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Abstract: The corrosion of steel rebars is a prevalent factor leading to the diminished durability of
reinforced concrete structures, posing a significant challenge to the safety of structural engineering.
To tackle this issue, extensive research has been conducted, yielding a variety of theoretical insights
and remedial measures. This review paper offers an exhaustive analysis of the passivation processes
and corrosion mechanisms affecting steel rebars in reinforced concrete. It identifies key factors
such as chloride ion penetration and concrete carbonization that primarily influence rebar corrosion.
Furthermore, this paper discusses a suite of strategies designed to enhance the longevity of reinforced
concrete structures. These include improving the concrete protective layer’s quality and bolstering
the rebars’ corrosion resistance. As corrosion testing is essential for evaluating steel rebars’ resistance,
this paper also details natural and accelerated corrosion testing methods applicable to rebars in
concrete environments. Additionally, this paper deeply presents an exploration of the use of X-ray
computed tomography (X-CT) technology for analyzing the corrosion byproducts and the interface
characteristics of steel bars. Recognizing the close relationship between steel bar corrosion research
and microstructural properties, this paper highlights the pivotal role of X-CT in advancing this
field of study. In conclusion, this paper synthesizes the current state of knowledge and provides a
prospective outlook on future research directions on the corrosion of steel rebars within reinforced
concrete structures.

Keywords: reinforced concrete; corrosion of rebar; X-CT technology; investigation methods

1. Introduction

Reinforced concrete structures have the advantages of low cost, simple construction,
and convenient material acquisition, making them widely used in construction engineer-
ing [1]. Despite the emergence of new building materials and structural forms, concrete
structures still hold an irreplaceable position in construction engineering such as concrete
frame structures for residential, industrial, and other types of buildings including high-
rises, bridges, and airport terminals. However, the durability of a material or a structure
is a critical factor. The lifespan of materials should be prolonged for two reasons: one
economic and the other being sustainable motivations and preventing premature failure.

The durability of concrete structures is affected by various factors, particularly steel
corrosion and aggregate reaction stress, weathering, freeze–thaw cycling, etc. Of these, the
corrosion of steel rebars can result in cracks or even detachment in concrete, significantly
diminishing the service life of concrete structures [2–6]. Within the marine climate, chloride
and other corrosive agents persistently assault the concrete structure, leading to its gradual
degradation. This relentless erosion accelerates the corrosion process of steel reinforcement
bars. Consequently, this ultimately results in the deterioration of the durability of rein-
forced concrete structures, compromising their structural integrity. This poses a significant
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challenge to the safe and sustained operation, as well as the longevity, of reinforced concrete
structural engineering projects [7,8].

To effectively address this challenge, it is imperative to conduct a thorough investiga-
tion into the corrosion behavior and corrosion control techniques pertaining to steel bars
embedded within concrete [9–12]. In a previous review, we focused on summarizing the
macrocell corrosion mechanism of steel bars in concrete [1]. Presently, a diverse array of
technological approaches has been developed to tackle the issue of steel corrosion and
thereby extend the service life of reinforced concrete structures. Amongst these techniques,
a fundamental approach to enhancing the durability of reinforced concrete involves the
augmentation of the corrosion resistance properties inherent to the steel rebars themselves.
In response to this need, stainless steel reinforcement [13,14], coated reinforcement [15,16],
and alloy corrosion-resistant reinforcement [17,18] have emerged as viable solutions. De-
pending on their inherent strengths and weaknesses, these steel rebars can be selectively
employed in construction projects tailored to specific usage environments and service
lifetimes. The primary advantage of alloyed steel rebars lies in their capacity to fine-tune
their microstructure through the meticulous design of alloy element types and concentra-
tions, thus attaining strength and toughness that adhere to established standards [19–22].
Alloying significantly bolsters the corrosion resistance of steel rebars, while simultaneously
maintaining cost-effective production processes. In this paper, a comprehensive overview
of the diverse passivation and corrosion mechanisms pertaining to steel rebars within
reinforced concrete structures is presented. Furthermore, the pivotal factors that govern
the corrosion of steel rebars within concrete, such as chloride ion ingress and concrete
carbonation, are comprehensively investigated. A diverse array of methodologies aimed at
enhancing the durability of reinforced concrete structures is also introduced, particularly
summarizing the research progress on corrosion-resistant alloy steel rebars. This paper
serves as a valuable resource for researchers delving into the corrosion mechanisms of steel
rebars within concrete structures. Enhancing the durability and prolonging the service
lifespan of reinforced concrete structures holds paramount significance.

2. Passivation and Corrosion Mechanisms of Steel Rebars in Concrete
2.1. Passivation of Steel Rebars in Concrete

The mechanism for the formation of the steel rebar passivation film mainly concerns
the influence of the alkaline environment within the concrete on the surface of the rebar.
Ordinary Portland cement is a key raw material in concrete preparation, characterized
by a high concentration of calcium salts. Following the hydration reaction, a significant
quantity of alkaline substances like calcium hydroxide is generated, leading to a substantial
elevation in the alkalinity of the pore fluid in concrete (typically with a pH value around
12.5) [23–26]. The reaction for forming the passivation film on conventional carbon steel
bars is as outlined below:

8
(
OH−)+ 3Fe → Fe3O4 + 4H2O + 8e− (1)

6
(
OH−)+ 2Fe → Fe2O3 + 3H2O + 6e− (2)

3
(
OH−)+ Fe → FeOOH + H2O + 3e− (3)

The aforementioned reaction equations demonstrate that the high alkalinity of the
concrete pore fluid is essential for the formation of a passivation film on steel rebars and
for creating an environment that preserves the film’s stability. This alkaline environment is
crucial for preventing corrosion. However, the exposure of concrete structures to aggressive
environments, such as marine, saline lake, and saline–alkali soil conditions, introduces
external corrosive agents that infiltrate the concrete’s interior. This infiltration leads to a
dilution of the pore fluid’s alkaline concentration, compromising the protective capacity
of the passivation film. Concurrently, chloride ions, in particular, persistently attack the
steel reinforcement matrix. Their presence initiates the breakdown of the passivation film,
which is instrumental in shielding the steel from corrosion. The continuous erosion by
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chloride ions eventually results in the degradation of this protective layer, leaving the steel
reinforcement susceptible to corrosion.

