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 Abstract 
orrosion problem is a topic of special interest 

because it is critical for reinforced concrete 

column based on the fact that this type of 

member can fail in a brittle way and without warning. 

Column is the most vital structural element; its failure 

has adverse effect on overall safety of a structural 

system. Corrosion depends on many variables which 

may have some degree of uncertainty due to 

slenderness ratio, radius of gyration, etc. With this in 

view, reliability analysis was performed by applying 

various variables, comparison and useful conclusions 

were drawn. The entire process was implemented 

through a developed program using MATLAB. The 

reliability index, ß, was computed for various points 

on the interaction curve using First Order Reliability 

Method (FORM). The variations of the safety index 

with respect to the basic variables (load ratio and 

yield strength) were examined to analyze the 

behavior of column with 

the reinforcement 

subjected to corrosion, 

given the values of the 

design parameters. Curves 

were developed for each 

failure mode of the column 

as well as for the system. 

The results indicated that 

the safety index of the 

reinforced concrete column 

decreases as the load ratio 

of the column is increasing 

while an increase in yield 

strength leads to 

corresponding increase in 

the safety indices. 

Therefore, understanding 

the time-variance risks 

associated with the 

corrosion of reinforced 

concrete columns is very 

vital. 
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Introduction 
einforced concrete is a versatile, economical and successful construction 

material. It can be mould to a variety of shapes and finishes and it is usually 

durable, strong and performing well throughout its service life. However, 

sometimes it does not perform adequately as a result of poor design, poor 

construction quality, inadequate material selection, very aggressive environments 

or a combination of all these factors. 

It is now universally recognized that corrosion of steel reinforcement is the major 

causes of costly and premature deterioration in reinforced concrete structures 

(Hanssson et al 2007; Rostam 2003). This corrosion deterioration can lead to 

damage resulting in capacity loss or even failure. For structures exposed to coastal 

marine environments or deicing or anti-icing applications, this deterioration is 

often accelerated.  The deterioration is often attributable to the corrosion of steel, 

which can significantly reduce the strength of both steel and reinforced concrete 

structures. (Sarveswaran et al,2000) Corrosion rates are highly variable and 

dependent on the local environment, quality of the material strengths, geometry 

and applied loads vary during the life of a structure. Therefore, there is a high 

degree of uncertainty associated with the assessment of deteriorating structures. 

The economic loss and damage caused by the corrosion of steel in concrete makes 

it arguably the largest single infrastructure problem facing industrialized countries 

(Broomfield 2007). 

Since the failure of a column may result in the total collapse of a structure, the 

precise estimation of the failure point of a column is one of the most important 

issues in the design and the reliability assessment of a column, especially in code 

calibrations. The strength parameters of an RC column include the material 

properties and geometric properties of the cross-section of an RC column. The 

strength and load parameter are considered as a random variable. 

The corrosion deterioration in RC structures has drawn significant attention from 

researchers and analytical studies and experimental tests have been performed 

worldwide. Durability and serviceability of corroded RC structures have been 

investigated to determine the relationship between the corrosion process and the 

service life of these structures and these relationships have been used to develop 

service life models. The prediction of the performance of structures subjected to 

chlorides required a thorough understanding and reliable modeling of several 

complex mechanisms, which include (Deng et al, 2004): (i) transport of chlorides 
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(ii) corrosion initiation through depassivation of steel and destruction of the 

protective film layer; (iii) damage initiation and accumulation and (iv) impact of 

force on bond and strength. The problem is further complicated by considering 

the combined effects of stresses and damage-induced corrosion and mechanical 

loads. This is critical for a reliable prediction of the safety and serviceability of 

structures and their remaining life (Afolayan,2004). Structural reliability theory has 

been used by many researchers to measure the structural performance of 

reinforced concrete structures deteriorating due to corrosion of steel 

reinforcement. However, the deterioration models that have been used in the 

past are mainly generalized mathematical models which do not reflect the local 

variation associated with the corrosion process, which are likely to be columns. 

