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1. Introduction 
 

Reinforcement corrosion has been identified as the main 

cause of the deterioration of reinforced concrete (RC) 

structures worldwide. The major source of reinforcement 

corrosion can be either due to the environment pollution 

(i.e. carbonation) or the ingress of chloride ion in the RC 

structures exposed to dicing salt or marine environment, but 

the latter is the major factor (Tilly et al. 2007, Chen and 

Nepal 2016, Chen 2016). The costs associated with 

managing these corrosion damaged RC structures are 

tremendous. In Europe, about 50% of its annual 

construction budget has been spent on refurbishment and 

repair of existing structures (Tilly et al. 2007). In addition 

to these direct costs, there is significant portion of indirect 

costs such as traffic delay and loss of life and property. 

Therefore, the deterioration of RC structures caused by 

reinforcement corrosion has significant influence on 

infrastructure management and is of greater challenge both 

technically and economically. Corrosion of steel 

reinforcement affects the performance of existing RC 

structures in various ways such as loss of rebar area, 

cracking in concrete cover and degradation of bond strength 

between rebar and concrete (Coronelli 2002, Nepal and 

Chen 2015, Yalciner et al. 2012). Bond strength acting at  
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the rebar surface has the interaction mechanism that enables 

the force transfer between rebar and the surrounding 

concrete. Hence, bond strength maintains the composite 

action in RC structures to ensure the structures operate 

safely. When composite action is disrupted, load carrying 

capacity of the RC structures is also affected (Wang and Liu 

2010, Shang et al. 2012, Mangat and Elgarf 1999, Azad et 

al. 2010). The understanding of the effects of corrosion on 

the structural behaviour of deteriorated RC structures would 

allow asset managers to make effective and reliable 

decisions related to the inspection, repair, strengthening, 

replacement and demolition of these RC structures. This 

can ultimately help in achieving the goal of sustainable 

infrastructure management. 

The performance degradation of RC structures caused 

by reinforcement corrosion is time-variant and uncertain as 

well in nature. Uncertainties associated with the resistance 

degradation make it difficult to accurately predict the 

lifecycle performance of these structures. Time-dependent 

reliability analysis provides a framework and quantitative 

tool for the condition assessment of RC structures suffering 

from reinforcement corrosion. This can further help in 

making decision regarding optimal allocation of resources 

for maintenance, repair and replacement. During the past 

decade, time-dependent structural reliability analysis has 

been widely utilised to evaluate probability of failure over 

time and optimise maintenance strategy during service life 

(Yi et al. 2016, Chen and Alani 2012, Van Noortwijk 2009). 

However, limited efforts have been made in relationship 

between cracking in the concrete cover surface and residual 

load bearing capacity and its effect on the structural 

reliability of corrosion damaged RC structures. 
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Abstract.  The reliability of reinforced concrete structures is frequently compromised by the deterioration caused by 

reinforcement corrosion. Evaluating the effect caused by reinforcement corrosion on structural behaviour of corrosion damaged 

concrete structures is essential for effective and reliable infrastructure management. In lifecycle management of corrosion 

affected reinforced concrete structures, it is difficult to correctly assess the lifecycle performance due to the uncertainties 

associated with structural resistance deterioration. This paper presents a stochastic deterioration modelling approach to evaluate 

the performance deterioration of corroded concrete structures during their service life. The flexural strength deterioration is 

analytically predicted on the basis of bond strength evolution caused by reinforcement corrosion, which is examined by the 

experimental and field data available. An assessment criterion is defined to evaluate the flexural strength deterioration for the 

time-dependent reliability analysis. The results from the worked examples show that the proposed approach is capable of 

evaluating the structural reliability of corrosion damaged concrete structures.  
 

