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ABSTRACT 

 

Corrosion is one of the major problems facing reinforced concrete structures, especially those structures that are extremely 

exposed to chloride ingress in the sea. The effect of corrosion is the gradual reduction of the cross sectional area of the reinforcing 

steel. The flexural capacity of reinforced concrete structures mainly depend on the reinforcing steel. This implied that, the 

reduction of cross sectional area of the reinforcing steel will result to loss of flexural strength. Also one of the main reasons why 

concrete crack is due to its poor flexural capacity. The investigation was based on exposure time ranging from 0 to 30 years 

and corrosion rate ranging from 0.1mm/year to 0.5mm/year. The uncertainties in the basic design variables for bending 

resistance of the un-strengthened and the GFRP strengthened beam, as well as the applied bending action were fully 

accommodated in the analysis. First Order Reliability Method (FORM) was adopted for the computation of the safety 

indices. The search for the optimum safety level using FORM was enhanced by constrained nonlinear optimization 

strategies, using Genetic Algorithms (GA). FORM and Optimization Algorithms were developed and implemented using 

MATLAB 2013 Simulinks. Limit state function for flexural mode of failure was developed based on Eurocode 2 (2004). 

Corrosion damage model for the reinforcing steel was included in the limit state function. It was confirmed that flexural 

strengthening of reinforced concrete beam with GFRP can restore its capacity losses. From the study, the safety index of 

the beam after 30 years of corrosion exposure and before strengthening with GFRP was 0.5. However, after flexural 

strengthening of the beam with GFRP, using 3mm, 3.5mm, 4mm and 4.5mm GFRP sheets, the safety indices respectively 

increased to 1.1 (175% increase in flexural reliability), 1.7 (245% increase), 2.2 (323% increase) and 2.6 (550% increase). 

In conclusion, GFRP thickness of 4.5mm will achieveve a target safety index of 3.8 recommended by Eurocode 0 (2002) at 

a corrosion exposure time of 11 years. The research also established that for corrosion affected reinforced concrete beam, 

the amount of reinforcement is not significant after 30 years, since the safety of the beam tends towards zero.  
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1. INTRODUCTION 

 

Fibre reinforced polymer laminates are increasingly being used 

for the rehabilitation and strengthening of infrastructure in lieu 

of traditional repair techniques such as steel plates (Parikh et 

al., 2010). FRP plates have many advantages over steel plates 

in this application, and their use can be extended to situations 

where it would be impossible or impractical to use steel. For 

example, FRP plates are lighter than steel plates of equivalent 

strength, which eliminates the need for temporary support for 

the plates while the adhesive gains strength. Also, since FRP 

plates used for external bonding are relatively thin, neither the 

weight of the structure nor its dimensions are significantly 

increased. In addition, FRP plates can easily be cut to length on 

site. These various factors when combined make installation 

much simpler and quicker compared to using steel plates 

(Nishikant, 2009).   

Generally, the currents design criteria of engineering structures 

are based on limit state. Uncertainties in basic design variables 

are accommodated by set of deterministic partial safety 

coefficients. However, since each basic design variable is 

random, the best way to address the uncertainties is to use 

probabilistic method. 
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Corrosion of reinforcing steel in concrete leads to premature 

failure of many structures exposed to harsh environments. Rust 

products form on the bar, expanding its volume and creating 

stress in the surrounding concrete. This leads to cracking and 

spalling, both of which can severely reduce the service life and 

strength of a member. Corrosion of reinforcing steel in 

concrete structures is one of the most expensive problems 

facing civil engineers in the United States (Virmani and 

Clemena, 1998). The structural integrity of many bridges 

overpasses, parking garages, and other concrete structures has 

been impaired by corrosion, and repairs are urgently required 

to ensure public safety. 

In this study, both the effects of corrosion and uncertainties 

would be accommodated in the reliability analysis of a Glass 

Fibre Reinforced Polymer (GFRP) strengthened reinforced 

concrete beam in order to compute safety indices and 

probabilities of failure at various design scenarios.  

