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Abstract 
 

The steel reinforcement within concrete beams is vulnerable to corrosion.In order to explore the flexural load-carrying 
capacity of beams under varying corrosion rates, a theoretical calculation and prediction model was proposed in this study. 
The study involved accelerated corrosion testing of three beams, with an additional beam serving as a control. A four-point 
bending test was conducted on all beams in accordance with predetermined corrosion rates. Strain gauges were positioned 
at the midspan to monitor strain data, and dial gauges were employed to measure deflection deformation at vulnerable 
sections. Experimental investigation was employed to ascertain the parameters that influence the deformation of a beam 
due to corrosion rate variations during loading, and the predictive model for the bending bearing capacity in relation to 
corrosion level was established. Results demonstrate the correlation between the elevated corrosion rate and the gradual 
increase in the average and maximal crack widths on the beam surfaces. The increase rate of maximal crack width exceeds 
the average, although both display a similar linear growth trend. The impact of corrosion on the initiation of crack and 
propagation in the test beams increase with high corrosion levels. Conversely, the effect of corrosion is limited when the 
corrosion rate remained below 15%. Nevertheless, once the corrosion rate exceeds 25%, a more pronounced effect becomes 
evident. Furthermore, the corrosion of steel reinforcement has a considerable effect on the yield and ultimate load-carrying 
capacity of the test beams. Upon reaching a corrosion rate of 25%, the flexural capacity of the corroded beams is found to 
be 54% of the uncorroded beams. This result indicates that as corrosion increases, the flexural capacity decreases linearly. 
This study offers a reference for accelerating the corrosion testing of reinforced concrete beams and predicting the bending 
bearing capacity of the corresponding corrosion level. 
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1. Introduction 
 
Reinforced concrete (RC) beams are the primary load-bearing 
elements in building structures, playing a critical role in 
modern civil engineering construction. However, concerns 
have long been raised regarding the durability and safety of 
these beams. The corrosion of RC beams is primarily 
influenced by environmental changes, natural disasters, and 
the passage of time [1-3]. Among the aforementioned factors, 
steel reinforcement corrosion is a major contributor to the 
reduction in service life. Corrosion of steel reinforcement 
represents a concealed and progressive phenomenon that 
considerably affects the mechanical performance and 
structural integrity of beams. The formation of an oxide layer 
on the surface of the steel reinforcement over time results in 
a reduction in the cross-sectional area and the delamination of 
the concrete protective layer.. This process serves to further 
accelerate the corrosion of the reinforcement and to weaken 
its bond with the concrete. As a consequence, the ultimate 
load-carrying capacity(ULC) is reduced. The failure to 
implement appropriate repair and reinforcement measures in 
a timely manner may result in considerable structural issues, 
which could compromise the safety of the buildings and 
potentially lead to severe safety incidents. 

 To address the durability requirements of RC structures, 
the study area of mitigating the reduction in structural 
mechanical performance due to steel reinforcement corrosion 
has emerged as a prominent field of study. This study is 

crucially applied in engineering projects involving RC, such 
as residential buildings and bridge construction. Substantial 
progress has been achieved in related technical study 
regarding the influence of steel reinforcement corrosion on 
the ULC of concrete beams [4-7]. Nevertheless, the 
multifaceted effect of steel reinforcement corrosion-induced 
weakening represents a considerable challenge to the accurate 
calculation of beam mechanical performance. 

In light of this, scholars have undertaken comprehensive 
studies with the objective of accurately calculating the 
flexural performance of corroded RC beams. However, no 
universally accepted and unified method for determining the 
ULC has been found. The assessment of the extent of 
reinforcement corrosion within RC beams based solely on 
known external conditions is challenging. Furthermore, 
assessing the impact of cracking resulting from reinforcement 
corrosion on the ULC presents a multitude of challenges. 

Moreover, with the advent of increasingly intricate RC 
constructions and denser reinforcement, reducing the 
computational complexity, enhancing the calculation 
precision, and achieving efficient ULC calculations have 
become of paramount importance. The accurate assessment of 
the flexural mechanical performance of corroded RC 
structures is of great engineering significance for the 
evaluation of durability and reliability. 

To assess accurately the residual ULC of the corrosion RC 
components and develop targeted maintenance strategies, this 
study combines a substantial amount of previous 
experimental data. The study compares three beams in 
different corrosion states with one beam in a noncorroded 
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state. Subsequently, the bending performance of the beams is 
tested. On the basis of the observed experimental phenomena 
and past test results, an empirical prediction equation for the 
ULC of the corroded RC beams is obtained. 
 