2.2. Corrosion Process of Steel Rebars in Concrete

To enhance the durability of reinforced concrete structures, it is imperative to delve
deeply into the corrosion mechanisms of the steel reinforcements embedded within the
concrete matrix. The predominant electrochemical mechanism of reinforcement corrosion
can be delineated as follows [27,28]: Subsequent to the disintegration of the passivation
layer, the reinforcement matrix is subjected to an anodic oxidation reaction (4), entailing
electron forfeiture by the anode and its subsequent transmutation into Fe2+. Electrons
traverse to the cathode via the concrete’s pore fluid, engaging in a reduction reaction (5)
with the O2 proximal to the steel reinforcement, culminating in the prolific generation of
(OH−). During the cathodic reaction phase, hydroxyl ions (OH−) interact with ferrous
ions (Fe2+) (6) to facilitate the formation of iron(II) hydroxide (Fe(OH)2). In the presence of
oxygen (O2) and water, the steel reinforcements continuously undergo corrosion reactions
(7) (8), ultimately resulting in the formation of red rust, specifically iron (III) oxide (Fe2O3),
on the surface of the concrete matrix.

Due to the numerous pores present at the interface between steel bars and concrete, rust
continues to accumulate at this interface following the corrosion of the steel bars [29]. As
the thickness of the rust layer gradually increases, the expansion force exerted by the rust at
the steel–concrete interface is induced, leading to the development of rust expansion cracks
within the concrete matrix. The propagation of these cracks is influenced by the mechanical
properties of the concrete, the bond strength between the steel and the concrete, and the
local environmental conditions. Eventually, the rust expansion cracks gradually propagate
towards the surface of the concrete, ultimately resulting in the formation of through cracks,
as illustrated in Figure 1. At this stage, the corrosion process persists, as the existence of
penetrating cracks facilitates the accelerated diffusion of substances, including chloride
ions (Cl−), towards the steel matrix surface, thus intensifying the corrosion process [30].
Chloride ions not only accumulate in the pitting areas during the corrosion process but also
accumulate in the surrounding areas, which further accelerates the corrosion process. As
the corrosion process continues unabated, the structural integrity of the reinforced concrete
is progressively compromised. The expansion and cracking can lead to spalling of the
concrete cover, loss of bond between the steel and the concrete, and a reduction in the
load-carrying capacity of the rebars. Over time, this can result in a significant reduction
in the service life of the reinforced concrete structures and may necessitate costly repairs
or replacements.

Fe → Fe2+ + 2e− (4)

O2 + 2H2O + 4e− → 4
(
OH−) (5)

2
(
OH−)+ Fe2+ → Fe(HO)2 (6)

4Fe(HO)2 + O2 + 2H2O → 4Fe(HO)3 ↓ (7)

2Fe(HO)3 → Fe2O3·H2O + 2H2O (8)

The gradual degradation of the steel–concrete interface precipitates the genesis and
propagation of rust expansion cracks. Multiple theoretical models have been proposed
to elucidate rust cracking emanating from the corrosion of carbon steel rebars within
concrete. These models are founded on investigations that delve into the dynamic evo-
lution characteristics of rust expansion cracks and corrosion byproducts throughout the
rusting process.



Metals 2024, 14, 862 4 of 20

Metals 2024, 14, x FOR PEER REVIEW 4 of 21 
 

 

 
Figure 1. Full-life model of steel bar corrosion in concrete. 

The gradual degradation of the steel–concrete interface precipitates the genesis and 
propagation of rust expansion cracks. Multiple theoretical models have been proposed to 
elucidate rust cracking emanating from the corrosion of carbon steel rebars within con-
crete. These models are founded on investigations that delve into the dynamic evolution 
characteristics of rust expansion cracks and corrosion byproducts throughout the rusting 
process.  

Initially, researchers proposed the three-stage theory of rust cracking [31], which pro-
vides a comprehensive framework for understanding the progression of rust-induced 
damage. This theory categorizes the rust cracking process into three distinct stages: the 
initial unrestricted expansion of corrosion products, the development of tensile stress 
within the protective concrete layer, and the eventual cracking of the concrete cover (as 
depicted in Figure 2a). 

 
Figure 2. Schematic diagram of the three-stage theory (a) and two-stage theory (b) of concrete rust 
cracking. 

More recently, K. Wang and Zhao Yuxi et al. proposed an alternative two-stage the-
ory of rust cracking [32] (as shown in Figure 2b), offering a refined perspective on the rust 
cracking process. The first stage is characterized by the initial blunting of the steel rebar 
and the gradual filling of concrete pores with corrosion products until a stable equilibrium 
is reached. The second stage is marked by a halt in the growth of the corrosion product-
filled concrete pores, while the thickness of the concrete rust layer (CL) continues to ex-
pand, ultimately leading to visible rusting and cracking at the concrete surface.  
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fering views on whether corrosion products simultaneously occupy concrete pores, 

Figure 1. Full-life model of steel bar corrosion in concrete.

Initially, researchers proposed the three-stage theory of rust cracking [31], which
provides a comprehensive framework for understanding the progression of rust-induced
damage. This theory categorizes the rust cracking process into three distinct stages: the
initial unrestricted expansion of corrosion products, the development of tensile stress
within the protective concrete layer, and the eventual cracking of the concrete cover (as
depicted in Figure 2a).
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Figure 2. Schematic diagram of the three-stage theory (a) and two-stage theory (b) of concrete
rust cracking.

More recently, K. Wang and Zhao Yuxi et al. proposed an alternative two-stage theory
of rust cracking [32] (as shown in Figure 2b), offering a refined perspective on the rust
cracking process. The first stage is characterized by the initial blunting of the steel rebar and
the gradual filling of concrete pores with corrosion products until a stable equilibrium is
reached. The second stage is marked by a halt in the growth of the corrosion product-filled
concrete pores, while the thickness of the concrete rust layer (CL) continues to expand,
ultimately leading to visible rusting and cracking at the concrete surface.

