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1. Introduction 
 

Reinforcement corrosion is a global problem in the 

durability of the reinforced concrete (RC) structures. It 

causes considerable cost and safety threats to civil 

engineering infrastructure. Reinforcement (rebar) corrosion 

affects the performance of corroded RC structures in 

different ways. Structural performance deterioration mainly 

depends on the loss of rebar area, cracking in concrete 

cover and bond strength degradation between the rebar and 

concrete. Corrosion progress in concrete structures affects 

the mechanical properties of both concrete and 

reinforcement. These changes in mechanical properties 

along with decreasing size of the rebar and increasing crack 

width in the concrete cover can lead to significant reduction 

in the residual load carrying capacity and stiffness of RC 

structures (Azad 2010, Chen 2018a). As corrosion 

progresses, this internal stress becomes greater than the 

tensile strength of the concrete, radial splitting cracks 

initiates at the rebar surface and propagates towards the 

cover surface. When corrosion continues, it may lead 

towards the eventual spalling and delamination of the 

concrete cover. This ultimately reduces the bond strength 

between the rebar and concrete and load carrying capacity, 

causing the structure failure (Lounis et al. 2006), as shown 

in Fig. 1. 

Many investigations have been undertaken during the 

last three decades regarding the prediction of corrosion 
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Fig. 1 Corrosion induced damage in corroded RC structures 

 

 

initiation, but comparatively few studies have been 

undertaken in corrosion propagation and even less with the 

residual structural capacity of the corroded RC structure 

(Torres-Acosta et al. 2007). Limited research has been 

carried out to investigate the effect of reinforcement 

corrosion on the mechanical characteristics and load 

carrying capacity of corroded RC structures, where 

reinforcing bars were corroded by using accelerated 

corrosion technique (Chen 2018b, Vidal et al. 2004, Zhang 

et al. 2010). Also, research has been undertaken during last 

decade regarding the influence of reinforcement corrosion 

and concrete cracking on the performance of reinforced 

concrete structures (Bhargava et al. 2006, Ortega et al. 

2018) and to predict the residual life of structures (Torres-

Acosta et al. 2007, Chen and Nepal 2016). The time- 
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dependent structural reliability has been utilised to evaluate 

strength degradation and performance deterioration over 

time during service life (Stewart and Suo 2009, Chen and 

Xiao 2015). Recently some theoretical approaches have 

been proposed by Chen (2018a) and Chen and Nepal 

(2018). However, the effect of concrete cracking on residual 

load carrying capacity and remaining useful life of corroded 

structures is not well understood. There is a need of a 

reliable performance assessment method which can 

confidently estimate the remaining useful life and predict 

the residual load carrying capacity of concrete structures 

subjected to reinforcement corrosion. 

The paper presents an approach for lifetime performance 

assessment of corrosion damaged reinforced concrete 

structures on the basis of the lifetime distribution modelling 

of concrete crack width evolution and structural strength 

deterioration. The model for concrete crack growth due to 

corrosion progress is proposed, which is used to investigate 

its effects on rebar residual bond strength. Many factors, 

such as rebar cross-section loss and bond strength 

degradation, are taken account for estimating the load 

bearing capacity deterioration of the corroded concrete 

structures. The predicted concrete crack width and 

structural strength deterioration are then utilised as random 

variables for lifetime distribution analyses. Based on the 

Weibull life distribution model for the concrete cracking 

evolution and flexural strength deterioration, the lifetime 

reliability is predicted from usage, and the remaining useful 

life is estimated by the current state of the structure. 

 

 
2. Cover concrete cracking   

  

Initially, in reinforced concrete structures, the steel rebar 

embedded in concrete is naturally protected from corrosion 

by the strong alkalinity of the concrete. The ingress of 

chlorides through the concrete cover deactivates the natural 

protective oxide layer formed around the reinforcements. 

Once the protective layer is disturbed in presence of enough 

oxygen and moisture content, corrosion is initiated. 