The effect of corrosion of the steel bars on the bond strength between the steel 

reinforcement and the concrete has generally not been considered. As a result of 

the uncertainties and in order to be able to utilize the superior qualities of the 

structure fully, it will be necessary to develop a realistic and reliability-based 

durability design (Mechtcherine,2012). Therefore, the aim of this paper is to 

evaluating the effect of load ratio and steel yield strength on reinforced concrete 

columns subjected to corrosion. 

 

Corrosion of Reinforced Steel in Concrete 

Reinforcing steel corrosion in concrete can happen under oxygen – starved 

conditions (Broomfield, 2015). The steel reinforcement in contact with alkaline 

solution is normally passive. The thermodynamically most stable corrosion 

products are insoluble oxides, and a passive oxide film which covers the surface, 

preventing corrosion is essential. Two processes can break down the passive 

environment in carbon dioxide (CO2) when the atmosphere reacts with water in 

the concrete pores to form carbonic acid, which then neutralized the alkalis in the 

pores. This can then lead to the corrosion of the reinforcing steel. in contrast, the 

introduction of chloride, such as sodium chloride (NaCl) found in the sea and de-

icing salt or calcium chloride (CaCl) still found in concrete admixtures can result in 

chloride attack and depassivation of the steel reinforcement (Darek, 2012). 

In reinforced concrete (RC) structures in coaster regions, exposed to sea water, 

or RC structures in colder climates where the seasonal use of de-icing salts is 

standard practice, the chloride usually penetrate to the reinforcement and cause 

corrosion long before carbonation becomes a problem (Page, 2007). Once the 

reinforcing steel is depassivated, corrosion proceeds in electrochemical cells 
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formed on the surface of the metal and an electrolyte of solution surrounding the 

metal as illustrated in Figure 1, each cell consists of a pair of electrodes on the 

surface of the metal (the anode and its counterpoint, the cathode), a return 

circuit, and the electrolyte. In the reinforced concrete, the anode and the cathode 

are located on the reinforcing steel bars, which also serve as the return circuits, 

while the surrounding concrete acts as the electrolyte (Al-suleiman et al, 1990). 

Concrete exposed to wet-dry cycles has sufficient conductivity to serve as the 

electrolyte. At the anode location on the metal, the iron undergoes oxidation, 

which is accompanied by production of electrons and subsequently iron 

dissolution (Ahmad, 2003). 

           

 
Figure 1: Schematic illustration of the corrosion of reinforcement steel in concrete 

as an electrochemical process (adapted from Ahmad 2003) 

 

Structural Reliability 

The study of structural reliability is concerned with the calculation and prediction 

of the probability of limit state violation for engineered structures (Melchers, 

1999). According to Tsompanakis & Papadrakakis (2000), structural reliability 

analysis is a tool that assists the design engineer to take in to account all possible 

uncertainties during the design and construction phases and the lifetime of a 

structure in order to calculate its probability of failure. 

Reliability analysis is a method for calculating the probability of a structure 

exceeding a failure limit state. In reliability analysis the uncertainty associated with 

a variable, which is expressed in terms of its probability density function (PDF), is 

explicitly taken into account, whereas in limit state deterministic analysis the 

variable is assigned a characteristic value and a partial safety factor to account for 

extreme events. Reliability analysis begins with the formulation of a limit state 

function, which represents the performance of a structure, in terms of a number 
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of basic random variables. The basic reliability problem considers only one load 

effect, S, resisted by one resistance, R, which are described by known PDFs, 

FS(S)and FR(R). (Afolayan et al, 2003). The limit state function for an element is 

defined as follows:  

M = R-S 

Where M is safety margin                                                                            

Reliability based approach involve the rational consideration and accommodation 

of uncertainties, so that a more realistic analysis of the safety of a structure can be 

performed. The objective of reliability analysis is to estimate the probability of 

failure given by:  

Pf =∫ 𝑓𝑥(𝑋)𝑑𝑥{𝑔(𝑥)≤0}
                    (1) 

Where the random vector X contains all the uncertain basic variables such as 

material properties, loads, member dimensions, and model uncertainty 

parameter: fx(X) represents the joint probability density of the basic random 

variables, and g(X) is the limit-state function corresponding to failure mode 

considered and defined such that the failure events corresponds to g ≤ 0.  

