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ABSTRACT 
 

The strength of reinforced concrete elements retrofitted in flexure by means of externally bonded Carbon Fibre 
Reinforced Polymers (CFRP) has attracted the attention of researchers due to many advantages highlighted by a 
wide set of experimental results. This research presents reliability study on reinforced concrete (RC) bridge deck 
strengthened with externally bonded CFRP subject to corrosion. The deck was subjected to reliability analysis, using 
First Order Reliability Method (FORM), enhanced with genetic algorithms and the inherent safety was found to yield 
safety index of 3.8, this agreed with the recommendation of the Joint Committee of Structural Safety Code (JCSS 
2001) for structures with moderate consequence of failure. The reliability analysis for the intact and the corrosion 
affected deck were executed through a developed program, written using MATLAB Simulink and the result showed the 
detrimental effect of corrosion on reinforcement of steel in the bridge deck. Flexural capacity restoration was also 
undertaken for the bridge deck using Carbon Fibre Reinforced Polymer (CFRP) with the adoption of adhesive 
bonding technique. The results of the reliability-based analysis of the strengthened deck with Carbon Fibre 
Reinforced Polymer (CFRP) yielded a flexural capacity restoration up to 100%. Sensitivity analysis for the bending 
mode of failure were also conducted and it was observed that the critical mode of failure to be strengthened is flexure. 

Keywords:  Carbon Fibre Reinforced Polymers, Reliability Analysis, Bridge Deck, Corrosion, Retrofitting

1. INTRODUCTION 
 

Carbon Fibre Reinforced Polymers (CFRP) are 

increasingly being applied for the rehabilitation and 

strengthening of infrastructures in lieu of traditional 

repair techniques such as steel plates bonding. It has 

proved itself cost-effective in a number of 

strengthening applications in concrete, masonry, steel, 

cast iron and timber structures. Its use in construction 

industry can be either for retrofitting to strengthen an 

existing structure (such as bridges) that were designed 

to tolerate far lower service loads than they are 

experiencing today or as an alternative reinforcing (or 

pre-stressing) material instead of steel from the outset 

of a project. Retrofitting is popular in many instances 

as the cost of replacing the deficient structure can 

greatly exceed its strengthening using CFRP. 

Fibre Reinforced Polymer plates have many 

advantages over steel plates in structural engineering 

applications, and their use can be extended to 

situations where it would be impossible or impractical 

to use steel. The plates are lighter than steel plates of 

equivalent strength, which eliminates the need for 

temporary support for the plates. Also, since CFRP 

plates used for external bonding are relatively thin, 

neither the weight of the structure nor its dimensions 

are significantly increased. In addition, CFRP plates 

can easily be cut to length on site. These various 

factors in combination make installation much simpler 
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and quicker than when using steel plates (Parikh and 

Modhera, 2010). 

There were few analytical studies available for the 

prediction of flexural capacity of reinforced concrete 

deck strengthened with external laminates. Jones et 

al., (1988) determined the ultimate moment capacity 

of reinforced concrete deck externally strengthened 

with bonded steel plates. The study employed 

rectangular stress blocks for concrete and the actual 

stress-strain curves of the internal steel reinforcement, 

and external steel plates to evaluate the internal forces 

and moment (Parikh and Modhera, 2010). Several 

researchers have come up with techniques for 

attempting to predict flexural capacities and failure 

modes for FRP reinforced structural elements. Results 

of research performed by An et al. (1991) suggested 

that accurate strength predictions of FRP reinforced 

beams could be made using simple force equilibrium 

equations. Triantafillou (1998) indicated that the 

failure mode of FRP-reinforced deck was highly 

influenced by the reinforcement ratios of the FRP and 

steel. The study also offered equations for strength 

based on the various modes of CFRP-reinforced deck 

failure. The strengthening process of a typical bridge 

deck using CFRP is as shown in Figure 1. 

The biggest problems suffered by reinforced concrete 

structures subjected to corrosion are the progressive 

reduction of the reinforcing steel cross-section area 

and design service life. Corrosion of steel in concrete 

is an electrochemical process, which takes place as a 

result of the formation of a corrosion cell (Hansson et 

al., 2012). The electrochemical potentials to form the 

corrosion cell may be generated in two ways: 

i. Composition cells may be formed when two 

dissimilar metals are embedded in concrete, such 

as steel reinforcement and aluminium conduit 

pipes, or when significant variations exist in 

surface characteristics of the steel. 

ii. Concentration cells may be formed due to 

differences in concentration of dissolved ions in 

the vicinity of steel, such as alkaline, chlorides, 

and oxygen. 

