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1. Introduction  
 

Prestressed or reinforced concrete structures are usually 

designed for long lifetime. However when they are 

submitted to aggressive environment as in the presence of 

ions of chloride near the lifetime decreases because of 

corrosion in the reinforcing concrete steel (Vedalakshmi et 

al. 2011, Yang et al. 2017). The former corrosion process is 

well described by the Portland Cement Association (PCA 

2002) suggesting that when steel corrodes, the resulting rust 

occupies a volume that expands up to creating tensile 

stresses in the concrete, which can eventually cause 

cracking, delamination, and spalling. Meanwhile the 

corrosion process as reported by Tuutti (1982), occurs in 

two distinct time stages characterising the phenomenon; a 

corrosion initiation stage followed by a corrosion 

propagation stage. As far as corrosion initiation has not 

been observed then the reinforced concrete structure 

remains reliable over the whole period of lifetime for which 

it was first designed. But when the chloride concentration at 

the reinforcing steel exceeds a threshold concentration then 

corrosion initiation starts limiting therefore the initiation 

stage from the propagation stage. Therefore, recently much 

more investigated in comprehensive analyses of the 

corrosion process in concrete structures. 

Wang et al. (2019) have investigated strand corrosion-

induced concrete cracking under various prestress 

 
Corresponding author, Ph.D. 

E-mail: djeddi.lamine@yahoo.fr 
aProfessor 

 

 

experimentally and analytically. They have reported that the 

critical time of cover cracking decreases 22% and the crack 

propagation rate increases 9%.  

Dai et al. (2019) have proposed an analytical model 

incorporating the effects of strand cross-section reduction, 

material deterioration, concrete cracking, and bond 

degradation in order to predict the flexural capacity of 

corroded prestressed concrete beams. They have pointed out 

that the flexural capacity deterioration of prestressed 

concrete beams depends on corrosion degree and brought 

significant information since strand corrosion less than 

5.5% can lead to a slight decrement of flexural capacity.  

Moreover, the knowledge of time of corrosion initiation 

is very important in controlling the lifetime of the 

reinforced concrete structure. Therefore investigations on 

corrosion inspection continue to fall from over the world.  

Djeddi et al. (2013) have proposed a contribution on using 

acoustic emission technique in order to inspect and detect 

corrosion and stress corrosion cracking on prestressing steel 

strands.  Liu et al. (2017) have developed on-stream 

inspection system for pitting corrosion defect inspection in 

order to assess internal integrity of pressure vessels. 

Eventually there are several factors contributing in 

corrosion initiation on steel in concrete such as, the concrete 

quality, the thickness of the concrete cover and 

environmental parameters. For instance reinforced concrete 

structures build in offshore or in coastal areas are highly 

sensitive to corrosion because of seawater which is, like de-

icing, most effective source of chloride ions migrating 

through porous concrete cover to reinforcing steel. So a 

large number of papers continue to fall from all other the 

world treating the lifetime of reinforced concrete subjected 
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to corrosion. Meanwhile, Kioumarsi et al. (2017) have 

studied the effect of variation of pit distance on structural 

reliability of reinforced concrete (RC) beam and revealed 

that it has a significant influence on the probability of 

failure. Wang et al. (2017) have investigated the effects of 

corrosion-induced crack on the bond between strand and 

concrete showing that bond performance is reduced and the 

presence of stirrups contributed in delaying the de bond 

deterioration. Wu et al. (2017) have field investigated the 

effect of exposure conditions on chloride ingress into 

concrete and time-dependent chloride diffusivity of 

concrete showing that the splash zone affects the durability 

of concrete structures more harshly than tidal and 

atmospheric zones. Prachasaree et al. (2017) have studied 

the causes of deterioration of highway bridges exposed to 

the tropical marine environment along the southern 

coastline of Thailand; Exposure to tropical marine 

environment may cause very early initiation of 

reinforcement corrosion at 6 years of service. Shetty et al. 

(2015) have observed the detrimental effect of different 

levels of corrosion on bond behaviour in steel reinforced 

concrete.  
In the mid-nineties, Neville (1995) has reported an 

interesting overview on chloride attack of reinforced 
concrete and explained the mechanism of corrosion of steel 
in concrete. He has established the profile of the 
propagation of salts towards the reinforcing steel under 
alternating wetting and drying. The profile is characterised 
by a plot of chloride content versus distance from surface of 
the concrete steel cover to the rebar.  

In the beginning of the twenty first century, Chen and 

Mahadevan (Chen and Mahadevan 2008) have developed 

an integrated a finite element methodology to assess the 

chloride-induced degradation of reinforced concrete 

structures. They have reported a good overview on various 

empirical and numerical models; Tuutti (1982), Cady and 

Weyers (1983), Bazant (1979), Morinaga (1988), Liu and 

Weyers (1998) to closely track the three stages of the 

corrosion process. As the first stage concerns corrosion 

initiation because of chloride penetration a modified form 

of Fick’s law (Fick 1855) is applied. In the second and third 

stage, a reinforcement corrosion and rust expansion model 

based Faraday’s law have been proposed. However, they 

have pointed out that because of uncertainties associated the 

structure, the materials, environment and the degradation 

process probabilistic approach should be used for realistic 

results. Nowadays, it is admitted that huge uncertainty 

exists in the corrosion process. This is supported by a recent 

work reported by Ma et al. (2019) that have proposed a 

critical region method to predict the fatigue life of notched 

steel wires used in bridges. Their method can be performed 

to perform and simulate the effects of corrosion pit 

morphologies on the performance of steel wires which 

depends on the natural environment conditions particularly 

the corrosion process that can be influenced by many 

factors such as corrosion locations and the number of 

corrosion pits, exist in natural corrosion process.  Therefore 

they have suggested that a probabilistic inference method 

may be a rational way to represent these uncertainties. 