Corrosion is the most common form of reinforcing steel 

deterioration in reinforced concrete resulting from chloride 

ingress (Veera et al., 2011). In reinforced concrete beams, 

reinforcing steel is used to provide required tension capacity 

against tensile stress resulting from applied loading. The 

damage of steel reinforcement due to corrosion is manifested 

in the form of cross-section reduction, loss of bonding at the 

steel-concrete interface, cracking, and spalling of the concrete 

cover (Li and Zhiwo, 2015). The deterioration of the steel 

cross-section is expected to lead to loss of flexural capacity. 

The repair of reinforced concrete members with steel 

reinforcement that are affected by corrosion involves 

restoration of the concrete cover using well-prepared concrete 

grout. This is however not enough, because the member 

already suffered capacity loss due to reduction of steel cross-

sectional area. The deficient members need to be strengthened. 

Strengthening with Fibre Reinforced Polymeric composite 

application is one of the most recent retrofitting and 

strengthening techniques (Mohamed et al., 2014). FRP can be 

used to compensate for the low capacity of reinforced concrete 

members (NCHRP, 2015). 

FRP strengthening provides an ideal system for achieving the 

strength and ductility requirements of new constructions as 

well as existing structures. Beams play a vital role in the load 

transfer mechanism of all structures. Beams form the first line 

of defence against almost all types of failures found in 

structural systems (Al-Hamoud et al., 2010).  

In a developing country like Nigeria, the cost of FRP system is 

also a major concern because FRP materials are very expensive 

but it is always cheaper to strengthened deteriorated concrete 

structures with GFRP than to demolish and construct new ones 

that was one of the reasons why GFRP was considered suitable 

for this research work. Hence, this research investigated the 

characteristics of RC rectangular beam strengthened with 

externally mounted GFRP laminates.

 

 

2. MATERIALS AND METHODS 

 

2.1 Materials 

 

First Order Reliability analysis was presented.  A typical 

reinforced concrete beam subjected to corrosion was used for 

the analysis. Reliability function for the flexural failure mode 

of the beam was developed, incorporating the resistance model 

of Glass Fiber Reinforced Polymer and corrosion damage 

model. The FORM algorithm was presented as well as the 

implementation of the reliability algorithm through a 

developed computer program in MATLAB.  
 

2.1 Methods 

 

2.2.1 Structural model of the beam under consideration

  

 

The structural model of the beam under investigation is shown 

in Figure 1. The beam is simply supported with rectangular 

cross section, spanning 4.8 m. The overall depth and width of 

the beam are 500mm and 300mm respectively. The beam self-

weight is 27.6N/mm2, with additional dead load of 2.5N/mm2. 

It supports live load of 10N/mm2. The nominal strength of the 

concrete and the yield strength of the reinforcing steel are 

18N/mm2 and 400N/mm2 respectively. The beam was designed 

according to the Eurocode 2, and five number of 16mm 

diameter tension reinforcement was found to have satisfied the 

design criteria. The beam was numerically exposed to chlorine 

ingress that triggered corrosion initiation of steel reinforcement 

with corrosion rates ranging from 0.1mm/year to 0.5mm/year 

based on the deterioration model proposed by (Frangopol and 

Hendawi, 1994). Based on this model, the flexural strength of 

the beam will progressively reduce with time. Strengthening 

program with Glass Fibre Reinforced Polymer (GFRP) was 

proposed to restore or even upgrade the beam beyond its 

original flexural capacity. The GFRP strengthened beam with 

flexural deficiency was undertaken. The uncertainties in all the 

random design variables of the beam were fully accommodated 

in the analysis. 
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Figure 1: Structural configuration of the beam under investigation 

 

2.2.2 Reinforcing Steel Deterioration Model 

 

The flexural strength of corroded reinforced concrete members 

in general depends on the total available area of reinforcing 

steel in the tension zone. (Frangopol and Hendawi, 1994). 

