. 6"

Factors influencing corrosion of reinforced concrete structures

Factors influencing corrosion in concrete structures are multifaceted and encompass various
aspects. The penetration of corrosion-inducing agents, such as chloride ions and carbon
dioxide, is known to increase at the sites of cracks, further exacerbating corrosion.*!
Additionally, the increase in corrosion degree leads to a decrease in the elastic moduli of
concrete due to the expansion of corrosion products.™**! The nature and amount of corrosion
products, as well as the bond between corroded reinforcement and concrete, are influenced by
different conditions, affecting the intensity and distribution of corrosion penetration at the
reinforcement surface.’®®! Moreover, the use of corrosion inhibitors has been investigated to
enhance the strength, durability, and microstructure of concrete structures.®® The influence
of factors such as the diameter of corner rebars and the thickness of the cover on corrosion
expansion cracks has been studied using a 3D meso-scale model of concrete.[*”
Furthermore, the influence of sustained loading and corrosion on the performance of
reinforced concrete beams has been explored.*” The volume expansion of reinforcement
corrosion products causes the protective layer of concrete to crack or spall, thereby reducing
the structure's durability.** Non-uniform corrosion of steel bars has been identified as a
significant factor affecting the durability of concrete.®® Additionally, in nondestructive test
methods for steel corrosion in concrete, factors such as the depth of the concrete layer, the
diameter of the steel bar, and the concrete's humidity can influence the thermal properties of

the steel bar. The influence of sulphate corrosion on the mechanical behaviors of concrete,
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especially under actual corrosion environments, has been investigated.!**? Cracks in concrete
structures accelerate the ingress of corrosive agents to the embedded steel, thereby
influencing the durability of reinforced concrete structures in aggressive environments. !
Environmental Factors That Drive Corrosion in Concrete Structures

The corrosion of reinforced concrete structures is influenced by various environmental
factorsi*?! highlighted the impact of stray currents and water-saturated environments on the
accelerated corrosion of reinforcement in concrete.'*®! The influence of carbonation on the
resistance of concrete structures to chloride penetration and corrosion is apparent.
Furthermore,!®! discussed the impact of non-longitudinal cracks and marine environments
on reinforced concrete structures, emphasizing the analysis of corrosion in such cracks!%°%
also pointed out that environmental conditions such as humidity, moisture movement, and the
grade of concrete affect the propagation of corrosion in reinforced concrete.l'*
Moreover, 1 discussed the impact of corrosion on the protective layer of concrete, leading
to cracking and reduced durability of the structure.**1 Additionally,™ highlighted the
challenges posed by stray current-induced corrosion in reinforced concrete, including the
potential for concrete cracking, spalling, and delamination, ultimately leading to structural
failure.'™™ These references collectively emphasize the significant impact of environmental
factors such as stray currents, carbonation, and cracks on the corrosion of reinforced concrete

structures.

The corrosion of concrete is influenced by various environmental factors such as salinity,
temperature, and humidity. Research has shown that these factors play a significant role in
the corrosion process of concrete structures. For instance, the exposure period, H2S
concentration, relative humidity, and air temperature were controlled at different levels in
corrosion chambers, demonstrating the long-term effects of these factors on concrete sewer
corrosion.*? Additionally, the ohmic resistance of the electrolytical coupling significantly
decelerates or hinders the corrosion process in "healthy" concrete with a relative humidity
below 65%.1% Furthermore, the erosion effect of chloride ions from marine, deicing salt,
saline-alkali land, and industrial environments causes rebar corrosion in concrete,

significantly affecting the durability of concrete structures.™

Moreover, concrete carbonation in the concrete cover, influenced by changes in ambient
temperature and humidity, results from the impact of carbon dioxide in the air, further
affecting the corrosion process.®™ Relative humidity has been found to have a considerable
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effect on the corrosion behavior of concrete structures at both the initiation and propagation
phases.'”? Additionally, excessive internal humidity can lead to the dominance of microcell
corrosion due to the large resistivity of concrete, while microcell corrosion becomes

dominant at very high relative humidity levels.[**”

Furthermore, humidity plays a
fundamental role in the conversion of hydrogen sulfide into sulfuric acid during the corrosion

of concrete in gravity sewers, and minor reductions in humidity can reduce corrosion rates.™

Temperature also plays a crucial role in the corrosion process, as it influences the
deterioration process of chloride-induced corrosion in reinforced concrete.®”) Salinity
concentration serves as a good indicator for diagnosing and monitoring the corrosion of
concrete structures, as it is closely related to the strength of the concrete paste.*
Additionally, the performance of concrete substantially deteriorates when exposed to saline
soil environments containing high concentrations of corrosive ions.*?! Furthermore, the
corrosion mechanism of concrete structures caused by dew condensation inside cavern walls
is influenced by daily temperature and humidity environment changes, wind speed, and

ventilation conditions.[**"!