Keywords:  lifecycle performance; stochastic deterioration modelling; structural reliability; reinforcement corrosion; 

residual strength 

 



 

Hua-Peng Chen and Jaya Nepal 

 

Fig. 1 Schematic representation of performance 

deterioration of corrosion affected reinforced concrete 

structures 

 

 

This paper presents a method for time-dependent 

reliability analysis and lifecycle performance assessment of 

corrosion affected RC structures. Analytical models are 

provided to evaluate the evolution of flexural strength 

deterioration due to corrosion induced concrete cover 

cracking. In order to model the progression of structural 

resistance deterioration during the life cycle, a stochastic 

process such as gamma process is adopted to take 

uncertainties in modelling into account. The time-dependent 

reliability analysis is then applied to evaluate the probability 

of failure of the RC structure by using the associated 

ultimate limit state analysis. Finally, a case study of 

Ullasund Bridge together with a numerical example of a RC 

beam is used to demonstrate the applicability of the 

proposed approach. 

 

 

2. Performance deterıoratıon caused by corrosıon 
 

In lifecycle modelling of corrosion damaged RC 

structures serving in aggressive environments, the effect of 

corrosion on the resistance of the RC structures can be 

illustrated in Fig. 1 (Chen and Alani 2013). In this paper, 

the lifecycle of a RC structure subjected to reinforcement 

corrosion is defined as the period for the completion of 

construction to the collapse of the structure. As observed 

from Fig. 1, in the crack initiation phase, structural 

resistance remains almost the same as the original capacity. 

In the crack propagation phase, structural resistance 

deterioration accumulates gradually until reaching the 

serviceability limit. The structural resistance deterioration 

rate accelerates in the residual life phase, leading to the 

collapse of the structure. This phenomenon of the structural 

resistance degradation in the whole life of RC structures can 

be basically contributed from three main factors: i.e., 

reinforcement corrosion, cover cracking and strength 

deterioration. 

 

2.1 Reinforcement corrosion  
 
The ingress of chlorides through the concrete cover 

deactivates the natural protective oxide layer formed around 

the reinforcements. Once the protective layer is disturbed, 

corrosion initiates at the rebar surfaces. In general, there are 

two types of corrosion process, uniform corrosion and 

pitting corrosion (Zhang et al. 2010, Khan et al. 2014). The 

reduction in radius of original rebar Rb can be estimated 

from Rbx=Rb−αpx/2 (Vidal et al. 2004), in which αp is an 

attack penetration factor indicating localised corrosion at 

the earlier stage when 4<αp<8 and homogeneous corrosion 

at later stage when αp=2, and x is the associated corrosion 

depth. Based on the study carried out in Zhang et al. (2010), 

corrosion is typically uniform in the later stage of corroded 

RC structures. Therefore, in this paper corrosion is 

considered as uniform, since residual strengths are mainly 

affected by reinforcement corrosion in later stage. The 

assumption of uniform corrosion is often utilised in 

investigations of the effect of reinforcement corrosion on 

concrete performance, such as in studies Coronelli (2002) 

and Wang and Liu (2004). The corresponding corrosion 

level Xp is defined as the ratio of the mass loss ΔMs or area 

loss ΔAb of the corroded rebar to the original mass Mo or 

area loss Ab of the rebar, namely  
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Once the mass loss due to corrosion is known, the 

volume of the rust product Vr per unit length of the rebar 

can be estimated from Vr=γvolXpπRb
2, in which γvol is the 

volume ratio of corrosion product formed to its parent 

metal, generally ranging between 1.8 to 6.4. The 

corresponding volume increase per unit length of the rebar 

ΔV can be obtained by deducting the volume of steel 

consumed from the volume of the rust product formed. 

Then the uniform displacement at the bond interface ubx, 

generated by expansive corrosion product, is given by 
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2.2 Corrosion induced cover cracking 
 

The evolution of cracks in concrete cover is discussed in 

theanalytical investigations by Chen and Alani (2013) and 

Chen and Xiao (2012), where the equivalent crack width w 

as defined as the cumulated crack width over the cover 

surface. The intact cover concrete is treated as elastic in 

nature and the cracked concrete due to tensile hoop stress 

cause by rebar corrosion is considered as anisotropic. From 

the anisotropic property and the bilinear softening law of 

the cracked concrete defined in CEB-FIP (1990), the 

normalised cumulative crack width Wbx at the rebar surface 

Rb is obtained in Chen and Xiao (2012), and written here as 
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where a and b are the coefficients of bilinear softening 

curve which depends on the stage of cracking in the cover 
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concrete; E is the effective modulus of elasticity of the 

concrete defined as E=Ec/(1+θc) in which Ec is the modulus 

of elasticity of concrete and θc is the creep coefficient; ft is 

the maximum tensile strength of concrete at onset of 

cracking; lo is the material constant given by lo=nclch/2πb in 

which lch is the characteristic length defined as lch=EGf/ft
2 

where Gf is fracture energy of the concrete, ft is the tensile 

strength of the concrete and nc is the total number of cracks. 