 
2. State of the art  
 
A substantial body of study has been conducted by scholars 
on the impact of corrosion on the flexural capacity of RC 
beams. Nevertheless, the current study on corroded RC beams 
is predominantly based on theoretical analysis and 
experiments, with the objective of investigating the ultimate 
bearing capacity of corroded RC beams from various 
perspectives. In light of the aforementioned considerations, 
corresponding calculation methods or models must be 
developed. For example, rodriguez et al. [8] ' s bending test 
results indicated that beams with a lower corrosion rate are 
more susceptible to bending failure, while beams with a 
higher corrosion rate and wider spacing of stirrups are more 
prone to shear failure. However, comprehensive studies and 
analyses on the evolution of crack width and prediction are 
lacking. Torres-Acosta et al. [9] conducted a related study on 
the general corrosion of steel reinforcements in a humid 
environment, which leads to a reduction in the cross-sectional 
area of the steel reinforcements. The results showed a 
considerable decrease in the ultimate load capacity of the test 
beams, highlighting the critical role of the maximal depth of 
steel reinforcement corrosion (PITMAX). However, it is not 
applicable for the case of beams with various corrosion rates 
and flexural capacity. Regarding the application of RC beams 
in practical structures, Mahdi et al. [10] reviewed 
experimental studies on the flexural performance of corroded 
prestressed concrete beams, emphasizing the potential risks 
of corrosion to infrastructure and industrial buildings and the 
degradation law of flexural strength. However, it is not 
suitable for predicting the degradation law of flexural strength 
of non-prestressed beams corresponding to different 
corrosion levels. Azad et al. [11] introduced an innovative 
two-step analysis method about predicting the residual 
flexural capacity of corroded RC beams. This method uses 
prestressed reinforcements with diameters of 16 and 18 mm 
to reinforce large beams, considering the size influence of the 
steel reinforcements to improve accuracy. The reliability of 
predicting the ultimate bearing capacity of corroded beams 
was verified through the experimental data of 48 corroded 
beams. However, it did not explain the prediction and 
calculation of the flexural capacity of beams under different 
corrosion rates. 

Bossio et al. [12] conducted a comparative analysis by 
combining experimental results with complex finite element 
models (FEMs) to study the static behavior of corroded RC 
components. This study emphasized the importance of 
degradation caused by corrosion, especially when steel plays 
a dominant role in structural failure. By simulating and 
comparing with traditional experimental methods, the study 
shortened the experimental cycle and saved resources. Yuan 
et al. [13] established a degradation model for the stress–
strain relationship of corroded steel reinforcements and the 
bond–slip relationship between corroded steel reinforcements 
and concrete through experiments. They developed an FEM 
for corroded beams to achieve finite element analysis. 
However, differences between the model predictions and 
actual experimental values were still observed. Xiong et al. 
[14] conducted experimental study on the effect of tensile 
zone concrete on the bending stiffness of beams after rust 

expansion and cracking. They emphasized the effect of tensile 
zone concrete on the sectional bending stiffness but ignored 
the influence of the early degradation of steel reinforcement 
bond stress. Niu et al. [15] proposed a method for calculating 
the load-carrying capacity of RC beams considering only the 
corrosion of the tensile zone steel reinforcements based on the 
current code. However, In the context of practical engineering, 
it is uncommon for the structure to be affected solely by 
corrosion of tension zone steel reinforcements. Fan et al. [16] 
analyzed the evolution law of the section curvature ductility 
coefficient of corroded beams with the corrosion rate of steel 
reinforcements and the deterioration coefficient of concrete. 
They derived a calculation model for the section curvature 
ductility of corroded beams when the bond between concrete 
degrades and steel reinforcements. However, the calculation 
load is large, and the identification process is complex. He et 
al. [17] did a research about the effect of load on the 
deformation performance of corroded steel-reinforced 
concrete beams through comparative tests on corroded beams 
under load, corroded beams without load, and a group of 
reference beams. The results demonstrated that the load 
exerted a considerable effect on the corrosion of the steel 
reinforcements, expediting the corrosion process and 
augmenting the deflection of the beam. Kashani et al. [18] 
comprehensively reviewed the experimental study on 
corroded RC components and conducted an in-depth study on 
the accuracy of existing FEMs in predicting the residual load-
carrying capacity of these affected components. The analysis 
emphasized the negative effect of corrosion on ductility, 
leading to a decrease in ULC. The study concluded by 
providing suggestions for future study in this field. 

Zhao [19] simulated different corrosion states in actual 
engineering by controlling the corroded area and corrosion 
rate of steel reinforcements and compared the results with the 
experimental results of noncorroded beams to obtain general 
conclusions. However, this study only simulated the 
corrosion development process of the tension zone 
reinforcement corroded beam and the compression zone 
reinforcement corroded beam, which is not applicable to the 
entire steel reinforcement framework. To understand further 
the microscopic changes in steel reinforcement corrosion, 
Green [20] comprehensively elaborated on the excellent 
protective influence of concrete on steel reinforcements, the 
corrosion mechanism of steel reinforcements, chloride-
induced corrosion mechanism, carbonation corrosion, 
leaching-induced corrosion of steel reinforcements, and the 
corrosion and interference of stray current in steel 
reinforcements. This work provides a basis for simulating 
corrosion tests in the present study. Caines et al. [21] 
reviewed and analyzed six categories of pitting corrosion 
knowledge to evaluate the current depth and breadth of 
understanding. Zhong et al. [22] established a reliability-
based quantitative design method for the durability of 
concrete structures in chloride environments. However, the 
prediction of the structural load-carrying capacity is not yet 
perfect. 