For a multivariate limit state function, the direct integration of the equation 1 

above may be difficult if not impossible. Hence, the development of approximate 

methods. One of such method is the First Order Reliability Method. 

First Order Reliability Method (FORM) has been developed to approximately 

evaluate the probability of failure (equation1). 

First, the original space X is transformed into the standard normal space u through 

transformation U = T(X) which always exists for random variables having strctly 

increasing continous joint cumulative distribution function. 

Then equation 1 becomes: 

Pf =∫ 2𝜋
−𝑛

2
{𝐺(𝑈)≤0}

exp(
−1

2
𝑈𝑇𝑈) 𝑑𝑢       (2) 

where n is the number random variables and G(U) the limit state function in the 

standard normal space. 

The next state consist of finding the point U on the limit state surface G(U) = 0 

which is nearest to the origin. This point is known as the design point, is the most 

likely failure point and is an optimum point at which to approximate the surface 

G(U) =0, since the primary contribution to probability integral in equation (2) 

comes from the part of the failure region close to the origin. 

The FORM approximation is obtained by replacing G(U) =0, by the tangent 
hyperplane at U*, and the corresponding First order estimate of Pf is Pf = 𝜑(−𝛽), 
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where ɸ (….) is the standard normal probability distribution function and β called 
the reliability index, is the distance from the origin to the nearest point on the limit-
state surface. 
 
ANALYTICAL TECHNIQUE 
Reliability analysis of corroded columns 
A column is an important component of a reinforced concrete structure. In 
general, column may be defined as a member carrying direct axial load which 
causes compressive stresses of such magnitude that these stresses largely control 
its design. The evaluation of safety of a column is a task of much importance. The 
safety of a column depends on the resistance R, of the column and action S (load 
or load effects) on the column. The action is a function of loads (live load, wind 
load, dead load..,) which are random variables. 
Similarly, the resistance or response of the column depends on the physical 
properties of the materials, and geometrical dimensions of column which are also 
subjected to statistical variations, and are probabilistic. Hence to be rational in the 
estimation of the structural safety, the random variations of the basic parameters 
are to be taken into account. Since load and strength are random variables, the 
safety of the column is also a statistical variable.The reinforced column adopted in 
this study is based BS 8110 Design Criteria of reinforced concrete column. The 
dimensions of the RC column in the present study are arrived at based on such 
design guidelines which aim to achieve the prescribed minimum failure modes. 
The structural configuration of the columns is shown in fig 3.1. The column is 
subjected to imposed load of 1550KN, and dead to live load ratio ranging from 0.5-
0.9 and steel yield strength from 400-600N/mm2.  

                
                               Figure 2. Axially loaded column with section 
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Limit State functions for the reliability Index of Columns 

The limit state function gives a discretized assessment of the state of structure 

element of a given failure mode. It is usually obtained from certain traditional 

deterministic analysis but uncertain parameters are treated statistically. 