 

Figure 1: A Typical FRP Strengthening Process of 

bridge deck 

Generally, the current 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 reliability 

method (Vrouwenvelder, 2002; Vrouwenvelder, 2003; 

Rao et al., 2007; Uche and Afolayan, 2008; 

Abdulwahab and Uche, 2017). 

In this study, both the effect of corrosion and their 

uncertainties would be accommodated in the reliability 

analysis in order to compute safety indices and 

probabilities of failure at various design scenarios. The 

failure of the deck designed in accordance with the BS 

5400 would be considered. 
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2. MATERIALS AND METHODS 

 

2.1. Materials 

Matlab Simulink and Genetic Algorithm (GA) 

computer packages were used in this study to 

compute the implied safety levels for the limit state 

functions, outlining the design criteria for reliability 

study of reinforced concrete bridge deck strengthened 

with CFRP. The GA used enhances the capacity of the 

First Order Reliability Method in the search for 

optimum safety indices. 

2.2. Methods 

A typical reinforced concrete bridge deck as shown in 

Figure 2 with 100mm depth of surfacing together with 

a nominal HA live load uniformly distributed load of 

17.5kN/m2 and knife edge load of 33kN/m was used 

for the deterministic design. The deck was also 

designed to carry 30 units of HB load with a span of 

12.0m center to center of bearing. The deck is simply 

supported, designed using a unit strip method. 

 

Figure 2: Unit strip of the reinforced concrete 

bridge deck 

The unit weight of the concrete is 25kN/m3, the 

concrete is grade C32/40 (BS 5400) and the grade of 

the steel reinforcement is grade B500B (BS 4449) 

with nominal cover of the reinforcing steel as 60mm. 

2.2.1 Corrosion Damage Model of the Reinforcing 

Steel 

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; Lin and Frangopol, 

1996). Assuming a uniform corrosion, the 

mathematical deterioration model for bending 

reinforcement cross sectional area as function of time 

is given in Equations 1 and 2. 

As(t)  = 
nπφ2

4
   for t ≤ T   (1) 

As(t)  = 
nπ(φ - 2v(t - Ti)2)

4
   for t > Ti  (2) 

where, φ is diameter of reinforcing steel bar; n is 

number of bars; Ti is time of corrosion initiation; and 

v is rate of corrosion; Factor 2 in Equation (2) takes 

into account the uniform corrosion propagation 

process from all sides at the level of rebar. 

 

Figure 3: Uniform corrosion in reinforcing steel 

(Frangopol and Hendawi, 1994) 

2.2.2 Formulation of the Reliability Function  

In the analyses of the deck, the effect of deterioration 

of reinforced steel due to corrosion was considered. 

The following structural reliability was carried out; 

i. Structural Reliability of the Intact Bridge 

Deck: The bridge deck was designed in 

accordance with BS 5400 and resulted to a 

deck with reinforcing steel spacing 175mm and 
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steel diameter of 32mm. This bridge was intact 

before the initiation of corrosion and was 

subjected to reliability analysis with the view 

to establish the inherent reliability of the 

designed bridge. The reliability was checked 

for various live to dead load ratio ranging from 

0.4 to 1.6. The default live to dead load ratio 

obtained from the deterministic structural 

analysis is 1.0. The influence of the spacing of 

reinforcing steel was also checked. 

ii. Structural Reliability of the Bridge Deck after 

Corrosion Initiation: The bridge deck was then 

subjected to corrosion at various corrosion rate 

and the progressive capacity loss was then 

checked also using probabilistic method. 

iii. Structural Reliability of the CFRP 

Strengthened Bridge Deck after Suffering from 

Flexural Deficiency due to Corrosion of 

Reinforcing Steel: Retrofitting program of the 

corrosion damaged bridge deck was initiated 

using CFRP adhesive bonding technique. 

CFRP sheets of various thicknesses were 

bonded to the soffit of the bridge deck. The 

progressive flexural capacity restoration was 

then checked using probabilistic method. 

The overall reliability analysis was undertaken using 

First Order Reliability Methods, developed by 

Hasofer. The non-normal designed variables were 

transformed to equivalent normal variables using 

Rackwitz Fiessler Algorithm. The search for the 

global optimum safety indices was enhanced by the 

application of Genetic Algorithm. Genetic Algorithm, 

facilitate the consideration of multiple possible 

solution at a time rather than single possible solution 

when using FORM alone. The use of GA therefore 

yielded wider search space for the safety index. The 

whole process was coded using MATLAB Simulink 

Platform. 

 

2.2.3 Derivation of Limit State Function for 

Bending Mode of Failure 

The flexural reliability function for both the un-

strengthen (Intact) and the strengthened cases were 

developed and given in Equations 3 and 4 

respectively. 