The aforementioned research primarily concerns itself 
with the investigation of the influence of steel reinforcement 
corrosion on structural safety and the prediction of structural 
performance in the presence of localized corrosion. However, 
the consideration of comprehensive factors and finite element 
simulation prediction in corrosion research can still be 
improved. In addition, research on the overall corrosion of 
steel reinforcements within beams, especially the systematic 
and correlated study on the prediction of structural 
performance after corrosion of the entire framework, is 
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limited. The present study employs the method of electrically 
accelerated corrosion to simulate the corrosion of steel 
reinforcements in concrete. This method allows the control of 
parameters for the degree of corrosion of steel reinforcements, 
seeing of experimental phenomena relatively intuitive. The 
test allows the acquisition of numerous specimens within a 
reasonable research period and effectively simulates natural 
corrosion by controlling the current density. After bending 
performance tests were conducted on three beams at different 
corrosion rates and one beam blank, the ULC and crack 
development at different corrosion rates are recorded. On the 
basis of the observed experimental phenomena, a prediction 
equation for the ULC of corroded RC beams is derived, 
providing a basis for further experimental research into the 
complex interaction mechanism between steel reinforcements 
and concrete and the prediction of beam crack widths 
corresponding to different levels of corrosion. 

The remaining part of this study is organized as follows: 
Section 3 elucidates the mechanism of steel reinforcement 
corrosion in concrete and describes the experimental process 
and phenomena of accelerated corrosion of steel-reinforced 
concrete beams. Section 4 presents the results of the flexural 
performance tests of the experimental beams and derives a 
prediction formula for the ultimate load-carrying capacity of 
corroded steel bar-reinforced concrete beams. The final 
section provides a summary of the study and draws relevant 
conclusions. 
 
 
3. Methodology  

 
3.1 Accelerated corrosion mechanism 
The corrosion forms of steel reinforcements can be divided 
into two types: uniform corrosion and pitting corrosion. The 
difference in corrosion forms is related to the occurrence and 
development mechanism of corrosion. Two types of corrosion 
can occur on steel reinforcements and their surrounding 
environment: macroscopic and microscopic. Microscopic 
corrosion refers to the formation of numerous 
indistinguishable small anodes and cathodes on the surface of 
the steel reinforcement, resulting in relatively uniform 
corrosion. By contrast, macroscopic corrosion refers to the 
formation of different anodes and cathodes at different 
locations on the steel surface, resulting in localized pitting 
corrosion. Studies have shown that these two forms of 
corrosion often coexist on the steel surface, and no strict 
boundary exists between uniform corrosion and pitting 
corrosion in terms of corrosion rate [23]. Studies have 
indicated that when the corrosion rate is below 5%, uniform 
corrosion is dominant, while pitting corrosion is dominant 
when the corrosion rate exceeds 5% [24]. 

Studies have shown differences between corrosion 
specimens subjected to laboratory accelerated techniques and 
natural conditions. When specimens obtained using artificial 
climate environments and constant current electrochemical 
accelerated corrosion methods exhibit similar crack widths of 
corrosion expansion on the surface of components, their 
performance considerably deteriorates during the 
electrochemical process [25]. However, when the accelerated 
corrosion current density is controlled within a certain range, 
it can simulate natural corrosion conditions well[26]. El 
Maaddawy et al. [27] proposed that results can well represent 
natural corrosion when the current density of accelerated 
corrosion does not exceed 200 μA/cm². When evaluating in-
service RC structures with corroded steel reinforcements, 

degradation models based on accelerated corrosion tests tend 
to be conservative [28]. 

By controlling the mass loss of the steel reinforcements, 
the degree of corrosion during electrification can be managed. 
This process involves recording the magnitude of the current 
obtained and the duration of electrification and applying them 
to relevant formulas of Faraday’s law [29,30]. According to 
Faraday’s law, (1) the amount of reducible substance 
deposited on the cathode in an electrochemical reaction is 
directly proportional to the charge passing through the 
electrode, and (2) the charge transfer is directly proportional 
to the change in the quantity of reactants [31]. The charge 
passing through the electrode can be calculated by using the 
current intensity and electrification time in the circuit (Eq. 
[1]). Simultaneously, by using the principle of Faraday’s law, 
the mass loss can be determined using Eq. (2). During steel 
corrosion, the number of electrons lost by iron atoms varies 
depending on the different corrosion products. In this 
experiment, when the steel begins to undergo oxidation 
reactions, the number of electrons lost by iron atoms is 
assumed to be 2. 

 
       (1) 

 
In the equation, Q represents the charge passing through 

the specified electrode. F is the Faraday constant, which is 
96,485 C/mol in this study. m represents the stoichiometric 
number of electrons gained or lost. I represents the current 
intensity in the circuit. t represents the duration of 
electrification. 

