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ABSTRACT 

The service life design of reinforced concrete structures requires material models capable of reliably 

describing both mechanisms of damage and the general progression of damage over time. However, most 

models that are currently being used only capture the process of carbonation and chloride penetration into 

the uncracked concrete that is at the initial phase of degradation. Typically, these models disregard the 

actual damage, i.e. the corrosion of the reinforcing steel. As a result, the service life design established to 

date only considers the end of the initiation phase of the degradation process, or, in other words, the onset 

of damage (time of depassivation or onset of corrosion) as a critical limit state. The corrosion of the 

reinforcement and its consequences, i.e. the crack formation and spalling of concrete, are not considered, 

which may lead to a substantially shorter estimated service life of the structures. Comprehensive 

investigations were recently undertaken on the depassivation of steel reinforcement and on crack 

formation in concrete which have resulted in an analytical prediction model for corrosion-induced 

cracking occurring in the surface zones of structural components. This paper presents a holistic approach 

which combines two models used for determining the time to depassivation (initiation phase) and the time 

to cover cracking as a result of reinforcement corrosion (propagation phase). An example is provided of a 

structural element which has been designed for the serviceability limit state of concrete cover cracking. 

INTRODUCTION 

Time-dependent reliability analyses provides valuable support to the decision making process, whether 

for design, or for defining maintenance and repair strategies (Steward et al. 2001). The service life 

prediction of deteriorating structures is affected by the uncertainties associated with material properties, 

mechanical and environmental loads, damage occurrence and propagation models (Kim et al. 2013). 

Therefore, estimation of service life requires probabilistic models and methods to account for the 

uncertainties that govern the deterioration processes. The service life design of reinforced concrete 

structures requires material models capable of reliably describing both mechanisms of damage and the 

general progression of damage over time. However, most models that are currently being used only 

capture the process of carbonation and chloride penetration into the uncracked concrete that is at the 

initial phase of degradation. Typically, these models disregard the actual damage, i.e. the corrosion of the 

reinforcing steel. As a result, the service life design established to date only considers the end of the 

initiation phase of the degradation process, i.e. the onset of damage (time of depassivation or onset of 

corrosion) as a critical limit state. The corrosion of the reinforcement and its consequences, i.e. the crack 

formation and spalling of concrete, are not considered, which may lead to a substantially shorter 

estimated service life of the structures. There are two distinct phases the in corrosion induced 

deterioration process of concrete. 

The first phase (initiation) is defined as the time necessary for chloride ions to reach a critical 

concentration at the depth of the reinforcement to cause its depassivation. Typically diffusion controls the 

process. This instant is defined as corrosion initiation. The second phase (propagation) is defined as the 

period of time that follows the initiation of corrosion. It can be separated in different deterioration phases, 

of which the first is cracking of concrete cover. Typically corrosion rate controls the process at the outset. 
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After the appearance of the first crack, the continuous volume expansion due to rust formation as a 

consequence of the proceeding corrosion leads to crack propagation resulting in the spalling of the 

concrete cover. In practice, it has been observed that time dependent reliability models do not consider the 

causational relationship between serviceability limit states, dealing with each limit state independently. 

As an example, corrosion initiation and propagation are usually dealt with independently, ignoring the 

dependency between them. Commonly the propagation phase is ignored, i.e. considered to be on the safe 

side (conservative approach). This might stem from the lack of models, and confidence in models for this 

phase. As a consequence, design decisions based upon independent time-dependent reliability models will 

not produce optimal outcomes. Comprehensive investigations were recently undertaken on the 

depassivation of steel reinforcement and on crack formation in concrete which have resulted in an 

analytical model for corrosion-induced cracking occurring in the surface zones of structural components 

(Bohner 2013). 

 

An attempt to bridge this gap is made with a basic methodology for the probabilistic determination of 

service life, combining both corrosion initiation and propagation phase models is proposed. The approach 

takes into account the time dependency of the individual phenomena, and the relationship between both 

phases. The quantitative prediction of the time to cracking is needed in the development of a holistic 

deterioration model for the prediction of service life. A probabilistic methodology is presented based on 

theoretical physical models for corrosion initiation and time-to-cracking, and the causational relationship 

between them, i.e. time-to-cracking depends on the time to corrosion initiation. Based on the 

methodology, it is demonstrated how the models influence the estimated time to corrosion cracking 

considering both deterioration mechanisms involved. This approach helps to improve the prediction of 

durability for new or to define optimal repair strategies for existing concrete structures. The time from 

corrosion initiation to cracking of the concrete cover (time-to-cracking), is a critical period for modelling 

the time to repair, rehabilitate, and replace reinforced concrete structures. 