Over the last decade, reliability methods have been 

widely used in assessing the lifetime of corroded steel in 

buried or covered structures. In a recent paper, Zhang 

(2018) has presented a durability reliability analysis of 

reinforced concrete structures subject to the action of 

marine chloride. He has pointed out that most of the 

reliability investigations have been focused on new 

structures (Sarveswaran et al. 1998, Choi and Seo 2009, 

Zhang et al. 2010, Shetty 2015) using imprecise probability 

theory and little have applied the purely probabilistic 

method in which the uncertainties are modelled as random 

variables. Baji et al. (2016) pointed out the lack of research 

conducted regarding the probabilistic aspects of inelastic 

RC deformation and ductility and proposed a reliability 

approach based on a limit state function where the 

probability of failure is measured using a reliability index 

that integrated many sources of uncertainties.  Nogueira et 

al. (2012) have proposed a simplified probabilistic method 

by coupling a Fick’s diffusion law based on mechanical 

behaviour and reliability algorithms using FORM and 

Monte Carlo simulation to quantify the probability of 

corrosion start in reinforced concrete structures subjected to 

chloride ingress in order to obtain optimal values of 

concrete cover and time intervals for periodic inspection 

procedures.   

The aim of the present work is to provide a realistic 

method to estimate the corrosion initiation time in 

reinforcing steel concrete in marine environment. The 

method is based on first, developing mechanical reliability 

models from the commonly used deterministic Fick’s 

second law characterising the chloride diffusion in 

reinforced concrete, secondly, uncertainties associated to 

the parameters in the mechanical models are integrated 

trough probabilistic models and finally, a limit state 

function is proposed according to an expected service life of 

the structure. Then a reliability index  is calculated in 

order to sort out a relationship between the separating 

distances of the reinforced structure from the sea. The 

reliability index  will be considered as a risk based 

decision parameter to estimate corrosion initiation time as a 

function of the concrete quality, the thickness of the 

concrete steel cover, temperature and relative humidity.  

The new correlating models can be employed as a decision 

tool to start corrosion inspection in reinforced concrete 

structures. 

 

 

2. Reinforced concrete reliability models 
 

The reliability methodology for assessing lifetime of 

concrete reinforcing steel under chloride environment is 

based on first applying an engineering model that defines 

the behaviour of chloride ions diffusion in reinforced 

concrete, second associating the uncertainties to the 

parameters involved in the engineering model that are 

expressed by their probabilistic distributions, third defining 

a limit state function that will be used as a supporting 

mechanical engineering model for reliability analyses and 

then finally exploring the reliability results in order to 

provide a maintenance tool making decision.  

 
2.1 Mechanical engineering model 
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Fig. 1 Corrosion process in 15 year old reinforced concrete 

beam in coastal area: (a) Initial beam; (b) Concrete cover 

steel damage (6 year old); (c) Localised steel fracture (9 

year old); (d) Area of metal loss 

 

 

The mechanical engineering model is developed from 

the commonly used Fick’s second law for determining 

chlorides ions ingression in reinforced concrete. In near sea 

water, when concrete is water saturated then rapid corrosion 

occurs because the transport of chloride ions is governed by 

pure process diffusion rather than diffusion and convection 

(Val and Trapper 2008).  

Fig. 1 illustrates the corrosion process generated by 

chloride ions diffusion in 15 year old reinforced concrete 

structures located close to seaside. 

According to Vu and stewart (2000), the chloride ions 

Cl- concentration in the reinforced concrete cover can be 

calculated by solving Fick’s second law, in pure diffusion 

process expressed by Eq. (1) 
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The solution demonstrated by Vu and stewart (Vu and 

Stewart 2000) is given in Eq. (2) 
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Where,    

C(x,t) : is the concentration of Cl- ions at t-time t and at 

a x-distance from the surface of the structure.  

Cs : is the concentration of chloride Cl- ions at the 

surface of the concrete structure. 

C0 : is the initial concentration of chloride Cl- ions in the 

concrete structure, usually equals to Zero.  

Dc : is the diffusion coefficient of chloride Cl- ions in the 

concrete structure.  

In literature, several models have been proposed to 

evaluating Dc with respect to an influencing factor. In near 

sea zones, the main effective factors that have been 

considered are humidity, temperature and the ratio of water-

cement ratio. Therefore, in the present work, the 

determination of Dc is oriented to the models including the 

three main factors as summarised in Table 1. 

A deterministic application on a reinforced concrete 

structure like a beam or a slab would permit to obtain a 

diffusion profile of chlorides Cl- ions within the reinforcing 

steel cover.  Fig. 2, shows a geometrical model making in 

evidence the chloride ions diffusion process in the 

reinforcing steel concrete cover of a given thickness, b. 

Once chloride ions diffusion starts, the chloride 

concentration within the cover increases until a threshold 

concentration value Cth, according to (Prachasaree 2017) 

and (Li 2017), where the pH drops from 12 to 8 making 

then the steel corrosion process effective. A simple way of 

observing the time dependant diffusion process is to 

compute Eq. (2) by varying the intended time of corrosion 

process.  
In a healthy concrete, the alkalinity of the interstitial 

solution (pH of about 13) contained in the pores of the 
concrete causes the formation of a very thin film of oxides 
(Fe2O3 and Fe3O4) on the surface of the rebars (Koleva et 
al. 2006). In the absence of chloride ions, the steel rebar is 
in the passive state with negligible corrosion rate. As 
chloride ions enter the porous network of concrete, they 
diffuse into the interstitial solution of concrete and reach the 
steel rebar.  

When their concentration reaches a critical threshold 

(Cth) (Alonso et al. 2000), the morphology of the passive 

film that protects the armature is modified by the 

production of FeCl-3 ions, then a decrease in pH saturation  

 

 

Table 1 Models for diffusion coefficient of Cl- in concrete structures 

Model Engineering expression and parameters Effective Factor 

Saetta et al. 

(1993) 
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RH : is Relative Humidity 

D100% : is the diffusion factor of chloride at 100% humidity 

RHc : is the critical value of relative humidity when; 

%100
2

1
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Relative Humidity 

Samson and Marchand 

(2007) 

( ) refrefcc TTDD −= 028.0exp.,
 (8) 

Dc,ref : is the diffusion coefficient at critical reference temperature. 