𝐺(𝑋) = 𝜃𝑟𝐴𝑠(𝑡)𝑓𝑦 (𝑑 −
0.55𝐴𝑠(𝑡)𝑓𝑦

𝑏𝑓𝑐
) −

0.125𝜃𝑤𝐺𝑘(𝛼 + 1)𝐿2 (3) 

where, θr is the model uncertainty for the un-

strengthened deck, As(t) is the time dependent cross 

sectional area, fy is the yield strength of the steel 

reinforcement, d is the concrete cover to reinforcing 

steel, b is the width of the deck, fc is the concrete 

compressive strength, θw is the model uncertainty for 

loading, Gk is the applied dead super-imposed 

loading, α is the dead to live load ratio, and L is the 

deck span 

 

For the strengthened deck, additional flexural 

capacity was achieved by bonding CFRP sheets at the 

bottom of the deck. The limit state function is given 

as in equation (4): 

𝐺(𝑋) = 𝜃𝑐𝐴𝑠(𝑡)𝑓𝑦 (𝑑 −
0.55𝐴𝑠(𝑡)𝑓𝑦

𝑏𝑓𝑐
) +

𝜃𝑐𝑓𝐸𝑐𝑓𝜀𝑐𝑓 (ℎ −
𝑎

2
) − 0.125𝜃𝑤𝐺𝑘(𝛼 + 1)𝐿2  (4) 

 

where, θcf is the model uncertainty for CFRP strength,  

Ecf is the modulus of elasticity of the CFRP sheets, εcf 

is the strain of CFRP, and h is the overall depth of the 

un-strengthened deck.  

 

2.2.4 Development of the Form Program 

Robust computer program for the reliability analysis 

of the flexural failure mode was developed using 

MATLAB programming language to obtain reliability 

safety indices. 
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Figure 4: The Flowchart of the FORM Program 

 

In the program, Genetic Algorithm (GA) was used to 

enhance the capacity of the First Order Reliability 

Method in the search for optimum safety indices. 

In GA a population of solution are considered at a 

time, and the result is updated using cross over and 

mutation to simulate the biological process of 

evolution. The flowchart of the program is as given in 

Figure 4. The programs consist of the main program 

for flexure and several sub-programs. 

 

 

  

3. RESULTS AND DISCUSSIONS 

 

3.1. Results of flexural reliability analysis of 

reinforced concrete bridge deck 

Reliability analysis was performed on un-strengthen 

(intact) bridge deck using MATLAB for various live to 

dead load ratio ranging from 0.4 to 1.6 with the view 

to establishing the inherent reliability of the bridge 

deck and the results are presented graphically in 

Figures 5 to 11. 

 

 

Figure 5: Relationship between safety index and live to dead load ratio for  
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various spacing of reinforcing steel  

 

 

Figure 6: Relationship between safety index and live to dead load ratio for various diameter of  

reinforcing steel (Designed spacing of the reinforcing is 175mm) 

 

 

Figure 7: Relationship between safety index and live to dead load ratio for various reinforcing  

steel strengths (Designed spacing of the reinforcing is 175mm) 
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Figure 8: Relationship between safety index and live to dead load ratio for  

various corrosion rates (Corrosion Exposure Time = 50 years) 

 

Figure 9: Relationship between safety index and corrosion exposure time for various corrosion rates 
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Figure 10: Relationship between safety index and corrosion exposure time for various CFRP Thickness 

 

Figure 11: Relationship between safety index and live to dead load ratio for various CFRP Thickness 

(Corrosion Exposure Time = 50 years) 
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3.2. Discussions 

3.2.1 Structural Reliability Analysis for the Un-

strengthen Bridge Deck without Corrosion 

The relationship between safety index and live to dead 

load ratio is presented in Figure 5. Three 

reinforcement spacing were considered, 150mm, 

175mm and 200mm, load ratio ranging from 0.4 to 1.6 

was included in the check, dead super imposed load 

are kept fixed and the live load comprising the HA and 

HB loading was varied using the load ratio. The higher 

the load ratio, the higher the designed load on the 

bridge deck. 

Figure 5 also showed that deviation from the design 

load ratio 1.0, will lead to gradual loss of safety of the 

deck, as the load ratio increases. For instance, 

changing the load ratio to 1.5 (50% increase), will lead 

to loss of deck safety index, from β = 3.8 to β = 2.4.  

The effect of change in the value of the diameter of the 

reinforcing steel is presented in Figure 6. The default 

(Design) diameter is 32mm. It is clear from Figure 6, 

that the relationship between safety index and steel 

diameter shows non-linearity. Any decision to use 

steel diameter other than the one recommended in 

design, will lead to drastic change in structural safety. 

At the default live to dead load ratio of 1.0, the 

inherent safety for the deck corresponds to safety 

index, β of 3.8. Changing the diameter from 32mm to 

25mm, 20mm and 16mm will result to drop in safety 

index β = 1.8, -0.2 and -2.2 respectively. 