The fundamental divergence between the two rust cracking theories lies in their
differing views on whether corrosion products simultaneously occupy concrete pores,
accumulate at the steel–concrete interface, and infiltrate the rust expansion cracks. Under-
standing these dynamics is crucial for predicting and mitigating the effects of rust cracking
in reinforced concrete structures.

The dynamic evolutionary traits of rust expansion cracks and corrosion products hold
paramount significance in the rust cracking process, serving as vital research avenues for
the establishment of reinforced concrete rust cracking models. The aforementioned theories
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provide an explanation for the phenomenon of concrete rust cracking, which is attributed
to the corrosion of carbon steel.

2.3. The Main Factors Affecting the Corrosion of Steel Rebars in Concrete

A range of factors, enumerated in previous studies, exert a significant influence on
the corrosion process of steel bars embedded within concrete [33–35]. These factors can be
broadly categorized into three principal domains: the inherent properties of the steel bars,
the characteristics of the surrounding concrete, and the external environmental factors.
In the subsequent discussion, we shall concentrate on two of the most prominent factors
contributing to steel corrosion: chloride ion erosion and concrete carbonization.

2.3.1. Chloride Ion Erosion

Chloride ions (Cl−) predominantly originate from environments where chloride con-
centrations are elevated, such as marine settings, salt lakes, saline–alkali regions, and
areas affected by road deicing salts. Additionally, the use of seawater and sea sand in the
preparation of concrete specimens or admixtures can introduce chlorides, facilitating the
penetration of Cl− into the steel rebars within the concrete. The rate at which chlorides
diffuse is influenced by several factors, including the permeability and porosity of the
concrete matrix [36].

The corrosion mechanism of Cl− on steel rebars primarily involves the undermining of
passivation films, the establishment of corrosive galvanic cells, and catalytic actions [37–41].
Cl− ions, unlike other anions, selectively adsorb onto the surface of steel rebars, inflicting
damage upon the passivation film. The accumulation of Cl− ions on the rebar surface
leads to a significant reduction in the local concentration of OH− ions, particularly when
compared to the concentrations found in concrete pore fluids, resulting in a swift decrease
in pH levels. Consequently, the passivation film is more susceptible to damage, which in
turn accelerates the corrosion of the exposed reinforcement.

As the corrosion progresses, it results in the formation of galvanic cells. Over time,
the intensified accumulation of chloride ions on the rebar surface leads to localized cor-
rosion [42]. This localized corrosion creates a potential difference between areas where
the passivation film remains intact and the corroded steel, thus establishing galvanic cells.
The ongoing penetration of Cl− into the compromised passivation film increases the ionic
conductivity between the corroded areas, diminishing the electrical resistivity [43–45].

Furthermore, Cl− ions act as catalysts in the corrosion process. They react with Fe2+

to form soluble FeCl2, which then reacts with OH− in the concrete to precipitate Fe(OH)2.
Upon exposure to H2O and O2, the reaction sequence continues, resulting in the formation
of Fe(OH)3 and perpetuating the corrosion of the steel rebars [46].

2.3.2. Concrete Carbonization

In addition to chloride ions, carbon dioxide (CO2) serves as a contributory factor in
enhancing the likelihood of steel corrosion. CO2 gas has the ability to permeate the interior
of concrete, interacting with hydration products, altering its internal structure, and causing
a notable decrease in the pH value of the concrete pore solution [22]. This phenomenon is
referred to as concrete carbonization. The impact of carbonization on steel bar corrosion is
primarily manifested in two principal aspects: Firstly, the decrease in concrete alkalinity
has a deleterious effect on the stability and homogeneity of the passivation film that coats
the steel bar surface, subsequently enhancing corrosion activity within the concrete matrix.
Secondly, as the alkalinity of the concrete pore fluid diminishes, the chloride aluminate
undergoes decomposition. Consequently, this process results in a continuous increase in the
concentration of free chloride ions within the concrete pore fluid, thereby exacerbating the
corrosion rate of the reinforcement. MA Sanjuán, et al. [47] studied the carbonation process
of concrete under natural and accelerated conditions, enabling the accelerated carbonation
test results to reasonably explain the carbonation process of concrete. Moreover, Xie M,
et al. [48] recently proposed in their research that the durability design of reinforced concrete
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structures should not only prevent the entry of chlorides, but also take into account the
simultaneous occurrence of carbonation corrosion processes.

3. Corrosion Experimental Methods for Steel Rebars in Concrete

The corrosion experimental methods typically utilized for reinforced concrete spec-
imens encompass various techniques, including the electrification-accelerated corrosion
method [49], the salt spray corrosion testing approach, and the aggressive solution im-
mersion method [50], among others. Herein, we concisely delve into several commonly
employed techniques that aim to study corrosion processes.

3.1. Natural Corrosion Test Method

The natural corrosion test involves exposing reinforced concrete specimens to natural
environmental conditions, ultimately resulting in the corrosion of steel reinforcement em-
bedded within the concrete matrix. A key advantage of this testing approach is its ability to
closely mimic the corrosion process of steel reinforcement observed in real-world engineer-
ing scenarios [3,20]. However, this method is fraught with drawbacks, including prolonged
testing durations, significant tracking and recording workloads, cumbersome management
procedures, and the neglect of the coupled effects of force and the environment [51]. Given
the aforementioned limitations, the natural corrosion method is typically not employed
for investigating the corrosion mechanisms of steel reinforcement, but instead serves as a
comparative tool against other corrosion techniques.