Tref: is reference temperature = 23°C. 

T : is Temperature 

Temperature 

Hobbs and Matthews (1998) ( ) 1210.116604.0 −= Wc

cD  (9) 

 

Water/cement 

ratio Wc 
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occurs (Koleva et al. 2006). These reactions lead to the 

destruction of the protective film generating pitting 

becoming small anodes and then forming electrochemical 

cells of active corrosion with a low pH (Prachasaree 2017). 

The anodic reaction is expressed by Eq. (3) 

−+ +→ eFeFe 22
 (3) 

In the presence of oxygen then the chatodic reaction is 

expressed by Eq. (4) 

−− →++ OHeOOH 442 22
 (4) 

The ferrous ions combine with the OH- ions to form 

ferrous hydroxide (ferrous hydroxide) expressed by Eq. (5) 

( )2
2 2 OHFeOHFe →+ −+  (5) 

As ferrous hydroxide Fe(OH)2  is unstable in an 

oxygenated solution then it oxidizes into the ferric form 

Fe(OH)3 , Eq. (6) 

( ) ( )3222 424 OHFeOOHOHFe →++  (6) 

Volume growth of corrosion products in concrete-bar 

interface increases the compressive force exerted on the 

concrete, which may causes cracking of the latter.  

As a result chloride content C(x,t) at a distance x from 

the concrete surface at time t can be plotted in order to  

illustrate the diffusion process as a function of intended 

years of corrosion initiation ( see Fig. 2).  

For instance, for 2 years exposure, in 100 mm depth of 

reinforcing steel cover, the chloride ions concentration is 40 

mm deep. (Cth=1 kg/m3), at the surface, C(x,t)=Cs=2.95 

kg/m3. 

Placing a rebar at 50 mm, there is no corrosion process 

to starts immediately, but when increasing exposure time, 

then the first apparent corrosion attack would appear after 

10 years as the threshold chloride concentration is reached. 

When placing steel rebar, then it seems that there will never 

be a corrosion attack suggesting that the reinforced concrete 

structure is safe over a period of 30 years. But in reality the 

 

 

behaviour is more complex that what is being expected. As 

a consequence, as long as chloride ions diffusion has not 

reached the steel bar, then corrosion will not occur. 

Therefore, the time of corrosion initiation is dependent of 

chloride diffusion and this can be expressed as time for 

chloride ions to cross all the concrete cover until they reach 

the steel rebar.   

As a result, this time can be considered as the starter 

time for corrosion inspection of steel reinforced concrete. 

Therefore, using reliability method for assessing the 

lifetime of reinforced concrete under aggressive chloride 

ions environment will bring explicit information required in 

making a decision for renovation or replacement of the 

structure. 

So if the coefficient of diffusion is constant then time to 

corrosion initiation, Tini, can be considered as the 

mechanical model for reliability analyses of the steel 

reinforced concrete lifetime. Tini can be determined by 

solving Eq. (2) and can be expressed by Eq. (10) 
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Where, Cth  is the chloride ions concentration threshold 

near the steel reinforcement (kg/m3), Cs is the chloride 

concentration at the surface (kg/m3) and b is the depth or 

thickness of the steel concrete cover (mm), Dc is the 

diffusion coefficient for chloride in concrete (mm2/year), 

erf-1 is the inverse standard error function.  

Chloride concentration on the surface of reinforced 

concrete constructions Cs is greater when the construction is 

close to the sea. Eq. (10) shows that the higher Cs, the lower 

the corrosion initiation time Tini priming time, the faster the 

corrosion is initiated on the reinforcing concrete steel. 

 

2.2 Probabilistic models 
 

In this section, the probabilistic models to be used when 

assessing the lifetime of reinforced concreted under  

 

Fig. 2 Profile of chloride ions diffusion process in a reinforcing steel concrete cover as a function of exposure time 

for a structure located at 100m from the seaside 
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aggressive environment are presented. Uncertainties are 

associated to the parameters involved in the mechanical 

engineering model through random variables described by 

their probability distribution type, usually, mean and 

standard deviation.  

Table 2 summarises the probabilistic models of the 

factors involved in the present investigation. Uncertainties 

have been associated to factors through their probabilistic 

distribution and their coefficient of variation. Basically 

where it is possible these are collected from the literature 

otherwise, for factors such as distance of the structure from 

the seaside, thickness of steel concrete cover, temperature 

and water cement ratio, normal probabilistic distribution 

been adapted with a coefficient of variation of 10% of the 

respective value. 

 

2.3 Limit state function 
 

This study aims at investigating the corrosion initiation 

time in reinforced concrete structures. Previous studies 

(Olawale et al. 2019, Vagelis 2013) are based on the Fick 

law solution given by Eq. (1) so that the concentration 

evolution of ion chlorides in concrete can be determined. 

The time taken by these ions to reach a critical 

concentration close to the reinforcements is the corrosion 

initiation time given by Eq. (10). Results of these studies 

have been demonstrated and validated by the authors. 

Nevertheless, the corrosion initiation time depends on 

several parameters; each parameter is subject to 

uncertainties. Each parameter was studied to determine its 

probabilistic model, see Table 2. 

The probabilistic method takes into account the 

uncertainties related to these parameters and determines the 

effect of these uncertainties on the corrosion initiation time, 

which offers more realistic models than those provided by 

 

 

the deterministic methods.  

The reliability method estimates the probability of 

reaching a limit state (In our case the limit state is the 

initiation of corrosion on reinforcing steel).  

Consequently a limit state function G(x) corresponding 

to a boundary between desired and undesired performance 

of a structure, is developed from the margin between the 

calculated initiation time Tini from Eq. (10) and the expected 

time, Texp extrapolated from Fig. 2. 