 

This paper presents a probabilistic design procedure which combines the calculation of two independent 

limit states for concrete deterioration: chloride induced corrosion initiation, and corrosion induced 

cracking of concrete. By combining the limit states, the outcome of the service life calculation is the 

probability of time to corrosion induced cracking, at any time starting after construction.  

 

RELIABILITY ANALYSIS 

 

Basic reliability analysis 
 

In general, engineering design consists of proportioning the elements of a reinforced concrete structure 

(RCS) so that it satisfies various criteria of performance, safety, serviceability, and durability under 

various loadings. A reliability analysis can be used to calculate the probability of failure of a limit state at 

any instant in time during the RCS’s service life. The objective of durability design is to keep the 

probability of failure throughout the service life period below a certain requirement that depends on the 

consequences of failure. The limit state defines the conditions beyond which a specified requirement for a 

structure (or component) is no longer met for a certain degree of reliability (ISO/FDIS 16204:2012). 

Limit states are represented by the limit state equations, generally of the form g(x) = 0. A limit state 

violation (or failure) occurs when an undesirable condition for the structure is reached. The probability of 

occurrence of a limit state violation is a numerical measure of the chances of its occurrence, based on 

long term observations or subjective estimates. 

 

The basic reliability problem considers only one load effect S resisted by one resistance R. Both R and S 

are described by known probability density functions (PDF), fR(r) and fS(s) respectively, where any 

uncertainty concerning a variable is explicitly taken into account. For convenience, it is considered R and 

S are not functions of time. If R and S have known PDF’s fR(r) and fS(s) respectively, and are expressed in 
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the same units, then 

 

 ( )0£-= SRPp f     or    ( ){ }0, £SRgP  (1) 

 
where g(x) is termed the limit state function, and the probability of failure is synonymous to the 

probability of limit state violation. The probability of failure of the joint (bivariate) density fRS(r,s) is 

given by 
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For a random variable X, the cumulative distribution function is given by 
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If R and S are independent, and if x ≤ y, the solution of the probability of failure for bivariate density 

functions can be written in a single integral form known as the convolution integral: 
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FR(x) is the probability R £ x of the probability that the actual resistance R of the member is less than 

some value x, representing failure. The term fS(x) represents the probability that the load effect S acting 

on the element has a value between x and x + Dx in the limit as Dx ® 0. By calculating the integral over 

all x, the total failure probability is obtained.  

 

A reliability analysis can be performed by numerical integration, Monte Carlo simulation, or using 

approximate methods such as First Order and Second Order Reliability Methods (FORM/ SORM). The 

numerical integration was not preferred in this case because of the large dimension and the complexity of 

this problem. The reliability analysis in this study was performed using Monte Carlo simulation. Even for 

the computing of small probabilities, the development of variance reduction techniques such as 

importance sampling (Thoft-Christensen & Baker 1982), and the evolution of computing power has 

reduced dramatically this once time consuming process. The theoretical description of this method is 

given in many references (Rubinstein 1981, CSEP 1995). 

 

Reliability analysis – combination of two limit states 

 
A methodology is presented which contributes to the development of reliability-based approaches for the 

durability design and service life prediction of RCS that combines the probabilistic determination of two 

limit states (corrosion initiation and corrosion induced cracking) in a single analysis, thus removing the 

need for one of the limit states. By combining initiation with propagation until cracking, the combined 

service life covers the period from t = 0 until the time for the first crack with a width of a minimum of 

0.05 mm to appear on the surface of the concrete. The combination includes both the processes described 
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in Sections 3.2 and 3.3.  Assuming that corrosion is initiated at some time t for cracking to take place at 

time t the corrosion process has to have duration of t-t. Consequently, the combined probability 

distribution of the time of cracking is 
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where fi,p = probability of failure; fp(t) = PDF of the propagation model; and fi(t) = PDF of the initiation 

model. 

 

The start of corrosion propagation process depends on the corrosion initiation process, however the 

mechanism that describe each of these processes are independent of each other. Therefore the modelling 

and computation of this distribution can be simplified by replacing the conditional PDF with 

corresponding marginal probability distribution,  
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The model assumes chloride ingress starts at the time of construction (t = 0), and that the corrosion 

process starts when chloride has reached a critical threshold value at the depth of the reinforcement. 