 

        (2) 

 
In the equation, Δm represents the mass loss, M 

represents the molar mass of iron, and n represents the number 
of electrons released at the anode, which is 2 in this study. 

 
3.2 Calculation of corrosion rate 
In practical engineering scenarios, all the steel reinforcements 
inside the beam are simultaneously subjected to corrosion. 
Therefore, this study considers the simultaneous corrosion of 
all the steel reinforcements inside the beam. An accelerated 
method was used during the concrete mixing stage to 
accelerate corrosion and reduce the testing time. Specifically, 
a 2% concentration of NaCl solution, representing 2% of the 
weight of cement, was added as a partial replacement for 
mixing water. After pouring, the test beams were cured for 28 
days under standard conditions. Accelerated corrosion was 
induced by immersing the beams in containers containing 5% 
NaCl and applying a current intensity of 0.15 A 
simultaneously. After immersion for 536, 1,608, and 2,680 h, 
corrosion rates of 5%, 15%, and 25% were respectively 
achieved. The corrosion level of the beam was quantified by 
determining the mass corrosion rate of the steel 
reinforcements (calculated in accordance with Eq. [3]). The 
mass corrosion rate of the steel reinforcements in the 
specimens was measured to be 0 by extracting and rusting the 
steel reinforcements after completing the relevant mechanical 
performance tests and then weighing them. 
 

       (3) 
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In the equation,  represents the corrosion rate of the 
steel reinforcements.  is the mass of the steel 
reinforcements before corrosion, which is calculated by 
multiplying the length of the steel reinforcements by the 
standard linear density.  is the mass of the corroded steel 
reinforcements after rust removal. 

 
3.3 Calculation of noncorroded RC 
In accordance with the specification GB50010-2010 [32], the 
ultimate bearing capacity calculation for ordinary RC beams 
is provided. Eq. (4) in the calculation does not consider the 
tensile strength of concrete, as shown in Fig. 1. 
 

 
Fig. 1. Load–deflection curve of the test beam 
 
𝛭 ≤ 𝑎!𝑓"𝑏𝑥 'ℎ# −

$
%
* + 𝑓&'𝐴(' (ℎ# − 𝑎(')     (4) 

   
The height of the compression stress zone can be 

calculated using Eq. (5). 
 

      (5) 

 
In Eq. (5),  is the reduction factor of the moment 

diagram, which is taken as 1.0 in this study. Fc represents the 
compressive strength of concrete, and and  represents 
the tensile and compressive yield strength of steel 
reinforcement, respectively.  and  represent the area of 
tensile and compressive reinforcement, respectively. x is the 
height of the compression stress zone.  is the effective 
depth, which is the distance from the centroid of the 
compressive reinforcement to the section edge. b is the width 
of the section. 

 
3.4 Consideration of factors affecting corrosion 
Studies have shown that the flexural strength of RC beams 
decreases with the increase in the strength of the concrete 
[22,33]. The decrease in flexural strength can be attributed to 
three main factors: 

(1) Reduction in the cross-sectional area of the steel 
reinforcement [34]: Corrosion leads to the formation of rust, 
which occupies a larger volume than the original steel. This 
formation results in a decrease in the cross-sectional area of 
the steel reinforcement, thereby reducing the flexural strength. 

(2) Decrease in the yield strength of the steel 
reinforcement [35,36]: Corrosion leads to the degradation of 
the material properties of the steel reinforcement, causing a 
decrease in the yield strength. This decrease also contributes 
to the reduction in flexural strength. 

(3) Deterioration of the bond between corroded steel 
reinforcement and concrete [37,38]: Corrosion of the steel 
reinforcement can weaken the bond between the corroded 

steel and adjacent concrete. This reduction in bond strength 
leads to a decrease in the composite action between the steel 
reinforcement and concrete, further reducing the contribution 
of the steel reinforcement to the flexural strength of the beam. 

The first two factors (reduction in steel cross-sectional 
area and decrease in yield strength) can be directly 
incorporated into the calculation formula. However, the third 
factor (reduction in bond strength) must be included in the 
predictive model through empirical parameter fitting. The 
discussion on these three factors is as follows: 

(1) Reduction in steel cross-sectional area 
The corrosion of steel reinforcement leads to the 

formation of an oxide layer on the surface of the steel, 
resulting in a reduction in the effective cross-sectional area. 
This reduction can be quantified by calculations related to the 
degree of corrosion, as shown in Eq. (6). 

 
      (6) 

 
In the equation,  and  represent the cross-

sectional areas of the steel reinforcement before and after 
corrosion, respectively. 

(2) Corrosion leads to a decrease in the yield strength of 
the steel reinforcement 

As corrosion progresses, the change of the properties of 
the rebar, which includes a reduction in yield strength, 
ultimate strength and elongation, leads to a reduction in their 
respective values. The length of the yield plateau may be 
shortened, and in many cases, it may completely disappear. 
Specifically, the reduction in yield strength of corroded steel 
reinforcement can be quantified using Eq. (7). 