The limit state function G(x) is expressed by Eq. (11). 

exp)( TTXG ini −=  (11) 

When associating uncertainties to the parameters 
involved in the limit state function, then specific algorithms 
are applied for searching the most probable failure 
configuration. In the present work, the software PHIMECA 
which can be found in (PHIMECA 2002) has been used to 
perform the reliability analyses. This software offers several 
methods for reliability calculation such as Monte Carlo 
simulations and First/Second Order Reliability Methods, 
FORM/SORM as presented by Lemaire (2013).  

The margin is defined such as G(x)>0 indicates safety 

and G(x)≤0 corresponds to conventional failure. For the 

failure scenario, the reliability index β is defined as the 

minimum distance between the origin and the failure 

domain in the equivalent Gaussian space. The failure 

probability is evaluated by Eq. (12): 

)(-)]0([ == GPP rf
 (12) 

Where, Pr is the probability operator and Φ is the 

cumulative Gaussian probability function. 

 

 

3. Strategy of reinforced concrete reliability 
assessment 

Table 2 Factors and probabilistic distribution for chloride ions diffusion models 

N Factor Designation Unit 
Distance of the structure 

from the seaside 

Distribution 

Law 

Mean 

Value 

C.V/ Standard 

deviation 

1 

Diffusion coefficient 

at reference conditions 

(Val and Trapper 2008) 

Dc,ref m2/s  LN 6.10-12 0.2 

2 

Diffusion coefficient 

at 100% of humidity 

(De Vera et al. 2007) 

D100% m2/s  N 
379.10-

14 
23.10-14 

3 
Critical Relative Humidity 

(De Vera et al. 2007) 
RHc %  N 83,1 0,23 

4 

Chloride concentration 

at the surface 

(McGee 1999) 

Cs kg/m3 

b <10 m 

LN 

7.35 0.7 

b <100 m 2.95 0.5 

100 m<b<2840 m 1.15 0.5 

5 

Threshold surface chloride 

concentration 

(Enright and Frangopol 1998) 

Cth kg/m3  LN 1 0.1 

6 
Steel concrete cover 

(DuraCrete 2000) 
b M  LN 0.05 0.3 

7 
Temperature 

(DuraCrete 2000) 
T °C  N Tmean 0.1 

8 
Relative humidity 

(DuraCrete 2000) 
RH %  N RHmean 0.1 

9 Water to Concrete ratio Wc %  N 0.5 0.1Wc 
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Fig. 3 Effect of time exposure to Cl- diffusion on the        

reliability index  of reinforced concrete:  with regards to 

the thickness steel concrete cover, b and the distance 

between the structure and sea, d 

 
 

The reliability assessment is focused on the exposure 

time of reinforced concrete to chloride ions diffusion in 

concrete structures build on the seaside. The objective is to 

determine the initiation time, Tini of corrosion in the 

concrete covered reinforcing steel. 

The corrosion initiation time corresponds to the time to 

the threshold time when chloride ions concentration is 

reached, Fig. 2, usually Cth=1 kg/m3. Then corrosion in steel 

rebar will start. So this is very detrimental in assessing the 

reinforced concrete lifetime. 
Deterministic approach revealed that for a steel 

reinforcing cover thickness or depth of 0.1m, the time for 

corrosion initiation Tini is 30 years.  

As a consequence, the strategy adapted within the 

present work is to compare the reliability results expressed 

by the reliability index  to a reliability level of =3.7192 

corresponding to a failure probability level of 10-4 admitted 

in general engineering structures. This suggests that when     

≥3.7192 then the structure is safe and when <3.7192 then 

failure occurs. Failure in the present case is attributed to the 

opportunity for corrosion to take place in steel. The 

reinforced concrete structure continues to be effective but it 

is not reliable as failure is unpredictable and depends on 

how much corrosion has progressed in steel rebar. Hence 

preventing steel rebar from corrosion means increasing 

lifetime of the reinforced concrete structure. 

The first stage of the lifetime is dependent on the time of 

chloride concentration to reach its threshold value 

corresponding to the initiation time of corrosion, Tini.  

Five main factors affecting of the corrosion initiation 

time have been considered in the present work: i) depth or 

thickness of the steel concrete cover, b; ii) the distance of 

the concrete structure to the seaside, d; iii) temperature, T;  

iv) the relative humidity, RH and v) water-cement ratio, 

Wc.  

When these factors meet together, the aggressiveness of 

the environment is maximal. 

 

3.1 Steel concrete cover, location and time exposure 
 

Regarding the location of the structure towards the 

 

Fig 4 Corrosion initiation time as a function of structure 

distance from the seaside for different steel concrete cover 

 

 

seaside, the reliability of the structure is dependent on the 

exposure time of the reinforced concrete to chloride ions 

diffusion and this is expressed through the evolution of 

reliability index  as a function of the exposure time, Fig. 3. 

The reliability index  curve decreases as the exposure time 

increases passing from a safe domain to failure domain 

when  reaches the allowable level of 3.7192. The latter is 

dependent on the location of the structure from the seaside. 

Far is the structure from the seaside higher is time to 

exposure. For a structure with a steel cover thickness of 

0.05m, the time to exposure increases from 3.25 to 5.7 and 

10 years when the distance from the seaside of the structure 

is relatively, 9, 99 and 150 m. The exposure time 

corresponding to the allowable level of reliability index  is 

a precious indictor for corrosion initiation time in the 

reinforced concrete structure. Therefore corrosion initiation 

time as a function of the structure distance from the seaside 

can be plotted as illustrated in Fig. 4.  

As expected when the steel cover is small corrosion 

initiation time is small. For a steel cover of 0.05 m, when 

the concrete structure is adjacent to the seaside, then 

inspection can start very soon in the next few 2 to 3 years. 

As the steel cover thickness increases then corrosion 

initiation time increases up to 9 years for a steel cover 

thickness of 0.09. The fitting curves following an 

exponential engineering model, Eq. (13) show that 

corrosion initiation time remains almost the same when the 

structure is built far to 40m from the seaside. 

dn

bini eAbT
.1.)( =  (13) 

Where, 

𝑇𝑖𝑛𝑖(𝑏) is the corrosion initiation time depending on the 

steel cover depth, b. 