Consequently,  
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allowing the integration interval to be shortened.  

 

For t ≥ 0 
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A consequence of this approach is that there is no need to establish a limit state requirement for corrosion 

initiation, and another for cracking. By combining the calculations, only one requirement for the outcome 

of both need be defined. Furthermore, the uncertainties related to both processes, as modelled in the 

PDF’s, are properly combined. 

 

DETERIORATION MODELS 

 

A reliability analysis begins with the formulation of a limit state function, which represents the 

performance of a structure or an element, in terms of a number of basic random variables. The model 

parameters are characterised by PDFs. Even the uncertainties associated with the model and the tests used 

should typically be considered. It is an assumption that the models for corrosion initiation and 

propagation are sufficiently validated in order to provide realistic and representative results. Conformity 

is checked by verifying that the specified reliability is unsurpassed in the verification of the limit state 

function over the service life of the structure. The limit state function for time to corrosion initiation is 

defined by: 

 
( ) 0,0),( >-Û> txCCtxg criti  (11) 

where gi (x,t) = limit state function for corrosion initiation; Ccrit = critical chloride content leading to 

depassivation [%/weight of cement or concrete]; and C(x,t) = chloride concentration at depth x and time t 

[%/weight of cement or concrete]; and described in section 3.1 
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The limit state function for time to corrosion induced concrete cracking is given by: 

 
( ) ( ) 00),( >D-DÛ> corrcorrcrackp trtrtxg

 (12) 

where gp (x,t) = limit state function for corrosion induced concrete cracking; Drcorr = increase of rebar 

radius due to corrosion [mm]; Drcrack = critical increase of rebar radius due to corrosion at time of cracking 

[mm]; tcorr = time of corrosion [years]; and described in section 3.1 

 

Limit state requirements 

 
Designers must define the criteria for which the limit state is evaluated. There is still considerable debate 

as to what are the appropriate values for durability related limit states. With regards to reinforcement 

corrosion, this is in part due to the difficulty in practice to define a precise instant when corrosion actually 

starts. Values based on experience or set by conventions are required. When defining the requirement for 

probability of failure (or reliability index – b), the criteria that should be taken into account are: the type 

of limit state (initiation of deterioration, SLS or ULS); the service life for new structures or reference 

period for existing structures; the consequences of failure; and, the cost of safety measures. Typical 

values suggested for structural design for pf/b are for a period of 50 years 0.0667/1.5 for a serviceability 

limit states, and ≈ 10-4/3.8 for ultimate limit states.  

 

In the fib Model Code for Service Life Design (2006), b = 1.3 is presented as a “recommended minimum 

value” for exposure class XS independent of the RC of the structure. According to the LNEC E-465 

(2005), the reliability index varies according to the RC from 1.2 to 2.0 for the RC1 and RC3 class, 

respectively. These b –values correspond to failure probabilities of approximately 12 % and 2 %, 

respectively. There is yet no consensus as to which should be the appropriate values for the reliability 

index, when considering limit states associated with durability (Gulikers 2006, Ferreira & Gulikers 2007). 

 

Time to corrosion initiation 

 

The model is based on the fib Model Code for Service Life Design (2006) approach, which is based on 

the classical solution of Fick’s second law with semi-infinite boundary and constant surface 

concentration. This model includes a time dependent apparent diffusion coefficient.  
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where C0 = initial chloride concentration in the concrete [%/weight of cement or concrete]; CS  =  surface 

chloride concentration [%/weight of cement or concrete]; c = cover depth [mm]; Dap = apparent diffusion 

coefficient [m2/s]; D0 = diffusion coefficient at t0 [m2/s]; a = ageing factor of diffusion coefficient [-]; t0 

= reference time [years]; t = life time [years]; treal = temperature of the water/air in contact with concrete 

[K]; tref = reference temperature [K]; be= Arrhenius Slope [-]; kt = transfer parameter [-]. 

 

Although widely used, the model has not have been calibrated for periods longer than 30 years and has 

several limitations and sources of uncertainty (Gulikers 2006). Equation (13) provides an estimate of the 

chloride profile for a specific period of exposure time. It is applicable for 1-D situations, and not suitable 

for small columns and beams, especially in the regions near the edges. The model also includes a number 

of implicit assumptions: exposure to chloride starts at t = 0, i.e. immediately after casting; Cs is constant 
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over time; and Dap varies with time and temperature only, until t = ∞ according to Eq.(14). 