 
       (7) 

 
Where  and  represent the yield strength of the 

steel reinforcement before and after corrosion, respectively. 
β( ) is the corrosion-induced reduction factor. Experimental 
results have shown that a considerable decrease in yield 
strength has a considerable effect on the yield and ULC of RC 
beams. As the yield strength decreases, the steel 
reinforcement is more prone to yield under loading, resulting 
in a decrease in the flexural strength and ULC of the beam. 
Therefore, accurately determining the reduction in yield 
strength caused by corrosion is essential for predicting the 
behavior of corroded RC beams and ensuring the safety and 
effectiveness of structures in practical applications. 

Fang [39] investigated the yield strength, ultimate 
strength, ductility, and corrosion rate of corroded steel 
reinforcement and established empirical correlations between 
these variables. The relationship between , , and  is 
shown in Eq. (8). 

 
       (8) 

 
(3) Deterioration of bond strength between corroded 

steel reinforcement and concrete 
This deterioration can be quantified by utilizing Eq. (9). 
 

,        (9) 
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Where N and d represent the tensile force and bond 
strength of the steel reinforcement, respectively. l denotes the 
bond length between the steel reinforcement and concrete. 

The study results indicate that the bond strength between 
the steel reinforcement and concrete increases and then 
decreases with the increase in steel reinforcement corrosion (

) [40, 41]. When  is low, the influence of corrosion on 
the bond strength of specimens is minimal. In many cases, a 
slight increase may even occur. This increase can be 
attributed to the early stages of the corrosion process, where 
corrosion by-products fill the gaps between the steel 
reinforcement and concrete, increasing radial pressure and 
indirectly enhancing the bond strength [42, 43]. However, as 
the corrosion rate accelerates the expansion of corrosion 
products on the steel reinforcement surface and erosion of 
ribbing gradually lead to a decrease in bond strength. 
Additionally, factors such as test methods, thickness of 
protective layer, diameter of steel reinforcement, transverse 
steel confinement, loading conditions, etc., collectively affect 
the bond strength [44]. 

Therefore, the relationship between corroded steel 
reinforcement and concrete can be represented by Eq. (10). 

 
      (10) 

 
Where γ( ) is the reduction factor associated with . 
Almusallam [45] conducted an in-depth study on the 

influence of different levels of corrosion on bond strength. 
The study introduced a reduction coefficient for ribbed steel 
reinforcement bond strength that is related to the degree of 
corrosion. The results showed that as the corrosion level of 
the steel reinforcement ( ) increased, the bond strength 
initially increased and then decreased. In cases of lower 
corrosion levels, the presence of corrosion by-products filled 
the gaps between the steel reinforcement and concrete, 
increasing the radial pressure and thus enhancing the bond 
strength. However, as the corrosion rate continued to rise, the 
bond strength gradually decreased due to the expansion of 
corrosion by-products and the loss of ribs on the surface of 
the threaded steel. 

A reduction factor for bond strength is introduced in the 
literature to express the relationship between the bond 
strength of ribbed reinforcement and the degree of corrosion 
accurately. This reduction factor is quantified by Eq. (11). 

 

𝛾(𝑅") = 21 + 21𝑅"																							𝑅" ≤ 0.017
1.359 − 0.11𝑅"										𝑅" > 0.017  (11) 

 
3.5 Prediction of corroded RC and ULC 
As the degree of corrosion deepens, the yield strength of the 
reinforcement and the bond performance between the 
reinforcement and concrete correspondingly decrease. Under 
the condition of bending load on the specimen, two potential 
failure modes may occur: yielding of the reinforcement or 
bond slip, as shown in Eq. (12–14). 
 

 

2
𝑁&" ≥ 	𝛤"																							𝑏𝑜𝑛𝑑 − 𝑠𝑙𝑖𝑝
𝑁&" < 	𝛤"																																				𝑦𝑖𝑒𝑙𝑑

   (12) 

 

      (13) 

 

      (14) 
 

In the equation,  represents the yield stress of the 

corroded reinforcement.  is the total bond strength.  
represents the yield strength of the tensile stress 
reinforcement. d is the diameter of the tensile reinforcement. 

 is the bond strength of a single reinforcement. l is the 
calculated bond length of the tensile reinforcement. The 
height of the compressive stress zone is calculated by Eq. (15). 
 

     (15) 

 
In the equation,  and  respectively represent the 

total forces in the tensile stress area and compressive stress 
area of the reinforcement, taking the smaller value between 

 and . Here,  and  respectively indicate the 
number of reinforcements in the tensile stress area and 
compressive stress area. 
 
3.6 Test verification 
In this study, four RC beams were prepared, each with a cross-
sectional dimension of 200 mm × 300 mm. The degree of 
corrosion (0%, 5%, 15%, 25%) was used as a variable for the 
test beams. The test beams were respectively named BF-
0/5/15/25, where 0, 5, 15, and 25 represent the designed 
corrosion levels of the beams. The concrete mix ratio for the 
beam specimens was cement: sand: crushed stone: water = 
1:2.5:3.4:0.6. Simultaneous with the preparation of the test 
beams, three sets of material property cube specimens were 
cast. After a standard curing period of 28 days, the average 
compressive strength of the specimens was 17.2 MPa. 