Ab and n1 are exponential equation parameters. 

Beyond 40m, the corrosion initiation time increases and 

is related to the exponential parameters of Eq. (10) that are 

dependent on the distance of the structure from the seaside 

and the steel cover thickness. 

Theses parameters as function of steel cover thickness 

are expressed as 

0093.0,798 1

8883.1 == nbAb
 (14) 
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Fig. 5 Effect of time exposure to Cl- diffusion on the 

reliability index  of reinforced concrete: with regards to 

temperature, T and the distance between the structure and 

sea, d 

 
 

3.2 Temperature, location and time exposure 

 
Ambient temperature always fluctuates within a specific 

range according to the seasons and the region. For instance 

in south Mediterranean sea temperature ranges from 0° to 

42°C as in cold season, night temperatures are around 5°C 

during almost 3 months and in hot seasons, day ambient  

temperatures are around 35°C during 3 months. Fluctuation 

in temperature is very significant in the diffusion of 

chloride ions in concrete steel cover leading to corrosion 

initiation reinforcing steel. Therefore reliability analyses are 

carried out to find out the effect of ambient temperature on 

the chloride ions diffusion process in reinforced concrete 

steel. Fig. 5 illustrates the effect of exposure time to 

chloride ions diffusion in concrete structure at constant 

temperature and at different distances of the structure from 

the seaside. In the latter case where the steel cover thickness 

b is 0.1 m and ambient temperature is 5°C, structures at 

50m distance from the seaside, revealed that the reliability 

index  decreases drastically showing that the admitted 

reliability index value of 3.7192 is reached within 7.45 

years. Increasing the distance of location of the structure to 

99 m and 150 m from the seaside resulted in higher 

exposure time respectively 13.5 and 27 years. Increasing 

ambient temperature by from 5°C to 40°C resulted in higher 

exposure time for corrosion initiation in reinforcing steel to 

occur. So the time at which the admitted reliability index is 

obtained, can be considered as the corrosion initiation time. 

Fig. 6 shows the relative plot of corrosion initiation time as 

a function of distance of structure from the sea. An 

exponential engineering law characterises the behaviour of 

the corresponding curve, and the corresponding corrosion 

initiation time   depending on the temperature, Tini(T) is 

expressed as 

dn

Tini eATT
.2.)( =  (15) 

Where,  

AT and n2 are exponential equation parameters. 

The corresponding parameters are 

0085.0,307.7 2

026.0 == − neA T

T
 (16) 

 

 

Fig. 6 Corrosion inspection time as a function of structure 

distance from the seaside for different ambient temperatures 

 
 

3.3 Relative humidity, location and time exposure 
 

Fig. 6 is an important feature in estimating chloride ions 

diffusion particularly in equatorial regions where ambient 

temperature ranges from 26 to 28°C and rainfall is high 

most of the year. For structures built at 150 m, even when 

the steel cover is 0.1m, exposure time to corrosion initiation 

falls to 17 years suggesting that the inspection time of the 

structure should start earlier than that expected with 

deterministic data. Moreover the relative humidity has great 

effect on the inspection time of reinforced concrete 

structure.  

Fig. 7 shows the effect of time exposure to Cl- diffusion 

on the reliability index  of reinforced concrete with respect 

to relative humidity, RH and the distance between the 

structure and seaside, d. There should be great consideration 

of the location of the structure towards the relative 

humidity. Far from the seaside is located the structure less is 

the chloride ions diffusion if the concrete structure. For 

instance when the relative humidity RH is 0.55%, a 

structure built at 150 m away from the seaside shows long 

time of chloride ions diffusion. At short distance the 

reliability index decreases rapidly. The respective values of 

the admissible reliability index are reached at 23, 43 and 

100 years for a structure located at 9, 99 and 150 m. 

The corrosion initiation time as a function of relative 

humidity and structure location can be derived from the 

fitting curve of the plots given in Fig. 8 and written as given 

in Eq. (17) 

dn

RHini eARHT
.3.)( =  (17) 

Where, 

Tini(𝑅𝐻) is the corrosion initiation time depending on 

relative humidity.    

ARH and n3 are exponential equation parameters 

expressed as 

011.0,.10 3

287.37 == − nRHARH
 (18) 

 
3.4 Water-cement ratio, location and time exposure 

 

The chloride ions diffusion in reinforced concrete  
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Fig. 7 Effect of time exposure to Cl- diffusion on the 

reliability index  of reinforced concrete with relative 

humidity, RH and the distance between the structure and 

sea, d 

 

 

Fig. 8 Corrosion initiation time as a function of structure 

distance from the seaside for different values of relative 

humidity 

 

 

structure is very dependent on the water-cement ratio, Wc. 

Fig. 9 illustrates the effect of time exposure to Cl- diffusion 

on the reliability index  of reinforced concrete. Plots are 

given with respect to water-cement ratio, Wc and to the 

distance between the structure and seaside, d.  In fact, the 

reliability index  falls drastically when the structure is 

built neighbouring the seaside. 

For a Wc concentration of 0.5, the admissible reliability 

index is soon reached in at a distance of 9 m in 3.52 years 

as the distance gets longer, the exposure time increases to 

5.8 and 12.8 years respectively up to 99 and 150 m. 

When varying the water-cement ratio, a plot of the   

corrosion initiation as a function of the location of the 

structure .towards the seaside, permits to deduce from the 

fitting curves (see Fig. 10) an exponential engineering 

model that can be expressed by Eq. (19) 

dn

wcini eAWcT
.4.)( =  (19) 

Where, 

 Tini(Wc) is the corrosion initiation time depending on 

water-cement ratio. 

AWC and n4 are exponential equation parameters.    