 

Time from corrosion initiation to concrete cracking 

 
In order to describe the action S, which represents the propagation of corrosion, the increase of 

reinforcement bar (rebar) radius Drcorr has to be defined. This increase is dependent on the time of 

corrosion and results from the reduction of the reinforcement bar radius due to corrosion in combination 

with the expansion of the occurred corrosion products (Eq. 15). The reduction of the rebar radius is based 

on the corrosion rate ẋcorr. The corrosion rate can be either determined experimentally or it can be 

calculated by means of models, such as that of Osterminski & Schießl (2011). The expansion factor, also 

known as volume ratio l, is calculated by the quotient of the volume of rust and the volume of the steel 

(Bohner & Müller 2012). 
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 (15) 

where Drcorr = increase of rebar radius due to corrosion [mm]; ẋcorr = corrosion rate [mm/a]; l = volume 

ratio [-]; dpor = function to take account of rust migration into concrete pores [mm]. 

 

Experimental investigations have shown that the initial radius increase of the corroding rebar is weakened 

by the migration of corrosion products into the surrounding voids and pores of the concrete. This results 

in a time delay of the development of corrosion-induced stresses. Stress levels that are able to cause 

concrete cracking occur not until a certain saturation of the pores in the transition zone around the steel 

surface has taken place. By means of a continuous function (Eq. 16), which was derived based on 

physical considerations; the migration of rust into the concrete pores can be considered as: 
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where p = porosity of the transition zone accessible for corrosion products [-], valid 0 ≤ p < 1; dtz = 

thickness of the transition zone accessible for corrosion products [mm]. 

 

The action S (increase of rebar radius due to corrosion) encounters a resistance R that derives from the 

concrete surrounding the rebar. It can be defined as the critical increase of rebar radius due to corrosion at 

the time of cracking (see Eq. 17). This threshold value depends on concrete age, concrete properties, size 

and shape of rebar and concrete cover thickness. Its derivation is based on the linear elastic theory 

assuming linear viscoelastic behaviour of the concrete (Bohner 2013):  
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where Drcrack = critical increase of rebar radius due to corrosion at time of cracking [mm]; t = concrete age 

[a]; fct = tensile strength of concrete [MPa]; Ec,eff,D = effective modulus of elasticity of concrete (influence 

of creep, relaxation and degradation, (Müller & Kvitsel 2002) [MPa]; n = Poisson’s ratio of concrete [-]; 

ds = rebar diameter [mm]; c = concrete cover [mm]; knonlin = factor for consideration of plasticity and 

cracking of concrete [-]; klocal = factor for consideration of a localisation of corrosion (pitting corrosion) [-

]; kµ = factor for consideration of percentage of reinforcement [-]. 

 

The model assumes that the corrosion instantly appears as uniform corrosion, covering the entire 

circumference of the reinforcement bar. A distinct pitting corrosion can be taken into account by 

assigning a value to the factor klocal. The complex time-dependent stress-induced deformation behaviour 
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of concrete and its characteristic tension softening during cracking have a significant influence on the 

duration of the deterioration process. They are considered based on simplifying or adjunct functions, as 

e.g. the effective modulus of elasticity for concrete creep or the factor knonlin for taking into account the 

quasi-brittle cracking behaviour of concrete. For a detailed discussion of Eq. (15) to (17) and further 

information on the factors knonlin, klocal and kµ including the development of the model based on elastic 

theory for a thick-wall cylinder and its verification with experiments, see Bohner (2013). 

 

RELIABILITY ANALYSIS – EXAMPLE 

 

Parameter distribution and values 

 

In the following example, a hypothetical semi-infinite reinforced concrete wall located in a XS3 

environment (tidal/splash zone) according to the EN 206-1 (2006) is considered. This scenario enables the 

use of a 1-D analysis and diffusion being the main form of chloride transport in the concrete (convection 

zone not considered in this study).  

 

To illustrate the procedure described in Section 2.2, service life calculations have been performed 

considering two distinct concrete qualities: a CEM I 42.5 N with w/b ratio 0.50, and a CEM III/A 42.5 R 

with w/b ratio 0.55. Both concretes have similar mechanical performance, but differ significantly from a 

chloride ingress perspective, where CEM III out performs CEM I. For each parameter, distribution type 

and values used are presented in Table 1 for the corrosion initiation model. For the corrosion propagation 

model, two distinct corrosion rates were chosen to simulate a “fast” corrosion (3.0 mA/cm2) and a “slow” 

corrosion process (0.3 mA/cm2). Corrosion rate is defined by a lognormal distribution (CoV = 0.3) with 

an average value of 0.0035 mm/year and 0.035 mm/year for “slow” and “fast” corrosion, respectively. 