The detailed information of the test beams is shown in 
Fig. 2. The shear reinforcement in the beams consists of 6 mm 
HPB235 grade reinforcing steel reinforcement (with a yield 
strength of 325 MPa), while the longitudinal reinforcement 
includes 16 and 8 mm HRB335 grade reinforcing steel 
reinforcement (with a yield strength of 405 MPa), 
respectively arranged in the tension and compression zones. 

The accelerated corrosion process is shown in Fig. 3. 
After completion of the corrosion process, displacement-
controlled loading was applied to the test beams. A stepwise 
loading method was used, continuing until the midspan 
displacement increased by 2 mm. At each loading stage, the 
development of strain and cracks was recorded. The loading 
and measurement process for the test beams is shown in Fig. 
4. 

 
Fig. 2.  Detailed dimensions and reinforcement arrangement of the test 
beams (units: mm) 
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Fig. 3.  Accelerated corrosion of the test beams 

 

 
Fig. 4.  Loading and measurement scheme for the test beams 

 
 

4. Result analysis and discussion 
 
4.1 Experimental settings 
The development of corrosion cracks originates from the 
accelerated corrosion of reinforcement. The by-products 
apply radial tensile stresses on the surrounding concrete. 
When the stress exceeds the tensile strength of the concrete, 
it leads to radial cracks at the interface between the 
reinforcement and the concrete. As the corrosion progresses, 
the radial cracks propagate toward the concrete surface until 
they reach the protective cover crack. The observed corrosion 
cracks on the surface of the test beams exhibit a consistent 
morphology, characterized by fine cracks distributed around 
the reinforcement. The positions of the widest cracks seem to 
be random. 

During the entire accelerated corrosion test, corrosion 
by-products were observed flowing out through the pores of 
the concrete to the surface of the specimens, primarily 
displaying reddish-brown or brown color. As the 
accumulation of corrosion by-products increased, corrosion 
cracks began to appear on the surface of the beams, leading to 
more overflow at these crack locations. Fig. 5 illustrates the 
distribution and width of corrosion cracks in each beam after 
completion of the corrosion process. 

As shown in Fig. 5, the cracks observed in Beam BF-5 
are relatively fine, characterized by small widths and a local 
distribution on the beam surface. This result can be attributed 
to the low corrosion level, where the formation of corrosion 
by-products has not yet led to remarkable expansion of the 
steel reinforcement (Fig. 5a). Compared with BF-5, as the 
corrosion by-products gradually increase, the force of 

expansion of the reinforcement also increases, applying 
increased radial pressure to the concrete. This increase results 
in a remarkable expansion and widening of corrosion cracks 
in BF-15, which become wider and longer and begin to extend 
more prominently and broadly on the surface of the test 
specimen. At this point, cracks start to form along the 
direction of the longitudinal reinforcement (Fig. 5b). The 
corrosion cracks in Beam BF-25 exhibit evident expansion 
and distribution, forming a dense network of medium and 
small cracks that fill the beam surface. At this stage, the width 
of the cracks remarkably increases, and they are no longer 
confined to the surface but extend partly into the thickness 
direction of the beam (Fig. 5c). 

Table 1 shows the actual corrosion rates of each beam, 
the maximum crack width ( ), and the average crack 
width ( ).  and  were measured after corrosion 
was completed. As shown in Table 1 and Fig. 6, with the 
increase in corrosion rate,  and  gradually increased. 
The increase rate of  is greater than that of , but 
overall, they show approximately linear growth trends. 

 

 
a) 

 
b) 

 
c) 

Fig. 5.  Distribution of corrosion cracks 
 

 
Fig. 6.  Trend of corrosion-induced cracks 
 
Table 1. Details of cracks caused by corrosion 

Item 
Actual 
/% 

/mm /mm 

BF-5 5.4 0.10 0.32 
BF-15 13.8 0.17 0.71 
BF-25 27.2 0.35 1.52 

Note:  represents the corrosion rate. 

 
As shown in Table 2, this study conducted tests on a 

reference beam and three corroded beams, and the test results 
were calculated using Eqs. (12–15). The overall calculation 
results basically meet the prediction requirements and have a 
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certain safety margin. However, when the corrosion level of 
the test beams is high, major errors were observed. On the one 
hand, this difference can be attributed to the substantial 
weakening of the bond strength at high corrosion levels, 
making it difficult to predict the synergistic coefficient 
between them accurately. On the other hand, in the case of 
extensive corrosion, the failure mode transitions to a shear-
bending composite failure, and simple bending calculations 
are insufficient to predict the failure behavior accurately, 
leading to increased calculation errors. 
 