Material-related factors and their effect on corrosion of concrete

To understand the effect of material-related factors such as the quality of concrete and the
composition of reinforcing steel on the corrosion of concrete, it is essential to consider
various aspects. Previous studies have shown that the presence of cracks increases concrete
penetrability and hence ingress of corrosion agents (oxygen, moisture, and chlorides) into
concrete to the reinforcing steel.®® The corrosion morphology has an important effect on the
mechanical properties of the reinforcing steel bars.®® Besides the integrity between steel bars
and concrete cover, the quality of concrete cover and variations in chloride ion concentrations
are significant factors contributing to microcell corrosion formation.””! The data strongly
suggest that concretes made with limestone or non-reactive dolomite aggregates or
sufficiently high levels of other forms of calcium carbonates have favorable reinforcement
corrosion properties.®® Observations of numerous structures show that corrosion of
reinforcing steels is either a prime factor or at least an important factor contributing to
staining, cracking, and/or spalling of concrete structures.® Additional impact of the
aggressive environment results in an even greater increase in the material porosity,
intensification of diffusion processes in the body of concrete and, as a consequence,

stimulation of corrosion destruction in general.®® Corrosion of steel bars in concrete has
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become one of the predominant factors leading to performance degradation of concrete
structures. Sulfate corrosion is one of the most important factors responsible for the
performance degradation of concrete materials.***! The presence of cracks is unavoidable in
reinforced concrete structures and also a gateway for chloride into concrete, leading to
corrosion of steel reinforcing bars.[®8 The aim of this paper is to describe the coupled effects
of chloride ingress and static loading on the evolution of corrosion of steel reinforcement in
concrete.l*?] The degrading effects of corrosion on the structural response of reinforced
concrete beams have been simulated considering factors such as the reduction of the cross-
sectional area of steel, change in steel and concrete material properties, and bond
deterioration.’® The effect of cracking on corrosion may vary depending on concrete quality,
concrete resistivity, crack width, crack density, crack self-healing, and crack orientation.®®! In
this work, the effect of Mo addition on pitting corrosion properties of austenitic, ferritic, and
duplex stainless steels is discussed.[®® On the other hand, a review of practical experience
shows that what has been termed chloride-induced reinforcement corrosion often is not that at
all, but is the end-product of factors that impair the protective nature of the concrete.l® The
penetration rates of corrosion factors, such as carbon dioxide, chloride ions, oxygen, and
water, through cracks in concrete surfaces are higher than through sound concrete surfaces,
causing macroscopic nonuniformity in concrete covering reinforcing steel, thereby causing
microcell corrosion.’® Due to its high performance against chlorides, compared to
conventional reinforcing steel, Top 12 reinforcing steel provides reliable protection against
corrosion.™ Causes of corrosion are related to the reinforcing steel itself, concrete strength,

concrete materials, and the surrounding environment.®%

Peculiar challenges of Nigeria's coastal region: geographical overview, climate
conditions and corrosion challenges unique to coastal areas

The coastal region of Nigeria faces a myriad of challenges, particularly in relation to
geographical overview, climate conditions, and corrosion unique to coastal areas. The Niger
Delta region, in particular, is highly vulnerable to the impacts of climate change, leading to
concerns such as flooding, windstorms, and sea-level rise.[>? The unique tropical climate of
Nigeria presents two distinct precipitation regimes, with the north experiencing low
precipitation leading to aridity and desertification, while the southwest and southeast face
high precipitation, resulting in large-scale flooding.”! Furthermore, the diurnal and seasonal
variation of surface refractivity over Nigeria is significant, particularly from the coastal

region in the extreme south to the semi-arid region in the extreme north.*Y This variation in
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climatic conditions is further evidenced by the distinct areas in terms of spatial coherence in
the variation of the length of the rainy season between the northern and southern regions of
Nigeria.®” The coastal region's unique climate and geographical characteristics have also led
to specific corrosion challenges. The impact of climate change and anthropogenic factors on
desertification in the semi-arid region of Nigeria has contributed to the corrosion of
infrastructure and environmental degradation.’® Additionally, the bioaccumulation of
hydrocarbons, heavy metals, and minerals in the coastal region of Bayelsa State poses
significant corrosion risks to the local ecosystem.[’