Depending on the level of oxidation, corrosion product may 

 

 

expand by as much as six times to its original volume. 

Thus, the reinforcement corrosion consumes the original 

steel and causes the loss of steel cross-section and mass. 

The average corrosion penetration along the rebar perimeter 

over time t to account for non-uniform corrosion is defined 

as 
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where ϕ0 is initial rebar diameter, and 𝛥𝐴𝑠 is the loss of 

steel cross-sectional area caused by uniform corrosion or 

non-uniform corrosion such as pitting, calculated from 
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in which 𝜌𝑟  is density of corrosion rust with an 

approximate value of 𝜌𝑟 = 3600𝑘𝑔/𝑚3 ; 𝜉𝑟  is volume 

expansion factor measured from experiments; 𝑚𝑐  is an 

empirical coefficient taken as 𝑚𝑐 = 2.1 × 10−2 ; 𝑖𝑐𝑜𝑟𝑟 

represents the mean annual corrosion current per unit length 

at the surface area of the rebar (A/m2). 

The corrosion penetration rate over time, defined as the 

average corrosion penetration over the radius of original 

steel rebar, is expressed by 
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To accommodate the volume increase per unit length 

caused by reinforcement corrosion product, the uniform 

displacement over time at the interface between the steel 

rebar and the surrounding concrete due to corrosion 

penetration is calculated from 

)()1()( txtu rb −= 
 

(4) 

T h e  p r e s c r i b e d  d i s p l a c e m e n t  𝑢𝑏(𝑡)  d u e  t o 

reinforcement corrosion generates cracking in cover  

 

 

 
 

(a) T-girder cross section (b) Modelling of cover concrete 

Fig. 1 Thick-walled cylinder model adopted for idealising cover concrete of a RC structure 
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The concrete cracking process can be investigated by taking 

a single steel rebar and the surrounding concrete and 

considering thick walled cylinder model, as shown in Fig. 1. 

From extensive experimental studies, a linear 

relationship between the corrosion level and crack width 

has been observed. On the basis of the experimental 

observation, a number of formulas relating the crack width 

with the amount of corrosion or sectional loss of rebar have 

been proposed. Some of the empirical models proposed by 

these experimental studies are summarised in Table 1.  

In Table 1, 𝑥𝑐 and 𝛥𝐴𝑠𝑜 are the corrosion penetration 

and cross-section loss associated with visible crack 

development at cover surface; 𝑤 is crack width and 𝛥𝐴𝑠 
is the sectional loss of steel rebar of a diameter Db and a 

concrete cover thickness C. These empirical relations are 

obtained from the regression analysis of the experimental 

results obtained, and therefore these empirical models 

usually cannot take into account all of the relative 

parameters. Therefore, the analytical methods which are 

capable to consider more relevant parameters, such as 

concrete properties, are needed to study corrosion-induced 

cracking process. 

In the analytical models recently developed by Chen 

(2018a), concrete cracking can be modelled as a process of 

tensile softening if cracking is considered as cohesive. The 

actual crack width over time at the concrete surface 𝑤𝑐(𝑡), 
which is predicted from the he idealised thick-walled 

cylinder model, is proportional to the average corrosion 

penetration, expressed here as 
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where Wu is the normalised value of the ultimate cohesive 

crack width wu when residual tensile strength vanishes; GF 

is the fracture energy of concrete; Ec is the modulus of 

elasticity for intact concrete; 𝑓𝑐𝑡 is the tensile strength of 

intact concrete. The coefficients ηw and ηc are defined, 

respectively, as 
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in which 𝑅𝑏 = 𝜑0/2𝑅𝑏 = 𝜑0/2 and 𝑅𝑐 = 𝐶 + 𝜑0/2, as 