Typical value of total crack number in thick walled cylinder 

model is approximately three or four from the experimental 

data. Similarly, the cumulative crack width over the 

concrete cover surface wcx can also be obtained by 

considering boundary conditions and ignoring the Poisson’s 

effect associated with the hoop strain of the completely 

cracked concrete (Chen and Xiao 2012), expressed here as 
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where Rc is radii of the concrete cover surface and δ(Rc,Rb) 

is the crack factor associated with the material properties 

and radial distance r, defined as 
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2.3 Corrosion induced residual strength deterioration  
 

Corrosion of rebar affects the bond properties between 

rebar and the surrounding concrete by changing the shape 

and angle of the ribs of deformed rebar (Coronelli and 

Gambarova 2000, Law et al. 2011). It also influences the 

mechanical interlocking and confinement between rebar and 

the surrounding concrete by reducing adhesion and 

frictional force caused by the accumulation of corrosion 

products and cracking in the concrete cover. By considering 

these effects, an analytical model to evaluate the ultimate 

bond strength of corroded reinforcement was proposed by 

Chen and Nepal (2015) by modifying the original model 

provided by Coronelli (2002). From the modified model, 

the ultimate bond strength Tubx is obtained from the total 

contribution of three types of stress acting at the bond 

interface at certain corrosion level can be evaluated from 

three contributions, i.e., adhesion stress Tadx, confinement 

stress Tcnfx and corrosion stress Tcorrx, namely 

  ubx adx cnfx corrxT T T T  (6) 

The adhesion stress Tadx acting between rebar and 

surrounding concrete is given by 
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where nr is the number of transverse ribs at a section; 

Arx=2πRbxhrx is the reduced rib area in plane at right angle to 

rebar axis in which hrx=0.14Rbx is the reduced rib height of 

the rebar due to corrosion; Sr=1.2Rb is the rib spacing 

(Wang and Liu 2004); fcohx=2−10(x−xc) is the adhesion 

strength coefficient in which xc is the corrosion depth 

corresponding to the through cracking of the concrete cover 

and can be obtained once Xp
c is known (Chen and Nepal 

2015); tan(δo+φ) can be estimated from 1.57−0.785x in 

which δo is the orientation of the rib usually taken as 45° 

and φ is the angle of friction between rebar and concrete. 

The confinement stress Tcnfx contributed by the 

surrounding cracked concrete and stirrup is given by 

cnfx cnfx cnfxT k P  (8) 

where kcnfx=0.8nrtan(δo+φ)/π is the coefficient of 

confinement stress for crescent shaped rebar and Pcnfx is the 

confinement pressure. In confined concrete, the 

confinement pressure is defined as the total contribution of 

cracked concrete Pcnfx,c and the stirrups Pcnfx,st, expressed 

here as  
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where C is the concrete cover depth; wbx=GfWbx/ft is actual 

crack width at the rebar surface; wu is the cohesive critical 

crack width which depends on the concrete strength, 

fracture energy and maximum aggregate size (Chen and 

Nepal 2015); kc is the constant taken as 167; Ast is the cross-

section area of stirrup leg with diameter of Dst; nst is the 

number of stirrup legs and Sst is the spacing of stirrups; Est 

is the modulus of elasticity of steel; Da is maximum 

aggregate size; αst is the shape factor of stirrup taken as 2; 

α2, α1 and αo are the coefficients related to the simplified 

trilateral local bond-slip law of the stirrups, given in 

Giuriani et al. (1991).  