3.2. Artificial Climate Simulation Method

The artificial climate simulation method is a testing procedure that replicates one or
multiple factors present in atmospheric environments, encompassing CO2 concentrations,
lighting conditions, temperature fluctuations, humidity levels, and simulated rainfall, all
within a controlled laboratory setting. This methodology results in a reduction of the
durability of reinforced concrete specimens [33], effectively simulating the wear and tear
experienced under diverse environmental conditions. Researchers replicated the combined
effects of temperature variations, humidity levels, solar radiation, and simulated precipita-
tion within a naturalistic environment [28,52]. Hailong Ye et al. used the artificial climate
method to study the impact of corrosion characteristics and structural performance of
loaded reinforced concrete beams, establishing a unique strong linear relationship between
the average mass loss of corroded rebar and the maximum corrosion-induced crack width.
Applying bending loads during the corrosion process exacerbates the corrosion in the
pure flexural zone [53]. Recently, Weipeng Feng et al. conducted a systematic comparison
and evaluation of the accelerated corrosion of steel reinforcement in concrete induced by
chloride ions using the artificial climate environment method, and the key influencing
factors that affect the corrosion results include current density, salt concentration, service
load [54].

This approach effectively emulated electrochemical corrosion mechanisms akin to
those encountered in natural settings, while significantly accelerating the degradation
process of reinforced concrete specimens. While the artificial climate simulation method
approximates the natural corrosion method, there remains a dearth of research validating
the congruency of experimental outcomes between the two methodologies. Consequently,
it is imperative to intensify investigations pertaining to the similarities and discrepancies
between these two approaches. Additionally, the artificial climate simulation method
exhibits certain limitations, including elevated experimental costs, protracted experimental
cycles, and limited accuracy in predicting steel corrosion rates.

3.3. Electrification Accelerated Corrosion Method

In comparison to the previously mentioned corrosion techniques, the electrically
accelerated corrosion test has emerged as a preeminent method for studying corrosion,
attributed to its ease of operation, versatility, and capability to expeditiously investigate
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the corrosion processes of reinforced concrete. Figure 3a shows schematic and physical
diagrams of the rebar–mortar samples, and Figure 3b shows a schematic diagram of the
applied constant current accelerated corrosion test [55]. The reinforced concrete specimen is
connected to the positive terminal of the external power supply unit, establishing the initial
electrical configuration. Meanwhile, the stainless-steel mesh is connected to the negative
terminal, serving as the counter-electrode. Upon the application of electricity, electrons are
emitted from the anode, triggering the onset of corrosion within the steel reinforcement.
According to their operational principles, the electrically accelerated corrosion tests are
generally categorized into two types: the external constant voltage accelerated corrosion
test and the external constant current accelerated corrosion test. It is noteworthy that the
constant current accelerated corrosion method has been extensively utilized for simulating
the corrosion processes of steel reinforcement embedded in concrete within controlled
laboratory environments [56,57].
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Despite this, the electrically accelerated corrosion test possesses inherent limitations,
necessitating further exploration into the correlation between the experimental outcomes
and natural corrosion processes.

3.4. Salt Spray Corrosion Test Method

The salt spray corrosion test deliberately aims to expedite the corrosion process of
steel bars within a tightly controlled environment of a salt spray chamber. Specifically,
the salt spray corrosion test includes several different types, such as Neutral Salt Spray
(NSS), Acidified Acid Salt Spray (AASS), and Copper Accelerated Acid Salt Spray (CASS).
Among them, the Neutral Salt Spray test is one of the earliest and most widely used
methods. It uses a 5% sodium chloride solution and adjusts the pH value of the solution
to a neutral range (6 to 7) as the solution for spraying. This test effectively assesses the
corrosion resistance of metal materials and their coatings by meticulously controlling key
parameters [58,59]. The test temperature, chloride concentration, and exposure duration
are all crucial factors that are meticulously manipulated to achieve this objective. M.P.
Papadopoulos et.al conducted accelerated corrosion salt spray tests on new types of rebars
to study their corrosion behavior and establish a correlation with naturally corroded rebars
of the same grade [60].

Notably, by increasing the concentration of chloride salts, we can significantly shorten
the duration necessary to inquire into the corrosion process of steel rebars. Consequently,
this approach greatly enhances the efficiency of our research endeavors. Furthermore,
this method exhibits a substantial correlation with natural corrosion processes, effectively
replicating the corrosion mechanisms of reinforcement in environments characterized by
elevated chloride concentrations.
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3.5. Other Accelerated Corrosion Methods

Apart from the primary accelerated corrosion techniques previously discussed, a com-
prehensive array of methods is encompassed, encompassing the electrochemical corrosion
experiments [55,57–59,61], internal chloride salt corrosion test [62], and the dry–wet cycle
accelerated corrosion test [63]. These experiments are designed to expedite the corrosion
process through controlled manipulations, including increasing the environmental tem-
perature or humidity to enhance the rate of chemical reactions, raising the concentration
of chloride ions to simulate aggressive environments, and forming galvanic cells that can
accelerate the anodic dissolution of steel. Each accelerated corrosion technique possesses
distinct applicability and inherent constraints. When selecting appropriate accelerated
corrosion methods, it is imperative to take into account diverse factors, including cost
containment, the duration of testing, and correlation, etc., to facilitate a swift yet accurate
assessment of the corrosion resistance of steel bars.

4. Analysis of Corrosion Products and Interface Characteristics of Steel Rebars by
X-CT Technology

In comparison to alternative observation techniques employed for examining the
corrosion morphology of steel rebars embedded within concrete, X-CT technology exhibits
a distinguished edge. This innovative approach eliminates the necessity for sample destruc-
tion, thus enabling a non-invasive evaluation while faithfully reproducing the corrosion
patterns of steel bars and the distribution of corrosion products within the concrete matrix.
Furthermore, the scope of X-CT detection is remarkably broad, encompassing not only the
assessment of corrosion states in concrete-embedded steel bars, but also the quantitative
analysis of pore defects within concrete structures.

4.1. X-CT Technology Principles

The underlying mechanism of CT scanning technology, as elaborated in references [64,65],
involves employing X-rays to systematically scan a specific region of interest within the sample
from various angles. Subsequently, data pertaining to the attenuation of the X-rays by the
sample are meticulously gathered. These collected data then undergo an image reconstruction
process, utilizing a specialized algorithmic framework implemented by a computer. Upon
completion of this reconstruction, the detailed information pertaining to the scanned section is
seamlessly presented in the format of a grayscale image. From these outputted cross-sectional
images, one can effortlessly discern crucial insights into the test sample’s structure, material
composition, defects, and other intricate internal features.