shown in Fig. 1; 𝑙0 = 𝑛𝑐𝑊𝑢𝑙𝑐𝑟/2𝜋  where lch is 

characteristic length defined in Bažant and Planas (1998) as 

𝑙𝑐ℎ = 𝐸𝑐𝐺𝐹/𝑓𝑐𝑡
2
; and the total number of the cracks in the 

cover nc is estimated from 𝑛𝑐 = 2𝜋𝑅𝑐/𝐿𝑐  in which the 

spacing of crack bands Lc is approximately three times the 

maximum aggregate size. The crack width coefficient δ (Rc, 

Rb) is defined as  
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The corrosion penetration (𝑥𝑐) required for extending 

the cracks throughout the cover concrete with Poisson’s 

ratio ν is given by 
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The above analytical predictions of the corrosion 

penetration required to appear cracks at the concrete cover 

surface are compared with experimental data observed by 

Vu et al. (2005) and Andrade et al. (1993), as shown in 

Table 2. From the results, the predicted time-to-crack 

corrosion penetration (xc) in general agree with the 

experimental results. Some discrepancies in the results may 

be due to complexity of the cracking process. 

Finally, the ultimate corrosion penetration (𝑥𝑢) required 

for cracks to reach the ultimate cohesive value is given by 
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After cracks reach the ultimate cohesive value, the width 

of the cracks in the cover concrete still increases due to the 

progressive expansion of the rust layer. Here, the equivalent 

crack width w=ncwc, defined as the cumulated crack width 

over the cover, is utilised for evaluating rebar strength 

degradation of the concrete structures.  

 

 

3. Residual load carrying capacity 
  

The rebar bond is the interaction mechanism that 

enables the force transfer between rebar and the 

surrounding concrete. Without the bond, composite action  

Table 1 Empirical models for estimating crack initiation and crack growth 

Reference Crack initiation Crack growth 

Alonso et al. (1998) ( ) 7.53 9.3
c
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in RC structures cannot occur. When composite action is 

disrupted, load carrying capacity (flexural capacity) of RC 

structures is also disrupted. Here, the bond degradation due 

to reinforcement corrosion is considered in evaluating the 

load carrying capacity deterioration of RC structures. 

From the analytical and experimental investigations by 

Giuriani et al. (1991) and by ignoring the confining actions, 

the bond strength deterioration over time τ(t) depends on 

concrete crack width, simplified here as 
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where 𝜏𝑢0 is the ultimate bond strength of the rebar with 

intact concrete, estimated from design codes (CEB-FIP 

1990), and 𝜆𝜂 is the coefficient associated with concrete 

properties but independent of 𝜑0  and determined by 

experiments. 

To consider the effect of the bond strength degradation 

in evaluating flexural strength of corroded RC structures, a 

simply supported RC beam subjected to flexural load is 

now considered, as shown in Fig. 2(a). Meanwhile, Figures 

2(b) and 2(c) show the parameter definitions and the strain 

and stress distribution across beam section under initial un-

corroded condition of reinforcing bars as given by Eurocode 

2 (2004), respectively. 

For the corroded RC beam, when ultimate bond strength 

is insufficient to prevent anchorage failure, the tensile force 

generated in the corroded tensile steel can be obtained from 

uxdrbsx lnF =
 

(11) 

where nb is the number of the tensile steel bars at the bottom 

of the beam section; 𝜑𝑟(𝑡) = 𝜑0 − 2𝑥(𝑡) is residual rebar 

diameter at time t due to reinforcement corrosion; ld is the 

development length evaluated from design code (CEB-FIP 

1990); and 𝜏𝑢𝑥 is the ultimate bond strength of corroded 

rebar at average corrosion penetration x.  