The ultimate bond strength Tcorrx contributed by the 

corrosion pressure is defined as  

corrx x corrxT P  (10) 

in which μx is the coefficient of the friction between the 

corroded rebar and the cracked concrete given by 

0.37−0.26(x−xc), and Pcorrx is the corrosion pressure or the 

radial stress acting at the bond interface, expressed by Chen 

and Xiao (2012) as 
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where ϑ is the Poisson’s ratio, ξcorr is the corrosion factor 

determined from two boundary conditions of the boundary-

value problem, depending on the phase of crack 

development in the concrete, and βbx is the stiffness 

reduction factor associated with the cracked concrete. 

To consider the effect of bond strength degradation on 

evaluating the deterioration of flexural strength of corroded 

RC beams, a typical cross section of doubly reinforced RC 

beam, as shown in Fig. 2, is now considered. The strain and 

stress distributions across beam section under initial un- 
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corroded condition of rebar are shown in Figs. 2(b) and 

2(c), respectively, as given by Eurocode 2 (2004). The 

symbols used in Fig. 2 are defined as: b=width of beam; 

D=overall depth of the beam; d=effective depth of beam; 

d’=the distance from centroid of the compression steel rebar 

to edge of the compression fibre; Ab=initial area of un-

corroded tensile steel rebar; Asc=initial area of un-corroded 

compression rebar with diameter of Dsc; εcc=0.0035 is 

ultimate strain of concrete; εst=strain of tensile rebar; εsc=the 

strain of compression rebar; Y=neutral axis depth from the 

edge of compression zone; fst=tensile stress acting at the 

centroid of tensile steel; fcd=αccfck/γc is the design strength of 

the concrete in which αcc is the constants taken as 0.85 for 

fck≤50 MPa, in which fck is the characteristic compressive 

strength of the concrete and γc=partial factor of safety of the 

concrete taken as 1.5; s is the equivalent compression zone 

given by s=λ’Y; η and λ’ are the coefficients taken as 1 and 

0.8 for fck≤50 MPa. In this study, concrete compressive 

strength of fck≤50 MPa is considered.  

In intact condition without rebar corrosion, the ultimate 

bond strength (Tub,rqd) and corresponding development 

length (ld) required to prevent anchorage failure are given, 

respectively,     

, ,
22

 
yd b b yd

ub rqd d bd
d bd

f R R f
T l

l f
  (12a,b) 

where fyd is the design strength of tensile steel rebar given 

by fyk/γs in which fyk is the characteristic tensile strength and 

γs=1.15 is the partial factor of safety of the steel rebar, 

respectively; fbd is design bond strength obtained from 

fbd=0.315fck
0.67 for concrete strength fck≤50 MPa and rebar 

diameter Db≤32 mm; and αbd is the coefficient depending on 

many factors including the shape of anchorage, types of 

confinement provided by the stirrups and concrete cover.  

During the progress of reinforcement corrosion, when 

existing bond strength is sufficient to prevent RC beam 

from bond failure, the flexural capacity of the RC beam can 

be obtained by the conventional method based on 

compatibility condition. In the case of corroded RC beam, 

when ultimate bond strength is insufficient to prevent 

anchorage failure, the tensile force generated in the 

corroded tensile steel can be expressed as 

2stx b bx d ubxf n R l T  (13) 

 

 

where nb is the number of the bottom tensile steel.  

In the case of un-corroded perfectly bonded beam, strain 

compatibility condition exists, as defined in design code. 

But the strain compatibility of a RC beam with corroded 

reinforcement shift to new compatibility condition and can 

be considered between un-bonded and bonded condition. 

Assuming the deformation of concrete is mainly due to 

plastic deformation occurring within the plastic equivalent 

region Leq, new strain compatibility of the corroded RC 

beam is given by Wang and Liu (2010), expressed here as 

'
,
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where the plastic equivalent region is defined as Leq=9.3Yx 

(Au and Du 2004). Parameters in Eq. (14) are defined as: 