4.2. Application of X-CT Technology in Concrete Structures

Concrete structures, inherently complex and heterogeneous, are susceptible to the
development of internal cracks under the influence of applied loads. The cracks undergo a
gradual process of expansion, concurrent with the acceleration of the corrosion process of
the embedded steel reinforcement by deleterious substances present within the external
environment. As time elapses, the corrosion products of the steel bars accumulate and
expand, ultimately resulting in the disintegration of the concrete matrix and a subsequent
decrement in the structural durability of the concrete element. Consequently, it is imperative
to initiate an investigation at the microstructural level of concrete, encompassing the
detection of cracks, the analysis of the distribution of steel corrosion products, and the
assessment of any associated concrete damage.

In 1980, Morgan [66] employed medical CT scanning techniques to examine concrete
specimens, successfully yielding distinct images of concrete aggregates, mortar, and cracks.
Subsequently, John et al. [67] replicated these findings through meticulous experimenta-
tion. In China, research efforts on utilizing CT technology for the quantitative analysis
of internal cracks in concrete are steadily escalating. Chen Houqun [68] delved into two
principal challenges that had remained unresolved in prior studies: the capability of CT
technology to detect cracks influenced by aggregates and its accuracy in pinpointing the
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precise location of these cracks. Tian W. et al. [69] derived a three-dimensional model of
the internal microstructure of concrete through meticulous analysis of CT data, thereby
providing theoretical grounding for the quantitative and spatially resolved analysis of crack
distribution within concrete structures.

4.3. Research on Steel Corrosion Products and Interface Characteristics Based on X-CT Technology

Extensive research has conclusively demonstrated a key contrast: while the concrete
matrix remains robust, the interface between steel and concrete is disproportionately
prone to deterioration [70–74]. Stemming from the interfacial phenomenon occurring
between disparate materials, a myriad of defects, including pores and cracks, proliferate
within this region, ultimately resulting in the localized depletion of the Ca(OH)2 layer.
Notably, these interfacial defects exert both salutary and deleterious effects on reinforced
concrete structures.

1. The salutary aspect lies in the fact that as the corrosion of steel intensifies, a substantial
quantity of corrosion products is generated on the steel matrix’s surface. Under such
circumstances, the interface area, enriched with pores, serves as a repository for these
corrosion products, significantly mitigating the expansion stress exerted by them and
extending the durability of the concrete protective layer by delaying its cracking;

2. The deleterious impact stems from the inadequate Ca(OH)2 protective layer present at
the interfacial defects prior to the deterioration of the steel reinforcement’s passivation
film. Consequently, the critical concentration of Cl− is significantly increased in these
regions compared to other parts, leading to an accelerated erosion by Cl− and an
exacerbation of the destructive effects on the passivation film.

The aforementioned effects underscore the imperative to delve deeper into the impact
of interface areas on the comprehensive process of steel corrosion. Nevertheless, prior
studies primarily resorted to the slicing and breaking method for observing the morpho-
logical characteristics of the reinforced concrete interface. This method would cause huge
damage and destruction to the experiment itself, affect the authenticity of the experimental
results, and cannot continuously observe the long-term development of the sample. Fortu-
nately, the application of X-CT has solved the above problems, allowing for intuitive and
non-destructive observation of the internal structure of concrete [75,76].

Beck et al. [77] pioneeringly employed X-CT technology to elucidate the chloride-
induced corrosion process of steel rebars within concrete, ultimately revealing cracks of
micrometer dimensions. By subjecting carbon steel and ferritic stainless steel to acceler-
ated corrosion processes via the application of electrical current, Itty et al. [78] employed
X-CT technology to meticulously analyze the accumulation of corrosion products, the
emergence and propagation of cracks, the infiltration of corrosion products into cracks
and pores, as well as their subsequent distribution, while also elucidating disparities in
corrosion morphologies exhibited by the two materials. Cesen et al. [79] comprehensively
assessed the corrosion risks associated with steel rebars by synergistically incorporating
X-CT technology with SEM (Scanning Electron Microscopy), further deepening their un-
derstanding of the corrosion mechanisms within concrete through the integration of X-CT
technology with electrochemical testing. Savija et al. [80] embarked on a comprehensive
and multifaceted investigation, utilizing a diverse array of experimental techniques to delve
deeply into the intricate processes underlying the cracking of concrete protective layers
resulting from steel corrosion, offering unique insights from diverse perspectives, Notably,
X-CT technology was utilized to meticulously monitor the progressive formation of rust
during the accelerated corrosion process of steel rebars, as well as the gradual emergence
and propagation of cracks within the concrete protective layers. Dong Biqin et al. [81]
proposed the applicability of X-CT technology, and experimental results showed that X-CT
technology can clearly obtain information on corrosion pits, corrosion products, as well
as mortar cracking induced by corrosion throughout the entire sample, and they enable
tracking of the temporal development of steel corrosion products, as well as monitoring the
emergence and subsequent expansion of mortar cracks resulting from the accumulation of
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corrosion products. Michel [82] successfully integrated X-CT technology with DIC (Digital
Image Correlation) technology, thereby enabling a thorough qualitative and quantitative
analysis of the data pertaining to steel corrosion products infiltrating the surrounding
cement matrix. Consequently, a robust conceptual model was established, accurately de-
picting the infiltration process of steel corrosion products into cement-based materials.
Weilin Liu et al. [55] utilized X-CT technology to thoroughly investigate the corrosion
behavior exhibited by alloyed steel rebar–mortar and carbon–steel rebar–mortar specimens
after conducting electromigration chloride-accelerated corrosion experiments, as shown in
Figure 4. The study revealed that alloyed steel rebar exhibited a certain degree of localized
corrosion, along with limited amounts of corrosion products, see Figure 4b. In contrast, the
carbon–steel rebar exhibited severe general corrosion, see Figure 4a. In summary, X-CT
technology plays a pivotal role in examining the distribution of steel corrosion products
and elucidating the characteristics of steel/concrete interfaces within concrete structures.
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5. Methods for Improving the Corrosion Resistance of Steel Rebars in
Concrete Structures

Prolonging the lifespan of reinforced concrete structures, extending its durability,
is important not only for economic reasons but also for making the entire system more
sustainable, using fewer raw materials, producing less material, and prolonging the lifespan
of existing materials.