The strain compatibility of a RC beam with corroded 

reinforcement can be considered between un-bonded and 

bonded condition (Chen and Nepal, 2018). By assuming the 

deformation of concrete is mainly due to plastic 

deformation occurring within the plastic equivalent region, 

new strain compatibility of the corroded beam can be 

expressed as 
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(a) (b) (c) 

Fig. 2 Flexural analysis of a RC beam section: (a) typical 

RC beam section; (b) strain distribution; (c) equivalent 

stress distribution 
 

 

where 𝜀𝑐𝑐𝑥  is ultimate strain of concrete; 𝜀𝑠𝑡𝑥  and 𝜀𝑠𝑐𝑥 

are strains of tensile steel and compression steel, 

respectively; 𝑦𝑥 is the neutral axis depth from the edge of 

compression zone; d is the effective depth of beam; and 𝑑′ 

is the distance from the centroid of the compression steel to 

the edge of the compressive fibre; and 𝑔𝑥  is the 

interpolation factor, which can be obtained by considering 

the bond strength value of perfectly bonded and un-bonded 

conditions of the RC beam, expressed here as 
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in which plastic equivalent region 𝑙𝑒𝑞 = 9.3𝑦𝑥; and 𝑙𝑑 is 

the ultimate development length required to prevent 

anchorage (bond) failure of the tensile steel rebar, estimated 

from Eurocode 2 (2004). 

The corroded RC beam still follows the condition of 

equilibrium of resultant tensile and compressive forces 

acting at the beam section. The residual flexural strength 

can then be evaluated by considering the failure modes of 

flexural strain at the compressive fibre and tensile fibre. 

These failure modes can be determined by satisfying the 

limiting values of 𝜀𝑠𝑡𝑥 , 𝜀𝑐𝑐𝑥  and 𝜀𝑠𝑐𝑥 , as given in 

Eurocode 2 (2004). Finally, by taking moment at the 

centroid of the tensile steel, the residual flexural strength of 

the corroded RC beam can be calculated from 

)()5.0( ddFydFM sxxcxux
−+−= 
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where the compressive force of the concrete in compression 

𝐹𝑐𝑥 is determined by 

 

Table 2 Comparison for experimental and predicted time-to-crack corrosion penetrations (xc) 

Reference 
Cover thickness, C 

(mm) 

Rebar diameter, Db 

(mm) 

Compressive 

strength, fc 

(MPa) 

Tensile strength, 

fct 

(MPa) 

Observed, 

xc 

(%) 

Predicted, 

xc 

(%) 

Vu et al. (2005) 

25 

50 

25 

50 

16 

16 

16 

16 

52.7 

— 

20 

— 

4.55 

— 

3.06 

— 

0.74 

1.62 

0.44 

1.33 

0.66 

1.45 

0.43 

1.32 

Andrade et al. 

(1993) 

20 

30 

16 

16 

— 

— 

3.55 

3.55 

0.36 

0.53 

0.38 

0.61 
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where 𝑓𝑐𝑑 = 𝛼𝑐𝑐𝑓𝑐𝑘/𝛾𝑐 is the design compressive strength 

of the concrete in which 𝛼𝑐𝑐 is the constant taken as 0.85, 
fck is the characteristic compressive strength of the concrete 

(assuming here fck ≤ 50MPa) and 𝛾𝑐  is taken as 1.0 in 

estimating the ultimate flexural strength of existing concrete 

structures; b and h are width and overall depth of the cross-

section of the beam, respectively; s is the equivalent 

compressive zone of concrete given by 𝑠 = 𝜆′𝑦𝑥; η and λ′ 

are the coefficients taken as 1 and 0.8, respectively (CEB-

FIP 1990).  
 
 

4. Lifetime reliability analysis   
  

Lifetime distributions are often used to assess the 

performance state of a system over the life cycle through 

lifetime reliability that represents the time to failure as 

continuous and non-negative random variables (Chen and 

Xiao 2015, Chen and Zhang 2017). The lifetime 

distributions reflect the combined effect of the contributions 

from all uncertainties on the system, including loads and 

resistance. Lifetime reliability is an appropriate life 

distribution for threshold-based approaches and is defined 

as the probability of the system to be functional at a given 

time instant. For a system with failure time Ts, the lifetime 

reliability R(t) of the system with non-repair can be 

expressed as 

][)( sTtPtR =
 

(16) 