0093.0,.1266.0 4

374.4 == − nWA cWc
 (20) 

 

 
Fig. 9 Effect of time exposure to Cl- diffusion on the                     

reliability index  of reinforced concrete: with regards to 

the water-cement ratio, Wc and the distance between the 

structure and sea, d 

 

 

Fig. 10 Corrosion initiation time as a function of structure 

distance from the seaside for different water cement ratio 

 

 

The best performance is observed for a structure located 

at 150 m from the seaside when water-cement ratio Wc is 

0.4 and an ambient temperature of 20°C (see Fig. 10). 

 

 

4. SEM and EDS observations 
 

One of the main features of the present investigation is 

to show that reliability approach is more realistic than the 

deterministic approach in estimating corrosion time 

initiation. In fact according to Fick’s low for a case of a 

reinforcing concrete beam with a steel cover of 50mm and 

located at 50 meters from a seaside, corrosion initiation 

time would be 10 years. Comparing to the reliability results, 

the corrosion initiation time is almost 2 times lower than 

that expected by the determinist approach. In fact the 

corrosion initiation time is depending on the chloride 

diffusion process that is difficult to follow with regards the 

controlling parameters and huge uncertainties in the 

breakdown of the oxide film.  

In order to have a comprehensive understanding of the 

corrosion estimating time, SEM and EDS (energy-

dispersive x-ray spectrometers) observations on a 6 years 

old reinforcing concrete steel have been carried out. A 

portion of a 12 mm diameter rebar with a 50 mm concrete 
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Table 3 Chemical composition of analyzed zones 

Zone Element Weight% Atomic% 

Corrosion 

Zone 

(S1) 

O K 59.32 78.43 

Na K 7.63 7.02 

Al K 2.97 2.33 

Si K 1.9 1.43 

Ca K 0.78 0.41 

Fe K 27.4 10.38 

Totals % 100 100 

Steel* (S2) Fe K 100 100 

*The composition consists of 99% of iron and 0.22 to 0.32 %C 

and small percentage of alloying elements (Si, Mn, S and P) 

 

 

cover and located at 50 meters from the sea side has been 

extracted. Then a sample has been prepared to investigate 

the outer surface on the cross section as shown in Fig. 11(a). 

 

 

The steel concrete interface is presented in Fig. 11(b) that 

illustrates the corroded surface around the external surface 

of the rebar. The corroded surface is characterized by cross 

section lost with different areas as it can be seen in Fig. 

11(c). EDS analyses have been conducted in damage zone 

Z1 and in the steel zone Z2 to determine the chemical 

composition. Figs. 11(e)-(f) shows the respective chemical 

composition characterized by the presence of some 

chemical elements such as O, Na, Al, Si, Ca, in addition to 

steel. Table 3 presents the various chemical elements in 

weight % and in atomic % in the analyzed zones. 

Relatively, the clean zone is mainly composed of Fe 

(metallic substrate). 

The present observations are interesting since they show 

that corrosion is not uniform around a rebar, local loss of 

cross-section indicates that the steel undergoes pitting 

  
(a) SEM target on a cross section of a rebar sample (b) SEM image of the cross section 

  
(d) Zones of EDS analyses (c) External surface of the rebar 

 
 

 

(f) EDS spectra of corroded zone (Z1) (e) EDS spectra of clean zone (Z2) 

Fig. 11 SEM and EDS analyses of steel bar 
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corrosion according to Zhu and François (2013). Therefore 

the deterministic approach of Fick’s law gives global 

estimation of the corrosion initiation time. Meanwhile the 

reliability approach is more realistic. For instance when 

considering the effect of the distance from the sea side, a 

structure located at 50 meters, with a steel cover of 50mm, 

the initiation time is 4.8 years (see Fig. 4) rather than 10 

years given by Fick’s low.   

 

 

5. Conclusions 

 

A contribution in developing models for determining 

corrosion initiation time in steel reinforced concrete 

structures located close to the seaside has been proposed 

through a reliability approach. The corrosion initiation time 

in steel reinforced concrete corresponded to the time when 

the chloride ions diffusion process within the steel concrete 

cover reaches the chloride concentration value. Reliability 

analyses have been achieved using FORM/SORM method 

that suggests a limit state function corresponding to a 

boundary between desired and undesired performance of a 

structure developed from the margin between the calculated 

initiation time Tini and the exposure time for corrosion to 

occur, Texp. The uncertainties within the mechanical models 

for reliability analyses have been associated to their 

parameters through probabilistic laws. Fick’s second law 

has permitted to develop engineering models to estimate the 

starting time of corrosion inspection in steel reinforced 

concrete structure as a function of influencing factors such 

as distance of the structure from the seaside, thickness of 

steel concrete cover, ambient temperature, relative humidity 

and water-cement ratio. Four models have been proposed in 

the form of exponential equation expressing corrosion 

initiation time (Tini) as a function of the distance between 

the concrete structure and seaside. The parameters of the 

exponential laws are expressed relatively with respect to the 

influencing factors.  
The main emerging results show that as expected, far is 

located the structure from the seaside longer is time for 

corrosion to occur. Reliability analyses are more realistic in 
estimating the corrosion initiation time that is well below of 
that given by deterministic approach. Moreover, when 
combining the four proposed models there should be a 
better appreciation in deciding when to start corrosion 
inspection in steel reinforcing concrete which is planned as 

a complementary future work. SEM observations have 
revealed that the corrosion damage dimensions are not 
uniform around the steel rebar suggesting that the corrosion 
pits are random. EDS analyses have shown that chemical 
composition on the outer surface of the steel bar after 
corrosion, the presence of an oxide film with 78.43% of O 

and 10.38% of Fe. Therefore deeper investigation involving 
the corrosion damage parameters is required in future work. 

 

 

Acknowledgments 

 
The authors would like to thank the Japanese 

consortium for Algerian highways (COJAAL) for their 

fruitful discussion and recommendation about protecting 

steel for reinforced concrete structures from corrosion. 

Thanks are due to the research LR3MI mechanics of 

material and plant maintenance of Badji Mokhtar 

University of Annaba, for its help and facilities in using 

Phimeca-Software. Thank to ENSMM, the Algerian 

national high school of mining and metallurgy in Annaba, 

for their contribution in SEM observations and EDS 

analyses. 
 