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; dx is 

the effective depth of beam, and dx’ is the distance from the 

centroid of the compression steel to edge of the 

compressive fibre at corrosion level Xp; and gx is the 

interpolation factor which can be obtained by considering 

the bond strength value of perfectly bonded and un-bonded 

condition of the RC beam. Consequently, strain acting at 

steel rebar is given by bonded and un-bonded condition of 

the RC beam. Consequently, strain acting at steel rebar is 

given by 

 stx
stx

bx st

f

A E
  (15) 

in which Abx is the reduced area of tensile steel due to 
corrosion. During the corrosion process, anchorage failure 
may occur at any stage of yielding of steel and concrete. 
These yielding stages can be determined by satisfying the 
limiting values of εstx, εccx and εscx, as given by Eurocode 2. 
Generally, when tensile rebar reaches its yielding stage, 
compressive rebar should also reach its yielding stage. In 
this study, yielding of tensile rebar is only considered. In 
order to consider this condition of anchorage failure 
corresponding to yielding stages of compressive fibre and 
tensile fibre, three cases are discussed as follows.  

Case 1: εstx≤0.002 and εccx≤0.0035  
During corrosion process, when anchorage failure 

occurs before yielding of the tensile rebar and the concrete 

   

(a) Typical cross section of RC beam (b) Strain distribution (c) Equivalent stress distribution 

Fig. 2 Flexural analysis of a RC beam section 
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(i.e., εstx≤0.002 and εccx≤0.0035), the tensile stress acting 
along the corroded rebar fstx is governed by the bond 
strength and hence can be evaluated from Eq. (13). By 
utilising the concept given by Cairns and Zhao (1993), the 
corroded RC beam follows the condition of equilibrium of 
resultant tensile and compressive forces acting at the beam 
section, and the neutral axis depth Yx is obtained from 

'


 stx scx

x

cd

f f
Y

f b
 (16) 

where fs=fydxAscx is the compressive force acting at the 

centroid of compression steel in which Ascx is the area of the 

corroded compression steel; fydx=(1−0.5Xp)fyd is the residual 

yield strength of corroded steel rebar corresponding to 

corrosion level Xp (Du et al. 2005). By taking moment at 

the centroid of the tensile rebar, the residual flexural 

strength of corroded RC beam uxM can be evaluated from 

   '0.4   ux ccx x x sc xx xM f d Y d df  (17) 

Case 2: εstx>0.002 and εccx≤0.0035  

In this case yielding of steel occurs before the anchorage 

failure (i.e., εstx>0.002 and εccx>0.0035), and tensile force is 

governed by the residual yield strength of the corroded 

rebar fydx and is obtained from fstx=fydxAbx. From equilibrium 

of forces, Yx in Eq. (16) can be obtained by using the tensile 

force fstx. Once Yx is available, the corresponding flexural 

strength is determined from Eq. (17).  

Case 3: εstx>0.002 and εccx>0.0035 

When both the tensile rebar and the concrete yield 

before anchorage failure (i.e., εstx>0.002 and εccx>0.0035), 

the strain of steel rebar will be governed by the yielding of 

the concrete. By using εccx=εcc=0.0035, the strain of steel 

rebar εstx can be obtained from Eq. (14a). The corresponding 

tensile stress fstx and the neutral axis depth Yx are then 

evaluated from Eqs. (15) and (16), respectively. Finally, the 

corresponding flexural strength of corroded rebar Mux is 

determined from Eq. (17). 

 

 

3. Structural reliability analysis 
 

The gamma process is a stochastic process with 

independent non-negative increments having a gamma 

distribution with a given average of deterioration rate (Van 

Noortwijk 2009). Structural resistance degradation caused 

by reinforcement corrosion is a continuous and non-

negative phenomenon. Therefore, the gamma process is 

suitable for the stochastic modelling of structural resistance 

deterioration in corrosion affected RC structures during 

their lifecycle, and is adopted in this study for stochastic 

performance deterioration modelling. In the gamma process 

deterioration model, cumulative resistance deterioration J is 

considered as a random quantity with the gamma 

distribution, and has shape parameter ηx>0 and scale 

parameter λ>0.  

The probability density function of this random quantity 

J, i.e., the structural resistance during the lifecycle at time t 

and at corrosion level Xp(Xp>0), can be expressed as 

 

(18) 

where 

0
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x

vv e dv


  is the gamma function for 

shape parameter ηx>0. The scale parameter λ can be 

estimated from statistical estimation methods such as a 

Maximum Likelihood Method by maximizing the logarithm 

of the likelihood function of the increment of the parameter 

(Van Noortwijk 2009).  