For the corroded reinforced concrete beams, the 

corrosion-induced concrete crack width and flexural 

strength can be chosen as the random variables for life 

distribution analysis. The lifetime evolution of the chosen 

random variables is obtained from the predictions discussed 

previously. It is well known that the Weibull model is very 

flexible life distribution model and widely used for 

undertaking lifetime reliability analysis and performance 

predictions (Barone and Frangopol 2014). In this study, the 

Weibull life distribution model is adopted for the evolution 

of random variables (S), such as corrosion-induced concrete 

crack width and flexural strength, defined as   
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where Sb = υSl  and υ is the scale factor that can be 

determined by design requirements with respect to 

allowable limit Sl; �̄�  and �̅�𝑏 are average corrosion 

penetration and that corresponding to Sb, respectively; β> 0 

is the shape parameter to be determined by fitting the 

predicted results to the Weibull model, estimated from  





−−

−−

=

i b

i

b

i

i b

i

S

S

x

x

x

x

)ln()]}1ln({ln[

)]}1ln({ln[ 2



 

(18) 

Considering the serviceability requirements of a 

corroded concrete structure, the crack width at the concrete 

surface (w) is now selected as the Weibull random variable, 

namely 

))(( txwS =
 and lb wS =

 (19) 

where w1 is allowable crack width for the serviceability 

requirements.  

Due to the lack of experimental data available for the 

performance deterioration of actual corroded concrete 

structures, it is assumed here that the times to failure of the 

corroded concrete structures follow the Weibull distribution. 

For ultimate limit state requirements, the flexural strength 

deterioration rate of the corroded concrete beam is chosen 

as the Weibull random variable, since the value of 

deterioration rate is non-negative and continuous over time, 

namely 

00 /))((( uuxu MtxMMS −=
  and  
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(20) 

where Muo is original flexural strength of the intact concrete 

structures, and Mul is allowable flexural strength for the 

ultimate limit state requirements.  

For the chosen Weibull random variable (S), and the 

probability density function is written here as  
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then the probability of failure (cumulative distribution 

function) as a function of average corrosion penetration 

over time is calculated from 
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From the probability of failure, the lifetime reliability 

for the chosen Weibull random variable as a function of 

corrosion penetration over time is given as    

])
))((

(exp[))(( 
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The residual capacity for the chosen Weibull random 

variable, when the variable reaches the value of Sm at time 

Tm, can be expressed as 




=
mS

r dSSRS )(
 

(24) 

Consequently, the remaining useful life Trul associated 

with the chosen Weibull random variable of the corroded 

concrete structure that is still surviving at service age of Tm 

is estimated from  




=
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The remaining useful life Trul depends on the given 

allowable limit for the chosen Weibull random variable of 
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the corroded concrete structure, i.e. corrosion-induced 

concrete crack width and flexural strength deterioration 

rate.  

Due to inevitable variation in the limited experimental 

data available for corrosion-induced concrete cracking, a 

confidence interval is introduced here to represent the 

uncertainty in the estimates of concrete crack width growth 

and the associated lifetime reliability and remaining useful 

life. The confidence interval specifies a range within which 

the parameter is estimated to lie. A confidence interval with 

a confidence level of [100(1-γ)]% (Soong 2004), where γ 

ranges from 0 to 1 related to the given confidence level, for 

the predicted concrete crack growth w in terms of corrosion 

penetration rate χ, can be determined by  
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where L1,2 represents the lower and upper limits of the 

confidence interval, respectively; 𝑡𝑛−2,𝛾/2 is t-distribution 

with (n-2) degrees of freedom and probability of γ/2; n is 

the total number of test data available; 𝜒𝑖  and �̅� are the 

test data and their mean value of corrosion penetration rate; 

Σ is the unbiased estimator for variance and calculated from 









−−−

−
= 

==

n

i

i

n

i

i ww
n 1

22

1

22 )()(
2

1


 

(27) 

in which wi and �̅� are the test data and their mean value of 

concrete crack width; and coefficient β is determined from 
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From the obtained confidence interval for the concrete 

cracking, the confidence intervals for the associated lifetime 

reliability and remaining useful life can be estimated.  