 
References 
 
Alonso, C. andrade, C., Castellote, M. and Castro, P. (2000), 

“Chloride threshold values to depassivate reinforcing bars 

embedded in a standardized OPC mortar”, Cement Concrete 

Res., 30(7), 1047-1055. https://doi.org/10.1016/S0008-

8846(00)00265-9. 

Baji, H., Ronagh, H.R. and Melchers, R.E. (2016), “Reliability of 

ductility requirements in concrete design codes”, Struct. Saf., 

62, 76-87. https://doi.org/10.1016/j.strusafe.2016.06.005. 

Bazant, Z.P. (1979), “Physical model for steel corrosion in 

concrete sea structures-theory”, ASCE J. Struct. Div., 105(6), 

1137-1153. 

Cady, P.D. and Weyers, R.E. (1983), “Chloride penetration and the 

deterioration of concrete bridge decks”, Cement Concrete Aggr., 

5(2), 81-87. https://doi.org/10.1520/CCA10258J. 

Chen, D. and Mahadevan, S. (2008), “Chloride-induced 

reinforcement corrosion and concrete cracking simulation”, 

Cement Concrete Compos., 30(3), 227-238. 
ttps://doi.org/10.1016/j.cemconcomp.2006.10.007. 

Choi, H.H. and Seo, J. (2009), “Safety assessment using imprecise 

reliability for corrosion‐damaged structures”, Comput. Aid. Civil 

Infra. Eng., 24(4), 293-301. https://doi.org/10.1111/j.1467-

8667.2009.00597.x. 

Dai, L., Wang, L., Bian, H., Zhang, J., Zhang, X. and Ma, Y., 

(2019), “Flexural capacity prediction of corroded prestressed 

concrete beams incorporating bond degradation”, J. Aerosp. 

Eng., 32(4), 04019027. https://doi.org/10.1061/(ASCE)AS.1943-

5525.0001022. 

De Vera, G., Climent, M. A., Viqueira, E., Antón, C. and Andrade, 

C. (2007), “A test method for measuring chloride diffusion 

coefficients through partially saturated concrete. Part II: The 

instantaneous plane source diffusion case with chloride binding 

consideration”, Cement Concrete Res., 37(5), 714-724. 
https://doi.org/10.1016/j.cemconres.2007.01.008. 

Djeddi, L., Khelif, R., Benmedakhene, S. and Favergeon, J. 

(2013), “Reliability of acoustic emission as a technique to detect 

corrosion and stress corrosion cracking on prestressing steel 

strands”, Int. J. Electrochem. Sci., 8(1), 8356-8370. 

DuraCrete (2000), “Statistical quantification of the variables in the 

limit state functions”, The European Union-Brite EuRam III-

Contract BRPR-CT95-0132-Project BE95-1347/R9. 

Enright, M.P. and Frangopol, D.M. (1998), “Probabilistic analysis 

of resistance degradation of reinforced concrete bridge beams 

under corrosion”, Eng. Struct., 20(11), 960-971. 
https://doi.org/10.1016/S0141-0296(97)00190-9. 

Fick, A. (1855), “On liquid diffusion, Poggendorffs Annalen”, 94: 

59, reprinted in (1995) “On liquid diffusion”, J. Mem. Sci., 100, 

33-38. https://doi.org/10.1016/0376-7388(94)00230-v. 

Hobbs, D.W. and Matthews, J.D. (1998), Minimum Requirements 

for Concrete to Resist Deterioration Due to Chloride Induced 

Corrosion, in: Minimum Requirements for Durable Concrete, 

D.W. Hobbs Edition, British Cement Association, Crowthorne, 

UK. 

Kioumarsi, M., Markeset, G. and Hooshmandi, S. (2017), “Effect 

of pit distance on failure probability of a corroded RC beam”, 

158



 

Corrosion initiation time models in RC coastal structures based on reliability approach 

 

Proced. Eng., 171, 526-533. 

Koleva, D.A., Hu, J., Fraaij, A.L.A., Stroeven, P., Boshkov, N. and 

De Wit, J.H.W. (2006), “Quantitative characterisation of 

steel/cement paste interface microstructure and corrosion 

phenomena in mortars suffering from chloride attack”, Corrs. 

Sci., 48(12), 4001-4019. 
https://doi.org/10.1016/j.corsci.2006.03.003. 

Lemaire, M. (2013), Structural Reliability, John Wiley & Sons. 

Li, B., Cai, L. and Zhu, W. (2018), “Predicting service life of 

concrete structure exposed to sulfuric acid environment by grey 

system theory”, Int. J. Civil Eng., 16(9), 1017-1027. 
https://doi.org/10.1007/s40999-017-0251-2. 

Liu, K.C., Yang, C.H., Liu, T.I., Chiu, L.Y. and Liu, G. (2017), 

“On-stream inspection for pitting corrosion defect of pressure 

vessels for intelligent and safe manufacturing”, Int. J. Adv. 

Manu. Tech., 91(5-8), 1957-1966. 
https://doi.org/10.1007/s00170-016-9888-2. 

Liu, Y. and Weyers, R.E. (1998), “Modeling the time-to-corrosion 

cracking in chloride contaminated reinforced concrete 

structures”, ACI Mater. J., 95(6), 675-681. 

Ma, Y., Wang, G., Guo, Z., Wang, L., Jiang, T. and Zhang, J. 

(2019), “Critical region method-based fatigue life prediction of 

notched steel wires of long-span bridges”, Constr. Build. Mater., 

225, 601-610. 
https://doi.org/10.1016/j.conbuildmat.2019.07.157. 

McGee, R. (1999), “Modelling of durability performance of 

Tasmanian bridges”, ICASP8 Appl. Stat. Proba. Civil Eng., 1, 

297-306. 

Morinaga, S. (1988), “Prediction of service lives of reinforced 

concrete buildings based on rate of corrosion of reinforcing 

steel”, Report No. 23, Institute of Technology, Shimizu 

Corporation, Japan. 