Impact of Corrosion on Reinforced Concrete

Corrosion of reinforced concrete structures has a significant impact on their structural
integrity, load-bearing capacity, and overall performance. The corrosion of steel
reinforcement within concrete leads to various detrimental effects such as crack occurrence
along the reinforcement, reduction in bond strength, and a decrease in steel cross-section.!*”
This corrosion-induced damage results in a reduction in the load-bearing capacity of
reinforced concrete beams, negatively impacting the structural safety and integrity of the
structure.*® Additionally, the corrosion of reinforcement can lead to the cracking and
spalling of concrete, ultimately weakening the bearing capacity and durability of the
structures.®” The corrosion products resulting from the corrosion of steel reinforcement
cause the concrete's protective layer to crack or spall, further reducing the durability of the
concrete structure.'?® Furthermore, the corrosion of reinforcement can lead to a decrease in
the residual capacity of corroded reinforcing bars, affecting the nature of corrosion products
and the bond between the corroded reinforcement and the concrete, as well as the intensity
and distribution of corrosion penetration at the reinforcement surface.’®**!) The corrosion-
induced damage also results in a decrease in the residual bearing capacity of reinforced
concrete columns under impact load, further compromising the structural performance of the
columns."%! Moreover, the corrosion of reinforcement coupled with sustained load increases
the number and width of cracks in beams while decreasing their loading capacities.™ It is
evident that corrosion has a profound and multifaceted impact on the structural integrity,

load-bearing capacity, and durability of reinforced concrete structures.
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Economic implications of corrosion on concrete maintenance, repair costs and lifespan
reduction

The economic implications of corrosion on concrete maintenance, repair costs, and lifespan
reduction are significant and have been widely studied in the literature. Corrosion of steel
bars embedded in reinforced concrete (RC) structures reduces the service life and durability
of structures, leading to early failure and significant costs for inspection and maintenance.[*'4
The issue of chloride-induced corrosion of reinforced concrete is a serious problem affecting
infrastructure globally and causing huge economic losses./*¥ The corrosion of reinforcement
caused by chloride ingress significantly reduces the length of the service life of reinforced
concrete structures.*?®! Furthermore, chloride-induced corrosion of reinforcing steel in
concrete structures is one of the most important durability problems associated with this

material.["’]

Several preventive strategies have been proposed to mitigate the economic impact of
corrosion on concrete structures. For instance, the use of concrete with 10% silica fume has
been shown to be the most effective prevention strategy against corrosion of reinforcement
steel in economic terms, reducing the life cycle costs of the original deck design by 76%.
Additionally, self-repairing concrete, such as biomimetic self-healing cementitious
construction materials, offers advantages such as diminished deterioration rate, prolonged use
life, decreased frequency, and low cost of repair over the lifespan of a concrete
infrastructure.[*®” Biogenic crack repair, such as the application of microbial CaCO3 for self-
healing of concrete cracks, is a possible solution to reduce the high maintenance and repair
costs of concrete infrastructures. Moreover, bio-based concrete may have a slight increase in
initial cost, but it significantly decreases repair and replacement costs over the lifetime of a

building, leading to potentially greater economic benefits over the life cycle.m

Corrosion Prevention and Mitigation Strategies in reinforced concrete

To prevent and mitigate corrosion in reinforced concrete structures, various strategies and
techniques have been proposed and studied. One approach is to design high-quality concrete
with a proper cover and a good mixture proportion to delay the occurrence of corrosion.®®!
Corrosion inhibitors are commonly used to prevent chloride-induced corrosion in reinforced
concrete structures, but a deeper understanding of their interaction mechanisms with the
passive film present on steel is still required.’”? Additionally, the addition of Mo alloying to

stainless steels used as concrete reinforcement can influence pitting corrosion, especially in
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chloride-contaminated environments and carbonated concrete covers.®® Corrosion of
reinforcement is widely recognized as the primary cause of degradation in reinforced
concrete structures exposed to aggressive environments.**®!