 

 

5. Numerical example  
  

A reinforced concrete T-girder beam, as shown in Fig. 

1(a), is now used to demonstrate the applicability of the 

proposed method. The corroded concrete T-girder cross 

section has a dimension of height h=500mm and widths 

b=600mm at the top and b=250mm at the bottom. Eight 

reinforcing steel bars of a diameter of 16mm are embedded 

into the bottom of the concrete T-girder section (tensile 

zone), and identical steel bars are placed in the top 

(compressive zone), with an average clear cover thickness 

of 40mm. The reinforcing steel has a tensile strength of fyo = 

460MPa and modulus of elasticity Est = 200GPa. The 

concrete has a specified compressive strength fc=35MPa, 

concrete tensile strength 𝑓𝑐𝑡 = 0.69√𝑓𝑐 = 4.08𝑀𝑃𝑎, and 

modulus of elasticity Ec= 4400fc
0.516 = 27.6 GPa (Stewart 

and Rosowsky 1998). Concrete fracture energy GF = 96N/m 

and the ultimate cohesive crack width wu = 0.15mm are 

estimated from the given compressive strength where the 

maximum aggregate size is assumed to be 25mm. The total  

 

Fig. 3 Predicted equivalent concrete crack width growth 

with corrosion penetration rate, compared with 

experimental results in Torres-Acosta and Martinez-

Madrid (2003) 

 

 

crack number nc is estimated from 𝑛𝑐 = 2𝜋𝑅𝑐/𝐿𝑐 ≈ 4 . 

Here, a corrosion level of 1.0µA/cm2 for the medium 

corrosive environment is assumed for calculating the 

corrosion penetration rate. 

Figure 3 gives the results for the equivalent crack width 

development in cover concrete as a function of the 

corrosion penetration rate, which is predicted from w = ncwc 

and Eq. (5). The predicted results are then compared with 

the experimental data obtained from various sources by 

various corrosion test procedures for corroded reinforced 

concrete structures (Torres-Acosta and Martinez-Madrid 

2003). Here, the corrosion penetration rate is adopted in the 

comparisons, since there is no need for the corrosion 

density and the corrosion time that may be different in 

various tests as well as in the predictions. The predicted 

results for the corrosion-induced crack growth match well 

the experimental data available.  

Figure 4 shows the results for various confidence 

intervals for the predicted concrete cover crack width 

growth as a function of corrosion penetration rate. Here, the 

90% and 99% confidence bands for the predicted concrete 

crack width growth are determined from the experimental 

data available from various sources, and the individual 

confidence band consists of the space between the 

corresponding upper and lower limit curves. The test data 

shown in Fig. 3 are used for determining the confidence 

intervals, and the estimated unbiased standard deviation is 

0.43. The results indicate that there is a 90% or 99% 

probability that the true concrete crack width growth will lie 

within the corresponding confidence interval calculated 

from the experimental data.  

The lifetime evolution of corrosion-induced concrete 

cracking is modelled by the Weibull lifetime distribution 

discussed in Section 4 in detail, where the crack width on 

the cover surface is chosen as the Weibull random variable 

for the corroded concrete girder during the service life, as 

shown in Fig. 5. Different values for the allowable crack 

width limit, i.e. 0.3mm, 0.4mm and 0.5mm, are adopted for 

the lifetime distribution as a function of corrosion 

penetration rate and for investigating its effect on lifetime 

reliability. The shape parameter of the Weibull model γ =2.6 

is determined from the validated predictions. As expected, 

as corrosion penetration rate increases, the lifetime 
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Fig. 8 Predictions of the normalised residual flexural load 

bearing capacity evolution, compared with experimental 

results from various sources 

 

reliability associated with concrete cracking evolution of 

the corroded concrete girder decreases. Also, the allowable 

crack width limit for the corroded concrete girder has 

significant influence on the lifetime reliability of the 

structure. The lifetime reliability increases when the value 

of allowable crack width limit becomes higher. 