Neville, A. (1995), “Chloride attack of reinforced concrete: an 

overview”, Mater. Struct., 28(2), 63. 

https://doi.org/10.1007/BF02473172. 

Nogueira, C.G., Leonel, E.D. and Coda, H.B. (2012), 

“Probabilistic failure modelling of reinforced concrete 

structures subjected to chloride penetration”, Int. J. Adv. Struct. 

Eng., 4(1), 10. https://doi.org/10.1186/2008-6695-4-10. 

Olawale, O.A., Xiao-Bao, Z.G. and Ji, Y. (2019), “Numerical 

analysis of concrete degradation due to chloride-induced steel 

corrosion”, Adv. Concrete Constr., 7(4), 203-210. 

https://doi.org/10.12989/acc.2019.7.4.203.  

PHIMECA-reliability-based design and analysis (2002), User’s 

manual, version 1.6, Aubière, France. http://www.phimeca.com/  

Portland Cement Association (PCA) (2002), Types and Causes of 

Concrete Ddeterioration, Serial No. 2617, PCA, Illinois, USA. 

Prachasaree, W., Limkatanyu, S., Wangapisit, O. and Kraidam, S. 

(2018), “Field investigation of service performance of concrete 

bridges exposed to tropical marine environment”, Int. J. Civil 

Eng., 16(12), 1757-1769. https://doi.org/10.1007/s40999-017-

0250-3. 

Saetta, A.V., Scotta, R.V. and Vitaliani, R.V. (1993), “Analysis of 

chloride diffusion into partially saturated concrete”, Mater. J., 

90(5), 441-451. 

Samson, E. and Marchand, J. (2007), “Modeling the effect of 

temperature on ionic transport in cementitious materials”, 

Cement Concrete Res., 37(3), 455-468. 
https://doi.org/10.1016/j.cemconres.2006.11.008. 

Sarveswaran, V., Smith, J.W. and Blockley, D.I. (1998), 

“Reliability of corrosion-damaged steel structures using interval 

probability theory”, Struct. Saf., 20(3), 237-255. 
https://doi.org/10.1016/S0167-4730(98)00009-5. 

Shetty, A., Venkataramana, K. and Narayan, K.B. (2015), 

“Experimental and numerical investigation on flexural bond 

strength behavior of corroded NBS RC beam”, Int. J. Adv. 

Struct. Eng., 7(3), 223-231. https://doi.org/10.1007/s40091-015-

0093-6. 

Tuutti, K. (1982), Corrosion of Steel in Concrete, Cement-och 

betonginst, Stockholm, Holland. 

Vagelis, G.P. (2013), “Service life prediction of a reinforced 

concrete bridge exposed to chloride induced deterioration”, Adv. 

Concrete Constr., 1(3), 201-213. 

http://dx.doi.org/10.12989/acc2013.1.3.201.     

Val, D.V. and Trapper, P.A. (2008), “Probabilistic evaluation of 

initiation time of chloride-induced corrosion”, Reliab. Eng. Syst. 

Saf., 93(3), 364-372. https://doi.org/10.1016/j.ress.2006.12.010. 

Vedalakshmi, R., Rajagopal, K. and Palaniswamy, N. (2011), 

“Durability performance of rebar embedded in chloride 

admixed blended cement concretes”, Corrs. Eng. Sci. Tech., 

46(3), 256-270. https://doi.org/10.1179/174327809X409204. 

Vu, K.A.T. and Stewart, M.G. (2000), “Structural reliability of 

concrete bridges including improved chloride-induced corrosion 

models”, Struct. Saf., 22(4), 313-333. 
https://doi.org/10.1016/S0167-4730(00)00018-7. 

Wang, L., Dai, L., Bian, H., Ma, Y. and Zhang, J. (2019), 

“Concrete cracking prediction under combined prestress and 

strand corrosion”, Struct. Inf. Eng., 15(3), 285-295. 
https://doi.org/10.1080/15732479.2018.1550519. 

Wang, L., Yi, J., Zhang, J., Jiang, Y. and Zhang, X. (2017), “Effect 

of corrosion-induced crack on the bond between strand and 

concrete”, Constr. Build. Mater., 153, 598-606. 
https://doi.org/10.1016/j.conbuildmat.2017.07.113. 

Wu, L., Li, W. and Yu, X. (2017), “Time-dependent chloride 

penetration in concrete in marine environments”, Constr. Build. 

Mater., 152, 406-413. 
https://doi.org/10.1016/j.conbuildmat.2017.07.016. 

Yang, D.H., Yi, T.H. and Li, H.N. (2017), “A performance-based 

design method for chloride-induced cover cracking of RC 

structures”, Comput. Concrete, 5(2), 117-143. 

http://dx.doi.org/10.12989/acc.2017.5.2.117. 

Zhang, H. (2018), “Durability reliability analysis for corroding 

concrete structures under uncertainty”, Mech. Syst. Signal. Pr., 

101, 26-37. https://doi.org/10.1016/j.ymssp.2017.08.027. 

Zhang, H., Mullen, R.L. and Muhanna, R.L. (2010), “Interval 

Monte Carlo methods for structural reliability”, Struct. Saf., 

32(3), 183-190. https://doi.org/10.1016/j.strusafe.2010.01.001. 

Zhang, M.Q., Beer, M., Quek, S.T. and Choo, Y.S. (2010), 

“Comparison of uncertainty models in reliability analysis of 

offshore structures under marine corrosion”, Struct. Saf., 32(6), 

425-432. https://doi.org/10.1016/j.strusafe.2010.04.003. 

Zhu, W. and François, R. (2013), “Effect of corrosion pattern on 

the ductility of tensile reinforcement extracted from a 26-year-

old corroded beam”, Adv Concrete Constr., 1(2), 121-136. 

http://dx.doi.org/10.12989/acc.2013.1.2.121. 

 

 

CC 

159

https://doi.org/10.1179/174327809X409204