Assuming a uniform corrosion, the mathematical deterioration 

models for bending reinforcement cross sectional area as 

function of time are 

𝐴𝑠(𝑡) =
𝑛𝜋𝜑2

4
                           𝑓𝑜𝑟 𝑡 ≤ 𝑇𝑖                   . . .       (1)                                                                             

𝐴𝑠(𝑡) =
𝑛𝜋(𝜑−2𝑣(𝑡−𝑇𝑖)2)

4
        𝑓𝑜𝑟 𝑡 > 𝑇𝑖                     . . .       (2)                                                                                 

Where, φ = diameter of reinforcing steel bar; n = number of 

steel bars; Ti = time of corrosion initiation in years; and v = rate 

of corrosion in mm/year; Factor 2 in equation 2 takes into 

account the uniform corrosion propagation process from all 

sides at the level of rebar. 
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Figure 2: Uniform corrosion in reinforcing steel 

 

2.2.3 Implementation of the Reliability Analysis

  

 

The reliability analysis presented in this study is based on 

genetic algorithms (GAs). The genetic algorithms calculate the 

probability of failure by using the genetic search technique 

based on a natural selection process and following a search path 

until failure is reached (Jin, 2007). Compared with 

FORM/SORM, the genetic algorithm has the advantage that it 

does not involve the difficulties of computing the derivatives 

of limit state functions with respect to the random variables and 

has the capability of identifying global optimum values of the 

limit state functions. A genetic algorithm based reliability 

problem can be formulated in the following form: 

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒  𝛽 = ||𝜇||2 = 𝑢𝑇𝑢  

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜: 𝑔(𝑢) = 0                                            . . .                 (3)                  

Where μ is the vector of standard normal variates; g(μ) is the 

limit state function; β is the reliability index. The problem in 

Equation (3) is a constrained nonlinear optimization problem. 

The genetic operation is continuous until any of the following 

stopping criteria is achieved. 

1. The average reliability index of the current generation 

does not show significant improvement over the 

former generatiocn. 

γβ(k+1)generation> γβkgeneration 

γ can be set to 0.95 (Wang and Ghosn, 2005) 

2. The first three different minimum reliability indices 

of the current generation remain the same as those of 

the previous generation. 

In this study, 17 random variables were considered. Each of the 

variables was coded using binary coding system, to signify the 

gene. Code ‘1’, implied that the variable is random, and code 

‘0’, implied that the variable is deterministic. Initial set of the 

random variables defining the population of chromosomes, 

were generated using a random number generation code in the 

developed program. Genetic Algorithm (GA) operators, such 

as cross over and mutation were used for the search 

optimization for the global minimum safety indices. Each 

population contain five chromosomes as shown in figure 3 

below. 

  

[10111011010101110] 

[11101001001111010] 

[01011101101101110] 

[00101001111011110] 

[01111011010100010] 

Figure 3: Typical population generation. 

 

2.2.4 Statistical Models of the Basic Design Variables 

 

The evaluation of the limit state function of the GFRP 

strengthened beam requires the statistical models of the 

uncertain variables. These include the mean values, coefficient 
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of variation as well as their probability density functions 

defined by the appropriate theoretical distribution models. The 

statistical models for material properties of reinforced concrete 

and loading are well established in the literature (JCSS, 2001; 

Bartlett et al., 2003).

 

 

Table 1 Design variables used in the research 

 

S/No Variable Description Unit Distribution 

Model 

Mean Coefficient of 

Variation 

1 Θr RC resistance 

model uncertainty 

- Lognormal 1.0 0.10 

2 B Width of the beam Mm Normal 300 0013 

3 H Overall depth of 

the beam 

Mm Normal 500 0.008 

4 fy Yield strength of 

the steel 

N/mm2 Lognormal 400 – 600 0.10 

5 CC Concrete cover Mm Normal 33 0.212 

6 fc Compressive 

strength of the 

concrete 

N/mm2 Lognormal 18 0.15 

7 Θws Model uncertainty 

for self-weight 

- Lognormal 1.0 0.10 

8 Wsw Self-weight N/mm Normal 27.6 0.07 

9 Θll Model uncertainty 

for live load 

- Lognormal 1.0 0.10 

10 Wll Live load N/mm Gumbel 10.0 0.40 

11 Θdl Model uncertainty 

for dead load 

- Lognormal 1.0 0.10 

12 Wdl Dead load N/mm Normal 2.5 0.40 

13 Θgfrp Model uncertainty 

for GFRP strength 

- Lognormal 1.0 0.10 

14 Egfrp Elastic modulus of 

GFRP 

N/mm2 Lognormal 10 – 50 0.10 

15 tgfrp Thickness of GFRP Mm Normal 0.5 – 2.0 0.05 

16 εgfrp GFRP strain - Normal Nominal 0.05 

17 A Variable dependent 

on fc 

- Normal Nominal 0.05 

 