The results for lifetime reliability over time associated 

with concrete cracking for various confidence intervals are  

 

 

 

plotted in Fig. 6. Here, the allowable crack width limit of 

0.4mm is adopted for the lifetime reliability analysis, and 

the corrosion level of 1.0µA/cm2 is assumed for the medium 

corrosive environment. The confidence intervals for the 

predicted lifetime reliability due to corrosion-induced 

concrete cracking are determined on the basis of the results 

from the obtained confidence intervals given in Fig. 4, and 

then are provided for probabilities of 90% and 99% in Fig. 

6, respectively. The lifetime reliability decreases with time 

due to the growth of corrosion-induced concrete cracking.  

Figure 7 show the results for the predicted remaining 

useful life over time due to corrosion-induced concrete 

cracking with 90% and 99% confidence intervals on the 

basis of the results given in Fig. 6. The remaining useful life 

for the corroded reinforced concrete girder is predicted from 

the estimated remaining serviceability related to concrete 

crack growth, where the allowable crack width limit of 

0.4mm and the corrosion level of 1.0µA/cm2 are considered. 

From the obtained results, the remaining useful life largely 

depends on the age of the corroded concrete girder in 

service and the current value of the crack width on concrete 

surface. Here, the remaining useful life represents the 

expected remaining service life of the corroded concrete  
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Fig. 4 Confidence intervals for predicted concrete crack 

width evolution with 90% and 99% confidence levels 

Fig. 5 Lifetime reliability associated with concrete cracking 

evolution for various allowable crack width limits 

 

 
 

 

 
 

Fig. 6 Predicted lifetime reliability associated with concrete 

cracking evolution 

Fig. 7 Predicted remaining useful life over time due to 

concrete cracking 
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girder at a given time instant, under the condition that the 

concrete crack width does not exceed the predefined 

allowable limit for serviceability requirements at the given 

time. 

Figure 8 shows the results for the residual flexural 

strength of the corroded concrete girder as a function of 

corrosion penetration rate. Two cases are considered here, 

i.e. the residual flexural capacity is estimated with and 

without consideration of rebar bond strength degradation, 

respectively. The results predicted by the proposed method 

with consideration of bond effect are in a better agreement 

with the experimental data, compared with results for the 

case without bond effect. From the results, the failure mode 

of the corroded concrete girder changes from rebar yielding 

failure at the early corrosion stage to rebar anchorage 

failure at corrosion penetration rate of approximately 0.04, 

where the residual flexural strength has a sharp drop. Thus, 

the rebar bond strength degradation should be considered in 

determining the residual flexural load bearing capacity after 

the critical time for the change of failure mode.  

From the predicted flexural strength deterioration, the 

lifetime reliability associated with ultimate moment 

resistance deterioration is obtained for various allowable 

flexural strength limits Mul, as shown in Fig. 9. The 

allowable flexural strength limits represent the thresholds of 

the flexural strength for the ultimate limit state 

requirements, and three cases with the allowable flexural 

strength limits of Mul=0.80Muo, 0.90Muo and 0.95Muo are 

considered. From the obtained results, the associated 

lifetime reliability affected by reinforcement corrosion 

decreases steadily with corrosion penetration rate. Here 

again, the lifetime reliability reduces sharply after the 

critical time at corrosion penetration rate of approximately 

0.04. The associated lifetime reliability is significantly 

affected by allowable flexural strength deterioration limit. 

In order to investigate the influence of reinforcement 

corrosion level on the residual flexural strength of the 

corroded concrete structure, various values of corrosion 

level are assumed here. The results in Fig. 10 show the 

influence of reinforcement corrosion level on the residual 

flexural strength, where the value of corrosion level ranging 

from 0.3µA/cm2 to 5.0µA/cm2 is considered. As expected, 

 

 

the corrosion level significantly affects the deterioration of 

the ultimate moment resistance of the corroded concrete 

girder. Furthermore, the failure mode of the structure can be 

changed from rebar yielding failure to rebar anchorage 

failure at much earlier stage in the case with higher 

corrosion level.   