Figure 7 shows the influence of the steel strength on 

the overall safety of the bridge deck, and live load 

ratio is varied from 0.4 to 1.6 with the steel strength 

considered in the design to be 500N/mm2. The 

inherent safety index was 3.8 at the default live to 

dead load ratio. The safety index drop from 3.8 to 3.5, 

3.0, 2.4 and 1.6 for steel strength 450N/mm2 

400N/mm2 350N/mm2 and 300N/mm2 respectively. In 

the JCSS, 2000, a target safety index of 3.8 is 

recommended. From this investigation it is clear that, 

the use of substandard steel can jeopardise the safety 

of the bridge deck. 

On a general note, result presented in Figures 5, 6 and 

7 revealed that, the bridge deck designed according to 

BS 5400, met the target reliability safety indices, 

recommended in the international probabilistic model 

of 3.8 (JCSS, 2001). This implies that, the intact 

bridge deck is adequately safe. It is also clear, that so 

long as the design value of loading, material and 

geometric properties are used, the safety of the bridge 

is guaranteed. 

3.2.2 Structural Reliability of the Unstrengthen 

Bridge Deck Exposed to Corrosion Environment 

The bridge deck is assumed to have been subjected to 

corrosion initiation, to have 3 years after casting, with 

corrosion rate of 0.05mm/year. The effect of corrosion 

exposure on the deck is presented in Figure 8. The 

safety level was checked at 50 years after corrosion 

initiation. Five corrosion rate were considered 

(0.02mm/year, 0.04mm/year, 0.06mm/year, 

0.08mm/year and 0.1mm/year), with load ratio varying 

from 0.4 to 1.6. In all cases safety index decreases 

with increasing corrosion rate. 

At the design corrosion rate of 0.05mm/year, load ratio 

of 1.0, the β is 2.5. This implies that the safety level of 

the deck drop from 3.8 to 2.5 fifty (50) years after 

corrosion initiation when the corrosion is 

0.05mm/year. As the corrosion rate increases, the 

safety index progressively decreases, up to around -0.2 

as the corrosion rate approaches 0.1mm/year. This 

implies to the total failure of bridge deck. 

Figure 9 shows the relationship between safety index 

and corrosion exposure time, for various corrosion 

rate. The corrosion exposure time ranges from 20 
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years to 100 years. At the highest corrosion rate of 

0.1mm/year, the safety index drastically drop from 3.8 

at the beginning of the corrosion to the near zero 

safety, as the time approaches 50 years. At this stage a 

failure of the bridge deck is inevitable.  

Generally, the flexural capacity of the deck 

progressively decreases as the corrosion rate and 

corrosion exposure time increases, thus the need for 

structural retrofitting of the bridge deck using Carbon 

Fibre Reinforced Polymer (CFRP) Sheets. 

3.2.3 Structural Reliability of the CFRP Strengthened 

Bridge Deck Exposed to Corrosion 

CFRP sheets were bounded to the soffit of the bridge 

deck, in order to restore its flexural capacity that is 

being lost due to corrosion. The variation of safety 

index with corrosion exposure time for various CFRP 

thickness was checked. Before retrofitting (CFRP 

thickness = 0), the safety index decrease from 3.3 at 

20 years to 0.2 after 100 years. 

As the deck is retrofitted with CFRP, the safety 

restoration is gradually achieved with just 0.25mm 

thick CFRP, and at 60 years of corrosion exposure, the 

safety index were raised from 2 to 4.8 (more than 

100%). 

Variation of safety index with live to dead load ratio 

were also checked for various CFRP thickness and 

50years corrosion exposure time as shown in Figure 

11 at the default load ratio of 1.0, the safety index was 

raised by 0.25mm thick CFRP from 2.4 to 5.0, (about 

100% capacity restoration). 

 

 

 

 

 

4. CONCLUSIONS 

 

The following conclusions are drawn from the results 

obtained.  

i. Flexural limit state functions for both unstrengthen 

and strengthened bridge deck was derived and a 

subroutine program was developed using 

MATLAB Simulink. 

ii. The reliability analysis of the bridge deck using 

First Order Reliability Method (FORM) and 

enhanced with Genetic Algorithms (GAs) showed 

that the deck is inherently safe with safety index 

value of 3.8 which agreed with the 

recommendation of the Joint Committee of 

Structural Safety Code (JCSS, 2001).  

iii. Flexural mode of failure of the un-strengthen 

bridge deck is affected much when exposed to 

corrosion and needs to be strengthened using 

CFRP. 

iv. Reliability-based analysis of the strengthened deck 

with Carbon Fibre Reinforced Polymer (CFRP) 

yielded a flexural capacity restoration of as much 

as 100%. 
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