Source: JCSS probabilistic model code (2001) 

 

2.2.5 Limit State Function of the GFRP Strengthened Beam 

 

𝐿𝑖𝑚𝑖𝑡 𝑠𝑡𝑎𝑡𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝐺𝐹𝑅𝑃 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ𝑒𝑛𝑒𝑑 𝑏𝑒𝑎𝑚  

𝑖𝑠 𝑔𝑖𝑣𝑒𝑛 𝑏𝑦: 

𝐺(𝑋) = 𝜃𝑟𝐴𝑠(𝑡)𝑓𝑦 (ℎ − 𝑐 −
𝜑

2
−

0.55𝐴𝑆(𝑡)𝑓𝑦

𝑏𝑓𝑐

) 

           +𝜃𝑔𝑓𝐴𝑔𝑓𝐸𝑔𝑓𝜀𝑔𝑓 (ℎ −
𝑎

2
) 

           − 0.125(𝜃𝑠𝑤𝑊𝑠𝑤 + 𝜃𝑑𝑙𝑊𝑑𝑙 + 𝜃𝑙𝑙𝑊𝑙𝑙)𝐿2          . . .    (4)  

 

Where 𝜃𝑟 is the model uncertainty for the unstrengthen beam, 

𝐴𝑆(𝑡) is the time dependent cross sectional area, 𝑓𝑦 is the yield 

strength of the steel reinforcement, ℎ is the overall depth of the 

beam, 𝑐 is the diameter of the reinforcing steel, 𝜑 is the 

diameter of the reinforcing steel, 𝑏 is the width of the beam, 𝑓𝐶 

is the concrete compressive modulus of elasticity of the GFRP 

sheets, 𝜃𝑆𝑊 is the model uncertainty for self-weight, 𝜃𝑙𝑙  is the 

model uncertainty for the live load, 𝜃𝑑𝑙 is the model uncertainty 
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for the dead load, 𝑊𝑠𝑤is the self-weight of the beam, 𝑊𝑑𝑙is the 

dead load of the beam, 𝑊𝑙𝑙  is the applied live loading, 𝐿 is the 

span of the beam, 𝑎 is a variable depending on 𝑓𝑐 as follows: 

 

𝑎 = 𝑘 𝜍                                                                                   . . .    (5) 

ς = 0.97 − 0.0025fc ≥ 0.67 

 

 

 

 

 

 

2.2.6 Developed Structural Reliability Analysis Program 

 

The structural reliability analysis was undertaken using a 

computer program developed using MATLAB.  The flow chart 

for the program is presented in Figure 4. 

 

 

 

 

 

 

  

Figure 4: Program Flowchart representations for the 

computation of the safety indices 

 

3. RESULTS AND DISCUSSIONS 

 

Reliability Analysis of GFRP Strengthened Reinforced 

Concrete Beam with Flexural Deficiency due to Corrosion was 

undertaken in this research. The results are presented in Figures 

5 to 8 

 

3.1 Safety of Reinforced Concrete Beam Subjected to 

Corrosion 

 

Figure 5 displayed the relationship between safety index and 

corrosion exposure time. The investigation was undertaken 

considering corrosion rates of 0.1mm/year, 0.2 mm/year, 0.3 

mm/year, 0.4 mm/year and 0.5 mm/year. 5, 10, 15, 20, 25 and 

30 years corrosion exposure times were considered. After five 

years of exposure, the safety index corresponding to each of 

the five corrosion rate is clustered around 3.5. As the exposure 

time increases up to 30 years, the safety indices for 

0.1mm/year, 0.2 mm/year, 0.3 mm/year, 0.4 mm/year and 0.5 

mm/year corrosion rates are 3.0, 2.2, 1.4, 0.7 and 0.4 

respectively. This is a clear indication that, exposure time has 

strong influence on the safety of reinforced concrete beam 

subjected to corrosion especially, at higher corrosion exposure 

time which result to gradual or progressive reduction of the 

reinforcing steel cross-sectional area. The large drops in safety 

indices, is indicative of the requirement for structural 

retrofitting, in order to restore the lost structural safety. 
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Retrofitting using Glass Fiber Reinforced Polymer (GFRP) 

was proposed in this research.