Table 2. Calculation result 

No. Actual /%   /  

BF-0 0 178 160.4 0.90 
BF-5 5.4 160.9 158.9 0.99 
BF-15 13.8 134.1 122.7 0.91 
BF-25 27.2 95.3 82.7 0.87 

 
4.2 Load–displacement response 
Fig. 7 shows the load–displacement curve, with the respective 
ultimate loads and crack initiation loads detailed in Table 3. 
The response displacement of the test beams to the load is 
shown in Fig. 7, manifesting in three distinct stages: 

(1) Elastic stage (before point A): In the initial loading 
stage before point A, the load–displacement curve remains 
linear, and no evident load crack extension is observed on the 
surface of the beam. 

(2) Crack propagation stage (AB): As the load increases, 
the slope of the curve changes at point A, with a slight 
decrease in slope. In this stage, cracks rapidly widen and 
propagate, and as point B approaches, smaller cracks 
penetrate the height of the test beam. 

(3) Yielding stage (after B): When the test beam is loaded 
to point B, a considerable deviation occurs in the slope of the 
curve, indicating that the reinforcing steel inside the beam has 
reached its yield strength. At this point, the deflection of the 
curve continues to rise, but it becomes impractical to apply 
further loads, indicating the end of the test. 

Fig. 7a, Fig. 7b, Fig. 7c and Fig. 7d respectively record 
the load-displacement curves of the four test beams. By 
comparing the load–displacement curves of the four test 
beams (Fig. 7e) and summarizing the key load values in Table 
3 and Fig. 7f, notable conclusions can be drawn. In the initial 
loading stage, the curves of the four beams maintain similar 
slopes, with deviations occurring at point A. Among BF-0, 
BF-5, and BF-15, the deflections at point A are similar, with 
BF-5~25 being 0.99, 0.96, and 0.73 times that of BF-0, 
respectively. The linear elastic limit of BF-25 is 37.8 kN, 
which deviates considerably from the other specimens. This 
deviation indicates that when the corrosion rate ( ) is within 
15%, the effect of corrosion cracking on RC beams is 
relatively small. However, as the corrosion rate increases (  > 
25%), the corrosion effect becomes more pronounced. 

By contrast, considerable differences in the yield loads 
( ) and ultimate loads ( ) are observed among the four 

beams. The  of the corroded beams is 0.89, 0.75, and 0.51 
times that of the uncorroded beam, and  is 0.9, 0.75, and 
0.54 times, respectively. This result highlights the substantial 
effect of corrosion on  and , as shown in Fig. 7f, where 
the linear decrease trend is apparent. 

Although randomness occurs during corrosion (such as 
the variability in the degree of steel corrosion and its 
distribution and the discrete effect on bearing capacity), the 
trend of decreasing bearing capacity with increasing 
corrosion rate remains apparent. Under the same 
reinforcement diameter, the bearing capacity of the 
uncorroded control specimens is remarkably higher than that 
of the accelerated corrosion control specimens. As  
increases, the  and  of the corroded specimens decrease 
considerably, and the load–deflection curve shows a more 
systematic trend of decreasing from high to low. 
 

 
a) 
 

 
b) 
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c)                                                                                                                d) 

 

                                                                                                                           
e)                                                                                                                 f) 

Fig. 7.  Load–deflection curves of the test beams      
 

Table 3. Summary of key load values 

No. 
Actual  

/% /kN /Fu0 /kN /Fy0 /kN /  

BF-0 0 178 1.00 160.5 1.00 51.9 1.00 
BF-5 5.4 160.9 0.90 143 0.89 51.5 0.99 
BF-15 13.8 134.1 0.75 119.9 0.75 49.7 0.96 
BF-25 27.2 95.3 0.54 81.2 0.51 37.8 0.73 

 

4.3 Failure modes and crack distributions 
The crack distribution after beam failure is shown in Fig. 8. 
In Fig. 8a, when  = 0% in BF-0, the tensile zone cracks are 
uniformly distributed, with more vertical cracks, representing 
a typical flexural failure mode. The Fig. 8b shows that as  
increases, the vertical cracks decrease, but the crack spacing 
increases because after crack initiation, the cracks gradually 
merge and penetrate with the initial corrosion cracks, 
resulting in limited evidence of crack development in other 
areas after stress release. BF-15 and BF-25 exhibit more 
evident diagonal cracks (Fig. 8c and 8d), extending from the 
support end to the loading point. This observation indicates a 
transition of the failure mode from bending to shear. 

The crack distribution shown in Fig. 8 reveals that the 
positions of vertical cracks coincide with the locations of 
stirrups, indicating that the corrosion expansion of the stirrups 
during electrolytic corrosion has caused damage to the 
concrete. The failure of the test beams often occurs at 
locations with severe initial vertical cracks, suggesting that 
the vertical cracks caused by stirrup corrosion have a more 
considerable effect on structural performance than the 
diagonal cracks caused by longitudinal reinforcement. The 
corrosion expansion of the stirrups leads to local damage of 
the concrete beam section and even the formation of vertical 

cracks, weakening the ultimate bearing capacity of the beam. 
This results in a relatively weaker beam section, leading to the 
formation and continued development of vertical cracks 
under load, until failure. During the failure process, the 
longitudinal diagonal cracks formed by corrosion intersect 
with the longitudinal induced cracks caused by load action, 
causing the vertical cracks at the bottom of the beam to 
expand rapidly, and extensive spalling of the concrete in the 
tension zone. 