Several promising strategies have been proposed to enhance the durability of rein-
forced concrete structures. Firstly, our focus lies in fortifying the concrete protective layer to
effectively prevent the infiltration of harmful substances into the concrete matrix. Secondly,
researchers have prioritized enhancing the inherent corrosion resistance of steel rebars. As
an example, the incorporation of alloy elements has been explored to develop innovative
steel rebars with superior corrosion resistance. Additionally, measures to reinforce the
adhesion at the interface between steel rebars and concrete are equally important. This
section delves into the principal measures designed to mitigate the corrosion of reinforced
concrete, thereby extending its service life.

5.1. Methods to Improve the Quality of the Concrete Protective Layer
5.1.1. Enhancing the Compactness of the Concrete Protective Layer

Industry and academic experts maintain that enhancing the compactness of concrete
holds a pivotal role in mitigating steel reinforcement corrosion. A concurrent increase
in compactness and decrease in porosity of concrete leads to an elevation in its apparent
quality. The porosity of concrete significantly alters its physical and mechanical properties
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by affecting its internal structure, such as microcracks and voids. The higher the porosity,
the lower the key mechanical parameters of concrete, including elastic modulus, strength,
and compressive strength, and its deformation process and failure mechanism will also
differ [83]. Therefore, meticulous control over porosity is essential in the design and
application of concrete, as it helps to mitigate the penetration of deleterious substances,
like chloride ions (Cl−), into the material’s core. Even so, certain specific applications
may require a higher porosity to meet particular performance requirements. For instance,
permeable concrete needs a larger porosity to achieve high permeability, but an excessively
high porosity can lead to a significant decrease in strength [83]. Moreover, when concrete is
subjected to high temperatures, it is prone to spalling due to its dense structure and low
permeability, which can cause a sharp reduction in load-bearing capacity [84,85].

The water–cement ratio is a key parameter that determines the strength, durability,
and a host of other physical and mechanical properties of concrete. When the water–cement
ratio is high, there are relatively fewer cement particles in the concrete mixture, resulting in
larger distances between them [86]. The colloid produced by hydration is not sufficient to
fill the gaps between particles, leading to increased porosity and a reduction in concrete
strength. On the contrary, when the water–cement ratio is low, the distance between cement
particles is smaller, and the colloid produced by cement hydration easily fills the gaps
between particles. The amount of water pores left after evaporation is also lower, resulting
in higher concrete strength [87].

The type of aggregate significantly influences the porosity of concrete. Different types of
aggregates (e.g., basalt, pumice, sandstone, and limestone) exhibit varying characteristics in
terms of bubble count, spacing factor, and average pore diameter within the concrete [87–89].
For instance, limestone concrete has the highest bubble count, while sandstone concrete
has the fewest, directly impacting the concrete’s pore structure and micro-interface features.
Furthermore, the parent rock type of the aggregate affects its performance indicators such as
packing porosity, crushing value, soundness, and water absorption rate, which in turn affect
the overall performance of the concrete.

The size of aggregate particles also significantly affects the porosity and mechanical
properties of concrete [90,91]. Larger coarse aggregates can offer higher strength and
durability but may also increase the fluidity and workability of the concrete. Specifically, as
the size of coarse aggregate particles increases, the compressive strength, Young’s modulus,
and tensile strength of concrete exhibit a trend of initially increasing and then decreasing.
The presence of needle-like or flaky particles reduces the concrete’s strength and workability
because these particles have a large surface area that demands more cement paste to coat
their surfaces.

In light of this, international organizations have formulated a comprehensive set of
pertinent standards governing the construction of concrete structures intended for marine
environments [76]. Typically, the primary strategies involve the selection of thicker concrete
protective layers, increased cement dosages, and reduced water–cement ratios, aimed at
enhancing the compactness and durability of concrete.

However, the composition of concrete is complex, and there are many factors that
affect its performance, so the applicability of the experimental-based assessment method
for mix design is limited. Recently, Shiqi Wang et al. proposed an intelligent multi-objective
optimization algorithm program for concrete based on machine learning, which takes into
account factors such as compressive strength, chloride resistance, environmental impact,
and life cycle cost [92]. This program can fully evaluate the durability and environmental
performance of concrete including recycled materials. In the future, with the help of
intelligent algorithms of machine learning, the method for optimizing the design of concrete
performance will be further improved.

5.1.2. Apply a Protective Coating to the Concrete Surface

Concrete, a complex structure composed of numerous pores, facilitates the entry
of harmful substances through these pores, thereby eroding the reinforcement substrate.
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Consequently, the judicious selection of protective coatings, including epoxy resin and
polyvinyl acetate, can effectively barricade the ingress of exterior harmful agents. In recent
years, sustainable use of bio-based coatings has become increasingly important due to
the need for environmental protection. Sarcinella, A and Frigione, M summarized the
research progress of environmentally friendly coatings that can be used for concrete corro-
sion prevention. Many biofriendly coatings were mentioned, such as oils extracted from
plants and raw materials extracted from agricultural and animal waste [93,94]. Despite all
this, protective coatings are not without their drawbacks. Firstly, they are cost-intensive.
Furthermore, the discrepancy in shrinkage behavior between concrete and the coating
can lead to the development of cracks, particularly when the curing coating is excessively
thick, thereby compromising its protective effectiveness for the concrete structure. Tak-
ing into account both the notable advantages and inherent limitations, coatings applied
onto the concrete surface have the potential to attenuate the corrosion rate of reinforced
concrete structures, albeit within certain limitations. However, their application remains
impracticable in large-scale construction projects that necessitate an extended service life
cycle [95].