 

 

Figure 5: Relationship between safety index and corrosion exposure time for various corrosion rates. 

 

3.2 Effect of Steel Reinforcement Content in the Corrosion 

affected Beam 

 

The result of safety index versus corrosion exposure time is 

presented in figure 6. Investigation was undertaken to check if 

the amount of reinforcing steel provided to the beam at the 

design stage has any effect in protecting the corrosion affected 

beam after long time exposure to corrosion. Four regimes of 

steel reinforcement as percent of the total volume of the beam 

were considered. The regimes are 80%, 64%, 48% and 16%. 

As shown on the plot, after five years exposure of the 

reinforced concrete beam to corrosion, the safety indices for 

the beam with the 80%, 64%, 48% and 16% amount of steel 

are 4.5, 4.0, 3.2 and 2.3 respectively. However, as the exposure 

time increases, the safety indices for the four steel keep 

converging. After 30 years of exposure, the safety indices 

converge to around 0.5. The result shows that, no matter the 

amount of steel provided at the design stage of the beam, the 

amount of safety loss become equal at higher corrosion 

exposure time. The research also established that for corrosion 

affected reinforced concrete beam, the amount of 

reinforcement is not significant after 30 years, since the safety 

of the beam tends towards zero.

 

 

 

Figure 6: Relationship between safety index and corrosion exposure time for various reinforcement ratio. 

 

3.3 Effect of Steel Grade on the Safety of the Corrosion 

Affected Beam  

 

Figure 7 shows the relationship between safety indices and 

corrosion exposure time for various steel grades. Four steel 

grades were considered in the investigation 300N/mm2, 

400N/mm2, 500N/mm2 and 600N/mm2. It could be seen from 

figure 4.3 that increase in steel grade has pronounced effect 

only at the early stage of the corrosion. At higher corrosion 

exposure time say 30 years the increase in steel grade has little 

or no significance in flexural safety of the corrosion affected 

beam.
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Figure 7: Relationship between safety index and corrosion exposure time with various steel grades. 

 

3.4 Performance of Corrosion affected GFRP thickness of 

Retrofitted Reinforced Concrete Beam 

 

Figure 8 shows the relationship between safety index and 

exposure time for retrofitted reinforced concrete beam with 

Glass Fibre Reinforced Polymer (GFRP). GFRP thicknesses of 

3mm, 3.5mm, 4mm and 4.5 mm were bonded to the soffit of 

the corrosion affected reinforced concrete beam, with the view 

to restore or to increase the flexural capacity of the beam that 

was reduced due reinforcing steel corrosion. The modulus of 

elasticity of the GFRP was 30 MPa. From the plot, the safety 

index of the beam after 30 years of exposure and before the 

application of the GFRP was 0.5. However, after flexural 

strengthening of the beam with the GFRP, using 3mm, 3.5mm, 

4mm and 4.5mm GFRP sheets at 30 years exposure, the safety 

indices respectively increased to 1.1 (175% increase in flexural 

reliability), 1.7 (245% increase, 2.2 (323% increase) and 2.6 

(550% increase) at 30 years exposure to corrosion. The 

research established that GFRP thickness of 4.5mm will 

achieve a target safety index of 3.8 recommended by Eurocode 

0 (2002) at a corrosion exposure time of 11 years.

 

 

 
Figure 8: Relationship between safety index and corrosion exposure time for various GFRP thicknesses. 

 

4. CONCLUSIONS 

 

The following conclusions and observations are drawn or 

obtain based on the research findings.  

1. Increase in corrosion rate and corrosion exposure time 

result to drastic loss of flexural capacity due to the 

significant drop in the safety index 

2. It shows that no matter the amount of steel provided 

at the design stage of the beam, safety losses become 

equal especially at prolonged exposure time.  

3. Flexural strengthening of the beam using 3mm, 

3.5mm, 4mm and 4.5mm GFRP sheets at 30 years 
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exposure, the safety indices respectively increased to 

1.1 (175% increase in flexural reliability), 1.7 (245% 

increase), 2.2 (323% increase) and 2.6 (550% 

increase) at 30 years of exposure to corrosion.  

4. GFRP thickness of 4.5mm will achieveve a target 

safety index of 3.8 recommended by Eurocode 2 at a 

corrosion exposure time of 11 years.
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