The limited state G(x) = R-S is a function of material properties, load and dimension 

as well. The region of integral of the functions are stated below   

G(x) > 0: signifies safe 

G(x) = 0: signifies limit state attainment 

G(x) < 0: signifies failure 

Computation of reliability index 

The expression for performance function G(X) in the limit state equation is given 

as:  

G(x) =  [
0.35 ×  𝑓𝑐  ×  𝑑𝑐

2

4
 + 0.67𝑓𝑦 ×  𝑛𝜋 (

𝑑𝑠𝑡 −  (𝐼𝑐𝑜𝑟𝑟(𝑇𝑒𝑙𝑎𝑝𝑠𝑒𝑑 −  𝑇𝑖))

4
)

2

]

−  [𝑞(𝛾𝑔𝛼 + 𝛾𝑞)  ×  103]
4

 

Where 𝐺(𝑋) is the limit state function 

 

 

 

 

 

 

 

 

 
Π = 3.143 

N – 12 nos bars 

 

Discussion of Results  

The variation of selected vital parameters varying from corrosion rate, age of 

corrosion, steel yield strength, load ratio and imposed load whose strength was 

obtained from design criteria was carried out using the MATLAB program. The 

results were as presented in figure to figure 
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 Figure 3: The relationship between the safety index and corrosion rates for load 

ratio in zero and five years. 

 

.  

Figure 4: The relationship between the safety index and corrosion rates for load 

ratio in ten and fifteen years 

 

  
Figure 5: The relationship between the safety index and corrosion rates for load 

ratio in Twenty twenty-five years 
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Figure 6: The relationship between the safety index and corrosion rates for load 

ratio in Thirty (30) years. 

 

 
Figure 7: The relationship between the safety index and corrosion rates for Yield 

strength in Zero and five years. 
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Figure 8: The relationship between the safety index and corrosion rates for Yield 

strength in Ten and fifteen years. 

  
Figure 9: The relationship between the safety index and corrosion rates for Yield 

strength in Twenty and Twenty-five years. 

 
Figure 10: The relationship between the safety index and corrosion rates for Yield 

strength in Thirty (30) years. 

The program developed for the effect of load ratio and yield strength on 

reinforced concrete columns subjected to corrosion was carried out with First 

Sa
fe

ty
 I

n
d

e
x 

(β
)

Corrosion rate (mm/year)

400N/mm
2

500N/mm
2

600N/mm
2

Sa
fe

ty
 I

n
d

e
x 

(β
)

Corrosion rate (mm/year)

400N/mm
2

500N/mm
2

600N/mm
2

Sa
fe

ty
 I

n
d

e
x 

(β
)

Corrosion rate (mm/year)

400N/m
m2

500N/m
m2

600N/m
m2

Sa
fe

ty
 I

n
d

e
x 

(β
)

Corrosion rate mm/year)

400N/m
m2

500N/m
m2

600N/m
m2

Sa
fe

ty
 I

n
d

e
x 

(β
)

Corrosion rate (mm/year)

400N/m
m2

500N/m
m2

600N/m
m2



 
 

 

 
 

 
117 

MEDITERRANEAN PUBLICATIONS 
AND RESEARCH INTERNATIONAL 

INTERNATIONAL JOURNAL – AAER  
VOL. 18 NO.5 JUN-2022 ISSN: 2079-5074 

EDITOR-IN-CHIEF 
Prof. Saeid Eslamian [IRAN] 

Order Reliability Method using MATLAB and the procedure was repeated for 

different variation of factors and parameters. 

The year of the corrosion was varied from 0 year to 30 years, load ratio from 0.5 

to 0.9 and yield strength (Fy) from 400N/mm2 to 600N/mm2. 

Figures 1 to 4 shows the relationship of safety indices to corrosion rate for load 

ratio parameters and Figures 5 to 8 shows the relationship of safety indices to 

corrosion rate for yield strength parameters of reinforced concrete columns 

subjected to corrosion.  

Fig 1, and 5, shows the reliability of based result/relationship when corrosion is at 

o years and the corrosion rate is varied from 0.0mm/yr to 0.5mm/yr. The result and 

safety indices are taken at interval of 0.1mm/yr. 

Careful observation from Figure 3 and 7 shows that the safety indices remain 

constant with an increase in corrosion rate and load ratio. The result generally 

indicates that no failures occur within the first couple of years of the corrosion 

initiation.  This stage depends on so many factor and statistic show that it varies 

in the range of 0-5years. After the first couple of years, the rate of probability of 

failure increase at a nearly constant value.  