The average flexural strength deterioration Jx can be 

determined by the ratio of decrease in flexural strength to 

the initial flexural strength of the RC beam, given by 

Jx=1−Mux/Muo. The shape function ηx is then estimated from 

ηx=λJx. Assuming JL as the maximum allowable limit of the 

structural deterioration, from the definition of probability of 

failure and by integrating probability density function given 

in Eq. (18), the lifetime distribution of probability of failure 

is given by  
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where 
1( ),


 



  
v

v z

v e dz v  is the incomplete gamma 

function for z≥0 and η>0. The allowable structural 

deterioration limit JL may vary in accordance with the 

requirements given by asset managers.  
 

 

4. Worked examples  
 

First, in order to obtain the better understanding of the 
bond behaviour of corroding rebar, a case study is 
undertaken here to demonstrate the applicability of the 
proposed model for evaluating bond strength deterioration 
of corroded RC structures. The field data of the Ullasund 
Bridge, Norway, published by Horringmoe et al. (2007), are 
considered in this study. The Ullasund Bridge was 
demolished in 1998, only after 29 years of service in harsh 
environments. From the pieces of concrete collected from 
the demolished Ullasund Bridge, a total number of 22 cubic 
specimens with dimensions of 150 mm×150 mm×150 mm 
and single ribbed rebar of diameter 25 mm were prepared 
for investigations. The yield strength of the rebar was 
measured as 400 MPa and the compressive strength of the 
concrete was 40.3 MPa. Bond strength of each specimen 
was evaluated by pull-out test and the corresponding 
corrosion level was determined by sandblasting method. 
Due to lack of details in situ measured material properties, 
some material properties required for this analytical model 
are assumed such as Poisson’s ratio ϑ=0.18, creep 
coefficient θc =2.0, density of steel ρs=7850 kg/m3 and the 
volume ratio of the corrosion products is taken as γvol=2.0 
(Shang et al. 2012, Chen and Alani 2013). A typical value 
of corrosion current density of 1 μA/cm2 is considered,  
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Fig. 3 Normalised residual bond strength versus corrosion 

level, compared with available field test data of Ullasund 

Bridge and experimental test results avialeble from various 

sources 
 
 

representing nominal amount of mean annual current 
density measured in field structures (Brooomfield 1997). In 
this study, four cracks in the concrete cover are estimated 
from the crack band model, and crack width in the concrete 
cover is represented by the equivalent crack width, as 
defined in Khan et al. (2014). The equivalent critical crack 
width wcr=0.2 mm and ultimate crack width wu=1.6 mm are 
obtained from CEB-FIP (1990) for the corresponding 
concrete compressive strength and the adopted maximum 
aggregate size Da=16 mm. Other parameters such as 
concrete tensile strength ft=4.6 MPa and modulus of 
elasticity of the concrete Ec=37.1 GPa are estimated from 
Eurocode 2 (2004). 

The predicted results of residual bond strength as a 

function of corrosion level (Xp) in percentage are shown in 

Fig. 3 and are compared with the field data of the Ullasund 

Bridge. In Fig. 3, the normalised residual bond strength is 

defined as the ratio of the ultimate bond strength of 

corroded rebar (Tubx) over the ultimate bond strength of 

original rebar (Tubo). The ultimate bond strength of original 

rebar is evaluated from Eq. 6, where the corrosion level (Xp) 

is taken as zero. The predicted results for residual bond 

strength are in good agreement with the field data. The 

analytical prediction by this study shows that at the low 

corrosion level (<1%) there is slight increase in bond 

strength, but further increase in corrosion leads to 

significant reduction in bond strength, as observed in the 

experimental studies. The predicted bond strength after the 

corrosion level of 2.5% is slightly lower than field data. 