5.2. Methods to Improve the Corrosion Resistance of Steel Rebars
5.2.1. Apply Surface Coating of Steel Rebars

The surface coating of steel bars encompasses two distinct types: the first being
non-metallic coatings [96], exemplified by epoxy resin, which possesses a dense structure.
Boasting excellent performance and remarkable stability, this coating effectively mitigates
the contact between external corrosive agents and the steel reinforcement matrix. Never-
theless, epoxy resin coating is not without its shortcomings. The application of epoxy resin
coating on steel bar surfaces diminishes the roughness of threaded steel bars, subsequently
weakening the bonding force between the steel bars and concrete. Another type is metal
coatings, which are mainly composed of some active metals [97]. Among these, hot-dip
galvanized steel bars are extensively utilized for steel bar surface coating due to their
numerous advantages, including low cost, simplicity of process, and robust adhesion to
steel bars [98]. It is lauded for its cost-effectiveness, straightforward application process,
and robust adherence to the steel surface. Galvanized coatings provide a sacrificial protec-
tion mechanism, where the zinc layer corrodes preferentially, sparing the underlying steel.
However, galvanized steel bars exhibit poor resistance to Cl− corrosion, rendering them
unsuitable for deployment in environments with elevated Cl− concentrations.

The dichotomy between epoxy and galvanized coatings lies in their ideal application
scenarios. Epoxy coatings, while excellent for resisting general corrosive attack, may
necessitate additional measures to prevent cracking. Galvanized coatings, despite their
economic and application advantages, are less effective in extreme corrosive conditions
and may not be the best choice for structures with a critical need for longevity. Recognizing
these limitations, the research community is actively investigating hybrid systems that can
leverage the strengths of both coating types [99,100], One such innovation is the zinc/epoxy
resin dual coating [101]. which combines the immediate sacrificial protection of zinc with
the long-term barrier properties of epoxy. This dual coating is particularly promising for
use in severe corrosion environments and is designed to endure surface abrasions and
maintain the steel’s corrosion resistance throughout its service life.

Moreover, ongoing research is exploring advanced coating materials, such as nanocom-
posite coatings [102] and environmentally friendly alternatives [103], which could offer
improved durability, self-healing capabilities, or reduced environmental impact. These
advancements aim to address the economic, environmental, and performance aspects of
corrosion protection for reinforced concrete structures, pushing the boundaries of what is
possible with current technologies.
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5.2.2. Alloying Design of Steel Rebars for Corrosion Resistant

Through meticulous regulation of the proportions and types of alloying elements, alloy
steel rebars are adept at fulfilling the requisite corrosion resistance and mechanical proper-
ties throughout the lifespan of reinforced concrete structures across diverse environmental
conditions. The careful balance of carbon content and the addition of alloying elements
like chromium, nickel, and molybdenum are critical in tailoring the rebar’s properties to
meet specific performance criteria [104].

Typically, the quantity of carbon present in steel rebars exhibits a direct correlation with
their strength, while inversely correlating with their toughness. Therefore, reducing carbon
content and incorporating additional corrosion-resistant alloy elements is of paramount
importance in enhancing both the corrosion resistance and organizational uniformity of
steel rebars [14]. This approach allows for the development of rebars that maintain their
structural integrity while providing enhanced resistance to environmental aggressors.

Given the rigorous demands on the durability of reinforced concrete structures in
highly corrosive environments, stainless steel rebars incorporating corrosion-resistant alloy
elements have emerged as a viable solution [105]. Stainless steel reinforcement not only
satisfies the necessary criteria for corrosion resistance but also exhibits high plasticity,
strength, exceptional fatigue resistance, and high-temperature tolerance. This is attributed
to the inclusion of corrosion-resistant alloy elements, such as aluminum (Al) and chromium
(Cr), which facilitate the formation of a densely packed passivation film on the surface of
stainless-steel reinforcement. These passivation films effectively mitigate steel corrosion,
providing a protective barrier against corrosion-inducing agents.

Notably, stainless steel reinforcement maintains robust corrosion resistance, partic-
ularly in hostile environments characterized by elevated chloride (Cl−) concentrations
and concrete carbonization. However, stainless steel reinforcement is often hindered by
issues such as poor weldability, elevated costs, and the potential for pitting and macrocell
corrosion. Consequently, the utilization of stainless steel reinforcement is constrained due
to these limitations.

Extensive research has been conducted by Hurley M F [106] and Mohamed N [107]
regarding the passivation and corrosion behavior of alloy reinforcement in simulated con-
crete pore solutions. Their groundbreaking findings demonstrate a significant enhancement
in the corrosion resistance capabilities of the reinforcement. Notably, the threshold chlo-
ride ion concentration required for de-passivation is 2–10 times higher in comparison to
traditional carbon steel reinforcement. The passivation film formed on alloy reinforcement
exhibits a stark contrast to that observed on carbon steel reinforcement. Remarkably, the
alloy reinforcement exhibits a dual-layered passivation film, endowing it with superior
corrosion resistance. Shi Jinjie et al. further delved into the intricate rust layer structure of
low-alloy steel reinforcement within a simulated concrete pore solution [108]. The existence
of the rust layer on alloy steel reinforcement effectively mitigates the corrosion rate of the
steel reinforcement, thus enhancing its durability.