Furthermore, the use of modified hydrotalcites as a smart additive for reinforced concrete has
gained academic and commercial interest, but there is a need for more studies focusing on
their potential applications in corrosion protection of reinforced concrete structures.***!
Additionally, the enhancement of alkali-activated slag cement concretes' crack resistance has
been proposed as a method for mitigating steel reinforcement corrosion.*” Surface applied
corrosion inhibitors (SACI) are also widely used to mitigate the corrosion process of steel
reinforcement in concrete.”® Moreover, the use of corrosion inhibitors during concrete
preparation is becoming a common practice to inhibit reinforcing steel corrosion from
chlorides.®!

In addition to corrosion inhibitors, the use of epoxy-coated bars as a corrosion control method
in reinforced concrete bars has been studied and applied.®” Furthermore, strategies focused
on improving the crack resistance of concrete, such as the use of hybrid fiber reinforcement,
have been proposed to improve the long-term durability of reinforced concrete.l’*! Finally, the
corrosion of reinforcement reduces the serviceability and safety performance of reinforced
concrete, emphasizing the critical importance of effective corrosion prevention and

mitigation strategies.'*!

Material selection, design considerations and Corrosion-resistant materials as a strategy
for corrosion control in reinforced concrete structures

To address the issue of corrosion control in reinforced concrete structures, various strategies
and materials have been investigated. The use of corrosion-resistant materials, such as
polyvinyl alcohol fiber reinforced geopolymer concrete (PVAFRGC) (Al-Majidi et al., 2018),
stainless steel reinforcement!®”, and fiber-reinforced plastic barsi®®, has been shown to
significantly reduce corrosion damage and improve the durability of reinforced concrete
structures. Additionally, the application of corrosion inhibitors has been identified as an
efficient method for protecting reinforcement against corrosion, offering easy application,
excellent corrosion resistance, and low cost.***4% Furthermore, hybrid fiber-reinforced
concrete (HyFRC) has been proposed as a strategy for resisting damage caused by corrosive

environments through multi-scale crack control.[’™!

WWW.Wjert.org ISO 9001: 2015 Certified Journal 121



http://www.wjert.org/

Ekundayo et al. World Journal of Engineering Research and Technology

In terms of design considerations, it has been highlighted that the reduction of bearing
capacity and operational durability of reinforced concrete structures due to corrosion can lead
to non-compliance with safety requirements and the limiting state at design loads.!*"
Moreover, the corrosion of reinforcement can impede the structural integrity of concrete
structures by reducing their flexural, shear, and axial strength, making them structurally
weak.!*d

The assessment of corrosion and its impact on the mechanical capacity of reinforced concrete
structures has been a subject of study. Research has proposed mechanical models that
combine the effects of corrosion on reinforcement and concrete, as well as steel material
nonlinear responses, to predict the loss of resistance in reinforced concrete beams over
time.[® Additionally, the investigation of the residual capacity of corroded reinforcing bars
has provided insights into the mechanism of the reduction of the capacity of corroded
reinforcement, considering accelerated and simulated corrosion tests on bare bars and bars
embedded in concrete.*”!

Furthermore, the use of advanced methods for detecting corroding areas in reinforced
concrete structures, such as electrochemical techniques, has been emphasized as a means to
map structures and estimate the rate of corrosion of reinforcement.’® Additionally, the
monitoring of reinforcement corrosion in concretes designed for nuclear facilities has been
addressed through the implementation of non-destructive techniques to measure electrical
resistivity of concrete, corrosion potential, and corrosion rate of reinforcement.[*'?
Furthermore, prevention of corrosion can be achieved in the design phase by using high-

quality concrete and adequate cover.[*®!