This may be due to the difference between the material 

properties of the concrete assumed in the present model and 

the actual material properties of the Ullasund Bridge. The 

discrepancy may be also due to the complexity of the 

reinforcement corrosion and cover cracking mechanism in 

reality. In addition, the predicted results are compared with 

the published experimental data of unconfined concrete 

available from literature, such as Fang et al. (2004), Law et 

al. (2011), Yalciner et al. (2012) and Zhao et al. (2013). In 

general the bond strength deterioration observed in  

 

Fig. 4 Equivalent cover surface crack width versus 

corrosion level, compared with available experimental data 

from natural corrosion tests in Vidal et al. (2004) and Khan 

et al. (2014) 

 

 

laboratory experimental studies is close to that reported in 

the filed study of Ullasund Bridge, which clearly indicates 

that the bond strength of RC structures exposed in 

aggressive environment is seriously affected by 

reinforcement corrosion.  

The results in Fig. 4 show the analytically predicted 

equivalent cover surface crack width as a function of 

corrosion level in percentage. The predicted results are then 

compared with published experimental investigations in 

natural corrosive environments obtained from Khan et al. 

(2014) and Vidal et al. (2004). It can be seen from Figure 4 

that the predicted crack width increases as reinforcement 

corrosion level increases, agreeing well with the referred 

experimental results. At corrosion level of about 1.5%, 

concrete cover is thoroughly cracked and the crack width at 

the cover surface continuously increases with further 

progress of corrosion.  

In order to demonstrate the applicability of the proposed 

approach in evaluating the structural reliability of corrosion 

damaged RC structure, a simply supported RC beam of 5 m 

span is now utilised with a cross section shown in Fig. 2(a). 

The beam is doubly reinforced with the cross-sectional 

width b=300 mm and effective depth d=560 mm, subject to 

mean annual corrosion current per unit length icorr=1 

μA/cm2. Four steel bars with diameter Db=20 mm are 

provided as the tensile reinforcement and two bars of 

diameter Dsc=16 mm as the compressive reinforcement, 

with clear cover thickness C=40 mm along with the stirrup 

of diameter Dst=6 mm at spacing of 100 mm. The original 

reinforcing steel has yield strength fyk=460 MPa. The 

concrete has a characteristic compressive strength fck=40 

MPa, and the corresponding concrete properties such as 

tensile strength and modulus of elasticity are estimated from 

Eurocode 2 (2004). The ultimate cohesive crack widths 

required for this study are obtained from CEB-FIP (1990) 

for maximum aggregate size of 20 mm. Other mechanical 

properties of concrete are assumed to be the same as those 

adopted for Ullasund Bridges.  

The predicted results from the proposed method are  
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Fig. 5 Normalised residual flexural strength versus 

corrosion level, compared with available experimental test 

results 

 

 

Fig. 6 Normalised residual flexural strength and bond 

strength versus cover surface crack width 

 

 

plotted in Fig. 5 as a function of corrosion level in 

percentage and compared with the published experiment 

data obtained from various sources such as Mangat and 

Elgarf (1999), Azad et al. (2010), Azad et al. (2007) and 

Chung et al. (2008). In Fig. 5, the residual load capacity is 

represented by the normalised flexural capacity, which is 

calculated by dividing the residual flexural capacity of 

corroded element by the capacity of the non-corroded 

element. The results predicted by the present study shows 

that before the critical point (i.e., where the severe reduction 

of flexural strength takes place), there is the negligible 

reduction in flexural strength. However, after the critical 

point, significant reduction of residual flexural strength 

occurs, agreeing well with the experimental test results 

from various sources. The reduction in flexural strength is 

due to the significant reduction in bond strength, which is 

required to prevent beam from bond failure. Some 

discrepancies in critical point can be observed, which could 

be due to larger confinement stress generated by the cover 

concrete and the stirrups, and also may be due to the 

development length sufficient for yielding of the corroded  

 

Fig. 7 Normalised residual flexural strength versus 

corrosion level for confined and unconfined concrete 

 

 

Fig. 8 Normalised residual flexural strength versus cover 

surface crack defects at different concrete cover depths 

 

 

tension reinforcement before bond failure.  

Fig. 6 shows the results of normalised bond and flexural 

strength versus equivalent cover surface crack width. Both 

flexural and bond strength of the RC beam continuously 

decreases with the increase of crack width at the concrete 

cover surface. Moreover, the results also indicate that bond 

strength is more affected by cover surface cracking than the 

flexural strength.  