The aforementioned research comprehensively demonstrates the robust corrosion
resistance characteristics exhibited by alloy steel rebars, underscoring their durability in
challenging environments. Additionally, it provides preliminary yet insightful glimpses
into the corrosion behavior of these rebars within simulated concrete pore solutions, paving
the way for future investigations. Furthermore, the research delves into the fundamental
reasons behind the enhanced corrosion resistance of these alloys, offering valuable insights
into their mechanisms. While simulated concrete pore solutions offer a certain degree
of reflection of the microenvironment surrounding steel rebars in concrete, the dynamic
changes and uneven spatial distribution characteristics prevalent in the heterogeneous
gas-solid-liquid multi-phase system of concrete remain elusive within these simulated
environments. Consequently, the elucidation of the corrosion behavior and underlying
mechanisms of alloy steel rebars within authentic concrete environments remains a pressing
issue that demands urgent attention within this research domain.
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5.2.3. Electrochemical Protection of Steel Rebars

Broadly categorized, the electrochemical protection techniques for steel rebars en-
compass two primary methods: the impressed current approach and the sacrificial anode
technique. The sacrificial anode protection method depicted in Figure 5 involves the uti-
lization of active metals, such as Magnesium alloy, as sacrificial anodes [109]. These anodes
sacrificially undergo corrosion, effectively substituting for and mitigating the corrosion of
cathodic metals, thereby precluding electrochemical degradation of the matrix. Among its
advantages, the sacrificial anode method stands out for its independence from external
current, cost-effectiveness, simplicity, and feasibility. This method is particularly suitable
for environments containing chloride ions (Cl−), where it exhibits robust performance.
Nevertheless, the high consumption rate and limited service lifespan of active metals
employed as anodes hamper their ability to provide sustained protection over extended
periods. The impressed current method, as depicted in Figure 5, entails connecting inert
metals, which have a lower electrochemical activity compared to the protected metals,
to the positive terminal of an external electrical circuit. Simultaneously, the protected
metal such as steel bar matrix is interconnected with the negative terminal, functioning
as a cathode where hydroxyl ions (OH−) are steadily produced. This mechanistic process
results in a gradual elevation of the pH level in close proximity to the steel bar, thereby
encouraging the development of a protective passivation film on its exterior surface [95].
Furthermore, this innovative method effectively attenuates the concentration of chloride
ions in the vicinity of the steel reinforcement, exerting a significant protective effect on both
the integrity and durability of the steel reinforcement system.
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5.3. Methods to Strengthen the Bond between Steel Rebars and Concrete

The steel–concrete interface (SCI) is an essential element within reinforced concrete
structures, as its characteristics directly influence the structural integrity and longevity. Key
physical parameters at the SCI include bond strength and friction coefficient, which are
critical for the mechanical interplay between steel rebars and concrete [29,110–112]. The
bond’s formation is characterized by the interplay of bond stress and interface slip, with
chemical adhesion, rib interlocking of the deformed rebars, and frictional resistance being
the primary contributors to this bond.
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Measures Strengthening the bond between steel reinforcement and concrete is a multi-
faceted endeavor that encompasses material selection, construction techniques, and theoret-
ical calculations [113]. The interfacial strength of concrete can be notably enhanced through
advanced mixing techniques like vibration mixing or sequential batching [114]. These
processes refine the concrete’s internal structure, leading to improved performance. Surface
roughness also plays a pivotal role in bond strength; increasing it can significantly boost
friction against steel reinforcement. For example, augmenting the interfacial roughness in
polyurethane concrete substantially strengthens its bond with cement concrete [115]. Inno-
vative composite bonding technologies that integrate external bonding with mechanical
anchoring, such as anchoring CFRP (Carbon Fiber Reinforced Polymer) fabrics using steel
plates and bolts, effectively prevent delamination and leverage the full tensile strength of
CFRP [116]. The shape and surface treatment of steel reinforcement influence bond strength
as well, with ribbed reinforcement outperforming smooth due to increased mechanical
interlocking from its textured surface [111]. Additionally, employing high-strength materi-
als, such as Ultra-High Performance Concrete (UHPC), significantly amplifies concrete’s
mechanical properties and durability, thereby fortifying its bond with steel reinforcement.
UHPC demonstrates superior interfacial shear strength and ductility compared to con-
ventional concrete [117]. Furthermore, developing and refining theoretical models and
numerical simulation methods for bond strength allows for more precise predictions and
analyses of the bonding behavior between steel and concrete [118]. For instance, utilizing
bilinear softening constitutive models to depict softening in cracked areas can elucidate
the bond failure mechanisms [119]. Systematic testing and analysis of bond performance,
including central pull-out and full-beam tests, deepen our comprehension of the bonding
mechanisms and facilitate the formulation of design recommendations [111]. Integrating
these measures effectively enhances the bond strength at the steel-reinforcement to concrete
interface, ensuring structural safety and reliability.

6. Conclusions and Prospect

This article presents an extensive review of the passive corrosion processes undergone
by steel bars within reinforced concrete structures, along with a thorough examination of
the rusting mechanisms involved. The key points of this article are summarized as follows:

1. A rigorous and meticulous analysis is undertaken to pinpoint the crucial factors that
underlie the corrosion of steel bars embedded within concrete;

2. It delves into the diverse methods employed for accelerated corrosion testing of steel
bars within concrete, encompassing natural corrosion tests, sophisticated artificial
climate simulations, electrically accelerated corrosion techniques, and rigorous salt
spray corrosion tests;

3. This study provides a comprehensive overview of the current research endeavors
focused on steel bar corrosion products and interface characteristics, leveraging
cutting-edge X-CT technology;

4. This paper proposes strategies to improve reinforced concrete durability, emphasizing
the importance of a high-quality concrete cover to shield rebars and the development
of alloy-based, corrosion-resistant rebars.

Reinforced concrete, particularly in challenging marine corrosion environments, enjoys
widespread usage, thereby necessitating rigorous studies and continuous efforts to enhance
its durability. Future research prospects include the following, as detailed below.

Firstly, future marine engineering requires the development of steel bars with su-
perior corrosion resistance and strength, achieved through a detailed examination and
optimization of their microstructure and mechanical properties.

Secondly, in-depth research is essential for understanding the progression of electro-
chemical properties and the characteristics of rust formation on alloy steel rebars. Advanced
analytical methods, such as X-ray computed tomography (X-CT) and machine learning algo-
rithms, should be employed to enhance analysis and inform innovative structural designs.
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Additionally, developing low-carbon emission reinforced concrete is an urgent pri-
ority, which includes the preparation of environmentally friendly concrete systems using
biological raw materials, renewable materials, and recyclable materials.

Furthermore, in-situ corrosion monitoring technology for concrete is crucial for the
safety and performance assessment of reinforced concrete, and it represents an excellent
direction for research.
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