When the year of corrosion rate is increase from 0-10years at figure 2 and 6, with 

the variation in load ratio from 0.5 to 0.9 and yield strength from 400N/mm2 to 

600N/mm2, the safety indices obtained were 1.66, 1.29, 0.95, 0.63, 0.34 for load 

ratio, 0.47, 0.95, 1.4 for yield strength respectively. This signifies the safe state and 

early age of the columns. 

At the age of 15 years, with the variation of load ratio from 0.5, 0.6, 0.7, 0.8, 0.9, 

and yield strength from 400N/mm2, 500N/mm2, 600N/mm2, the safety indices 

obtained were 0.58, 0.23, -0.08, -0.38, -0.65 for load ratio, -0.39, -0.08, -0.22 for 

yield strength respectively. This signified the serviceability limit state of the 

columns with significant impact of corrosion damage. 

 At the age of 30 years, with the same variation of load ratio, yield strength and 

concrete grade, the safety indices obtained were 0.58, 0.23, -0.08, -0.38, -0.65 for 

load ratio, -1.65, -1.65, -1.65 for yield strength respectively. This signified the 

ultimate limit state of the columns which requires complete rehabilitation. 

 

Conclusions  

The effect of load ratio and yield strength on reinforced concrete columns 

subjected to corrosion was carried out with First Order Reliability Method using 

MATLAB program. 



 
 

 

 
 

 
118 

MEDITERRANEAN PUBLICATIONS 
AND RESEARCH INTERNATIONAL 

INTERNATIONAL JOURNAL – AAER  
VOL. 18 NO.5 JUN-2022 ISSN: 2079-5074 

EDITOR-IN-CHIEF 
Prof. Saeid Eslamian [IRAN] 

From the results obtained using MATLAB, the safety index of the reinforced 

concrete column decreases as the load ratio of the column is increasing. The 

reliability indices for the columns decreased as the corrosion rate increases at 

various load ratio with time. 

The graph showed that an increase in yield strength leads to corresponding 

increase in the safety indices. This show at higher values of yield strength, the 

reinforced concrete column subjected to corrosion is safe.  

* At the age of 15 years, the columns experience serviceability limit state due to 

the safety indices obtained;0.58, 0.23, -0.08, -0.38, -0.65 for load ratio and -0.39, -

0.08, 0.22 for yield strength  

* The variation is more dependent on member geometry, particularly member 

slenderness. Since increase in corrosion results to reduced cross-section, then 

increase in corrosion rate leads to decrease in buckling resistance capacity of the 

columns. 

 

Recommendations 

To ensure the safety and durability of reinforced concrete structure exposed to 

marine environment and for safety lives and property, the following are 

recommendations from this study: 

• For reinforced concrete columns in an aggressive environment prone to 

corrosion attack, a minimum of 0.5 load ratio, 500 N/mm2 yield strength and 

30N/mm2 of concrete grade at corrosion rate of 0.4mm/year with good anti-

corrosion properties (epoxy resins) be used in the construction of columns as 

load carrying components 

•  Repair should be made when the reinforced concrete columns reached 15 years 

in service. 

• The quality control of concrete mi x should be adequate to increase durability 

and reduce fire effect under heat. 

• A higher steel grade and concrete grade is better than a lower steel grade or 

other reinforcements. 

• Reliability based method should be integrated in the BS 8110 design criteria 

of Reinforced Concrete Columns subjected to corrosion in order to fully 

accommodate the uncertainties in design parameters, since the partial safety 

concept is deterministic in nature, derived from long time experience of 

building tradition. 
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• Data from laboratory tests is needed to perform additional component 

and model uncertainty analyses. 

• The paper can be used as a guide for reinforced concrete structure (columns) 

exposed to marine environment and reference for further academic research. 
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