The results in Fig. 7 show the residual flexural strength 

behaviour of confined and unconfined concrete as function 

of corrosion level. The results show that the critical point of 

corrosion is relatively lower in unconfined concrete than in 

confined concrete. Furthermore, the flexural strength 

deterioration is also relatively less in confined concrete. 

This is due to the increase in confinement provided by the 

stirrups in confined concrete. 

Fig. 8 shows the effect of cover surface defects on the 

residual flexural strength for different concrete cover depths 

to rebar diameter ratios (C/Db). Here the hair line crack is 

defined as crack width ≤0.05 mm, minor cracking as 0.05-

0.1 mm, major cracking as 0.1-0.4 mm and spalling as 0.4-

1.0 mm. At hairline crack stage, residual flexural strength 

generally remains the same as that in the intact stage for all 

three cases of concrete cover depths. With further growth of  
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Fig. 9 Normalised residual flexural strength versus cover 

surface defects for confined and unconfined concrete 

 

 

Fig. 10 Probability of failure versus cover surface crack 

width for various flexural strength deterioration limits of 

unconfined and confined concrete 

 

 

crack width, residual flexural strength decreases for all 

cases, and the deterioration rate is slightly higher in the case 

with thinner concrete cover.  

The influence of different types of aforementioned 

defects in confined and unconfined concrete is presented in 

Fig. 9. From the results, at the stage of minor cracking in 

the concrete cover, there is no significant change in residual 

flexural strength. As expected, when the defects reach to 

spalling stage, flexural strength decreases significantly in 

unconfined concrete. 

The probability of failure of the confined and 

unconfined concrete in terms of flexural strength 

deterioration is given in Fig. 10 for different allowable 

flexural strength deterioration limits, i.e., JL=20%; 25% and 

30%. As expected, as further progress of cover cracking 

probability of failure increases rapidly for both unconfined 

and confined concrete, showing higher probability of failure 

for a lower allowable deterioration limit. Furthermore, from 

the results in Fig. 10, it is clear that the unconfined concrete 

has considerably lower structural reliability than the 

 

Fig. 11 Probability of failure versus cover surface crack 

width for various concrete cover depths of confined 

concrete 

 

 

confined concrete, when the same predefined allowable 

limit and concrete cover crack width are considered.  

The effect of cover depth on lifecycle performance of 

confined concrete with respect to flexural strength 

deterioration is presented in Fig. 11. Here, various cover 

depths to rebar diameter ratio, e.g., 1.5; 2 and 3, and 

allowable flexural strength deterioration limit of 25% are 

considered. The probability of failure increases 

continuously in all cases of cover depths and reaches to 

unity when crack width is about 1.2 mm. As expected, the 

results indicate that the probability of failure is relatively 

higher in the case of lower cover depth, and the structural 

failure starts at the early stage of cover surface cracking. 

 

 

5. Conclusions 
 

In this study, the structural resistance deterioration, such 

as residual bond strength and load bearing capacity, caused 

by reinforcement corrosion is investigated. A stochastic 

deterioration model is then employed to evaluate the failure 

probability of the corroded RC beam during the service life. 

The results for the flexural strength deterioration due to 

reinforcement corrosion are then examined by the 

experimental and field data available from various sources. 

On the basis of the results from the worked examples 

involving a case study of Ullasund Bridge and RC beam 

subject to reinforcement corrosion, the following 

conclusions are drawn: 1) The proposed approach is capable 

of evaluating the lifecycle performance deterioration of 

concrete structures subjected to reinforcement corrosion; 2) 

Flexural strength decreases significantly after critical 

corrosion level due to significant reduction in bond strength 

loss. Further progress of corrosion causes significant 

reduction in rebar size which in turn widens the crack in 

concrete cover, and consequently reduces both residual 

bond and flexural strength; 3) The proposed stochastic 

deterioration model based on the gamma process can 

effectively assess the structural reliability and the failure 

probability of corrosion affected RC structures, depending 

on many factors such as predefined allowable limit of  

deterioration, concrete cover depth and confinement of the 
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concrete. The reliability of the corroded structure decreases 

with the progress of corrosion induced cracking in concrete. 
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