In summary, the corrosion of stirrups leads to a decrease 
in the mechanical properties of steel and concrete, ultimately 
resulting in a reduction in the ULC of RC structures. During 
loading, the vertical cracks produced by the expansion due to 
stirrup corrosion gradually develop into the main cracks, 
ultimately leading to failure. The extent and uniformity of 
stirrup corrosion directly affect the ultimate bearing capacity, 
failure mode, and deformation performance of RC beams. 

The test results indicate that all test beams failed due to 
bending. When the corrosion rate was 0%, the vertical cracks 
in the tension zone were relatively evenly distributed with an 
increased number of cracks. As  increased, the number of 
vertical cracks gradually decreased, but the crack spacing 
increased. With the increase in , the test beams transitioned 
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from a properly reinforced and flexural failure mode to a 
failure mode similar to that of under-reinforced beams. 

 

 

 
a) 

 
b) 

 
c) 

 
d) 

Fig. 8.  Crack distribution diagram of the test beams 
                                                                         

For test beams with relatively low  values, their failure 
process and behavior are relatively similar to those of 
uncorroded flexural members. This similarity indicates that 
when steel reinforcement undergoes corrosion but has not yet 
reached the degree of corrosion-induced expansion and 
cracking, the load-bearing performance of flexural members 
remains relatively stable during the cracking stage. 

By contrast, for test beams with high corrosion rates, 
longitudinal close-coupled stresses (CCS) appear along the 
direction of the longitudinal steel reinforcement. In 
comparison with specimens without CCS, considerable 
differences are observed in their load-bearing characteristics. 
The presence of CCS considerably weakens the overall 
integrity of the RC structure, and the presence of chloride ions 
reduces the tensile strength of the concrete. Therefore, the 
cracking load of the test beams is considerably reduced, with 
cracks appearing at a certain height and extending to the 
positions of corrosion-induced crack expansion. After further 
loading, cracks develop into vertical cracks but do not exceed 
the corrosion-induced expansion cracks. Instead, they 
propagate toward the compressive stress region away from 
the original crack position. 

As  increases, the location of diagonal cracks is closer 
to the midspan of the beam compared with specimens without 

. Corroded beams suffer severe losses in terms of 
reinforcement cross-section, strength, and concrete bond 
strength. Under the same load, the crack width of corroded 
beams is larger than that of uncorroded beams, and the failure 
load is considerably lower than that of uncorroded beams. 

 
 

5. Conclusions 
 
To investigate the effect of different corrosion rates on the 
crack width of beam bodies and to reveal the ultimate bearing 
capacity of corroded RC beams under different corrosion 
rates, this study conducted corrosion tests on three RC beams 
and performed a comparative test on an additional beam. The 
results of the aforementioned experiments were then 

subjected to flexural performance tests on the test beams. A 
predictive formula for the ultimate bearing capacity of 
corroded RC beams was derived. The following conclusions 
could be drawn: 

(1) With the increase in corrosion rate, the average crack 
width and the maximum crack width on the surface of the test 
beams gradually increase. The increase rate of the maximum 
crack width is greater than that of the average crack width, but 
overall, they show an approximately linear growth trend. 

(2) When the corrosion degree of the test beams is within 
15%, the effect on the cracking and crack propagation of the 
RC beams is limited. However, when the corrosion level is 
higher (>25%), the observed effects are more pronounced. By 
contrast, corrosion has a considerable effect on the yielding 
and ultimate load capacity of the test beams, and it shows a 
linear decrease trend with the increase in corrosion. 

(3) The increase in corrosion degree leads to a 
corresponding decrease in the yield strength of the 
reinforcement and the bond performance between the 
reinforcement and the concrete. 

This study combines indoor experiments with theoretical 
research in order to derive a prediction formula for the 
ultimate load-carrying capacity of corroded steel 
reinforcement RC beams. In summary, the calculated results 
generally meet the prediction requirements and exhibit a 
certain level of safety margin. The calculation of the ultimate 
load-carrying capacity of corroded steel bar reinforced 
concrete beams provides a valuable reference point for future 
studies. Nevertheless, significant discrepancies arise when the 
degree of corrosion in the test beams is considerable. On the 
one hand，this is due to the significant reduction in bond 
strength at higher levels of corrosion, which makes it difficult 
to accurately predict the synergistic coefficient between them. 
On the other hand, in the event of extensive corrosion, the 
failure mode shifts to a combined shear-bending failure, 
rendering the application of simple bending calculations 
inadequate for the accurate prediction of failure behavior. 
Consequently, future research should aim to control the level 
of corrosion and the corrosion area in accelerated corrosion 
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tests, in order to achieve more accurate calculations of the 
ultimate load-carrying capacity of corroded steel bar 
reinforced concrete beams.  
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