Reinforced concrete infrastructure in coastal regions is particularly susceptible to corrosion
due to exposure to aggressive external factors such as seawater and salt-laden air [93]. The
corrosion of traditional steel rebars in coastal reinforced concrete structures poses significant
durability and cost issues, leading to the need for substantial funds for rehabilitation and
repairs.**"® This has prompted the exploration of alternative reinforcement materials such as
glass-fiber-reinforced plastic (GFRP) rebars, which have shown promise in withstanding the
highly alkaline and corrosive coastal environment.®*" Additionally, the use of intelligent
regulation of microcapsules in concrete has been investigated as a means to mitigate the
corrosion of reinforcing bars in marine concrete infrastructure projects.*® Furthermore, the

development of new types of shell precast concrete blocks, incorporating high-performance

WWW.Wjert.org ISO 9001: 2015 Certified Journal 122



http://www.wjert.org/

Ekundayo et al. World Journal of Engineering Research and Technology

glass fiber-reinforced concrete (HPGFRC), has been proposed as a potential solution for

enhancing the mechanical performance and service life of coastal protection structures.?

The sustainability and long-term durability of marine reinforced concrete structures are
critical considerations, emphasizing the need for effective government initiatives to address
corrosion protection in these environments.® It is evident that the challenges posed by
corrosion in coastal regions necessitate comprehensive strategies and interventions to ensure

the longevity and resilience of reinforced concrete infrastructure.

CONCLUSION AND RECOMMENDATIONS

In conclusion, the deterioration of reinforcing steel has become a significant element in the
safety or otherwise of concrete buildings in Nigeria, affecting various types of construction
and causing significant consequences. A comprehensive plan that includes wide-ranging
strategies to mitigate corrosion and guarantee the long-term integrity of concrete structures
across the country is necessary to properly address these concerns. This calls for an advanced
understanding of corrosion mechanisms, their effects on the characteristics of concrete, and
the application of workable mitigation strategies, such as improved concrete cover and

corrosion inhibitors.

Furthermore, the complexities of corrosion, which are impacted by several elements such
carbonation corrosion, stray current corrosion, chloride-induced corrosion, and biocorrosion,
highlight how difficult it is to protect reinforced concrete structures. Additionally, salinity,
temperature, and humidity are environmental factors that greatly contribute to corrosion
processes at different times, having a significant impact on how long concrete constructions
last. Through the process of dissecting these mechanisms, techniques that are both corrosion-
resistant and enhance the durability and functionality of reinforced concrete structures can be
developed. The coastal region of Nigeria presents distinct issues arising from geographical
and climatic factors, in addition to particular corrosion concerns. As a result, corrosion-
related maintenance, repair expenses, and reduced lifetime significantly impact the economy.
However, new materials and proactive measures present a viable way to mitigate these effects

and, in the end, lower the financial cost of corrosion in concrete buildings.

Recommendations

From the above, the following suggestions are put forth
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1. creating and executing a thorough national strategy that includes a variety of techniques for
successfully reducing corrosion in reinforced concrete structures. This should involve studies
into the creation of materials resistant to corrosion, efforts to comprehend corrosion
mechanisms better, and the implementation of workable mitigation techniques like

strengthened concrete covers and corrosion inhibitors.

2. Advanced studies to deepen understanding : Invest in cutting-edge research to improve the
understanding of the intricacies of corrosion, taking into account a variety of elements such
as biocorrosion, stray current corrosion, carbonation corrosion, and corrosion generated by
chloride Investigating these mechanisms should be the main goal of such advanced studies in
order to create corrosion-resistant methods that safeguard and improve the robustness and

functionality of reinforced concrete buildings.

3. Develop coastal region-specific solutions: Comprehend the impacts of environmental
aspects and recognize the particular difficulties that Nigeria's coastal region faces, accounting
for issues with geography, climate, and corrosion. Develop mitigation techniques that are
tailored to the unique problems of this area, taking into account elements like elevated
salinity, exposure to seawater, and higher susceptibility to corrosion.

4. Encourage materials resistant to corrosion: Promote the use of materials resistant to
corrosion in building projects, especially those located near the shore. This can entail
providing incentives for the use of cutting-edge materials that have exceptional corrosion

resistance, thereby lowering the frequency of upkeep and repairs.

5. Proactive maintenance and inspection: To detect corrosion problems early on and take
action before they worsen, implement proactive maintenance and inspection programs for
reinforced concrete structures. When combined with non-destructive testing techniques,
routine inspections can maintain the integrity of reinforced concrete structures over their

entire life span.
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