Figure 11 shows the results for lifetime reliability 

associated with ultimate moment resistance deterioration 

over time, where corrosion level ranging from 0.3 to 

5.0µA/cm2 and allowable flexural strength limit of 

Mul=0.90Muo are considered. Due to rebar cross-section 

loss, yielding strength reduction and bond strength 

degradation, the associated lifetime reliability decreases 

steadily with time. The rebar anchorage failure mode 

dominates the ultimate moment resistance of the corroded 

concrete girder at the service time of approximately 15year 

and 37year for the cases with corrosion levels of 5.0µA/cm2 

and 2.0µA/cm2, respectively. Here again, the higher 

corrosion level at the rebar surface causes lower lifetime 

reliability associated with flexural strength of the structure.   

From the obtained lifetime reliability, the remaining 

useful life associated with the flexural resistance 

deterioration of the corroded concrete girder can be 

predicted, as shown in Fig. 12, where the allowable flexural 

strength limit of Mul=0.90Muo is considered. As expected, 

the residual useful life associated with ultimate moment 

resistance deterioration largely depends on reinforcement 

corrosion level. The remaining life decreases as 

reinforcement corrosion level increases, reducing to 5.6year 

if the concrete structure is still surviving after 60 years’ 

service in the case with corrosion level of 2.0µA/cm2. 

 

 

6. Conclusions   
  

This paper presents an effective approach for evaluating 

the load carrying capacity deterioration of corrosion 

affected RC structures. The application of the proposed 

approach is illustrated with the numerical example. On the 

basis of the results obtained from the numerical example, 

the following conclusions can be drawn: 1) The proposed 

approach is capable of evaluating the crack growth and  

  

Fig. 9 Lifetime reliability associated with flexural strength 

deterioration for various allowable flexural strength limits 

Fig. 10 Normalised residual flexural load bearing capacity 

evolution over time for various assumed corrosion levels 

 

Mul = 0.80Muo

Mul = 

0.90Muo

Mul = 0.95Muo

0.0

0.2

0.4

0.6

0.8

1.0

0.00 0.02 0.04 0.06 0.08 0.10

R
el

ia
b

it
y

Corrosion penetration rate

 Mul = 0.80Muo, with bond effect

 Mul = 0.80Muo, without bond effect

 Mul = 0.90Muo, with bond effect

 Mul = 0.90Muo, without bond effect

 Mul = 0.95Muo, with bond effect

 Mul = 0.95Muo, without bond effect

0.4

0.6

0.8

1.0

0 10 20 30 40 50 60

. 
N

o
rm

a
li

se
d

lo
a

d
 c

a
p

a
ci

ty
 

Time, year

 Corrosion rate, icorr = 0.3

 Corrosion rate, icorr = 0.5

 Corrosion rate, icorr = 1.0

 Corrosion rate, icorr = 2.0

 Corrosion rate, icorr = 5.0

462



 

Load bearing capacity reduction of concrete structures due to reinforcement corrosion 

  

 

residual load carrying capacity deterioration of the corroded 

RC structures, and the proposed analytical model provides a 

linear relationship between the crack width and the 

corrosion penetration; 2) The concrete crack width and 

flexural strength deterioration due to reinforcement 

corrosion are key performance indicators, thus can be 

chosen as random variables for lifetime distribution 

analyses and structural performance assessment; 3) Flexural 

strength decreases significantly after the critical time at 

corrosion penetration rate of approximately 0.04, which is 

associated with significant reduction in bond strength and 

the corresponding anchorage failure occurred before 

yielding of steel rebar and surrounding concrete; 4) The 

Weibull model is an appropriate lifetime distribution for 

evaluating lifetime reliability and estimating remaining 

useful life, which is useful for further determining the 

optimal condition-based maintenance strategy. 
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