The remaining parameters are presented in Table 1.  

 

Results 

 

The calculation of the limit states for both individual models was performed with a direct Monte Carlo 

simulation based on 5000 determinations for each time step. The results are presented in Figure 4a for 

corrosion initiation and in Figure 4b for corrosion propagation, for both “fast” and “slow” corrosion. 

 

The probability density function in Equation 10 was computed with trapezoidal numerical quadrature, as 

described by Stoer & Bulirsch (1980). The results are presented in Figure 5a for corrosion initiation 

combined with “fast” corrosion propagation, and in Figure 5b for corrosion initiation combined with 

“slow” corrosion propagation. The service life obtained by combining the two individual service life 

calculations depends on both the quality of concrete and the corrosion rate. However, the quality of 

concrete, mostly determining the time to corrosion initiation, dominates as it is the precursor for the 

corrosion propagation phase. 

 

Assuming a 10% probability for the limit state failure for corrosion initiation, it is normal to expect that 

the probability for the limit state failure for corrosion propagation should be lower since the consequences 

are more severe, and already damage inducing. The combination of both limit states should then be 

judged by the requirement for the second limit state since it is the phenomenon being observed, i.e. first 

cracking. A value of 7% is assumed for the limit state for corrosion propagation, for the sake of the 

following analyses. If considering a “slow” corrosion (see Figure 2b), the combination of the two limit 

states leads to an extension of the overall service life of the RCS of approx. 18 years, when compared 

with the limit state for corrosion initiation. If considering a “fast” corrosion rate (see Figure 2a), an 

extension of 2 to 3 years in the service life is observed for a CEM I concrete. However, for the CEM III 

concrete, the combination of the two limit states results in a reduction of the overall service life of the 

RCS from 40 to 35 years. 
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Table 1.  Parameter values/distributions for time to corrosion initiation,  

and time to concrete cracking calculation. 

Parameter Units CEM I CEM III  Parameter Units CEM I CEM III 

Ccrit %/wt.c B[0.6, 0.15, 0.2, 2]  l – C[2.1] 

C0 %/wt.c N[0.10, 0.005]  p – N[0.14, 0.02] N[0.16, 0.02] 

CS %/wt.c LN[2.50, 0.75]  dtz mm LN[0.18,0.05] LN[0.20,0.05] 

c mm LN[55.0, 10.0]  ds mm C[16.0] 

DRCM,0 
10

-12 

∙m2/s 
LN[12.0,4.8] LN[4.5,1.8]  c mm LN[55.0, 10.0] 

kt – C[1.0]  fct(t) MPa N[3.10,0.31] N[2.90,0.29] 

be K N[4800, 500] 
 

Ec MPa 
N[29300, 

2000] 

N[28300, 

2000] 

Tref °C C[20.0]  n – C[0.20] 

Treal °C C[20.0]  knonlin – C[2.3] 

n – 
B[0.3, 0.06, 

0.0, 1.0] 

B[0.45,0.09, 

0.0, 1.0] 
 klocal – C[0.70] 

t0 Years C[0.0767]  km – C[1.0] 

Distribution types:  

LN – lognormal; N –Normal; B – Beta; C - Constant  
D – C[0.0] 

j – C[0.70] 

r – C[0.80] 

 

This result seems contradictory because the over-all service life is shortened when compared with the 

service life of corrosion initiation. The calculation of the combined service life takes into account the 

probability of each limit state occurring simultaneously, which normal service life calculations cannot 

account for. For a traditional service life calculation, the limit state of propagation is always an extension 

of the limit state of corrosion initiation. These results show that the choice of evaluation criteria for the 

limit state for corrosion initiation or for propagation cannot be chosen arbitrarily. It would be expected 

that a limit state for propagation results in an extension of the limit state of corrosion initiation. This 

raises questions regarding what are the values that should be used. Could the criteria differ based on the 

type of structural part, type and quality of concrete and environmental conditions? Cairns & Law (2003) 

suggest that the limit state for propagation could be identical to that of the initiation because the 

appearance of the first crack does not affect the mechanical performance of the RCS. In this case, a 

combination of limit states would al-ways result in an extension of the service life of the RCS. 

 

There is currently not enough background information to understand the consequences of certain values, 

and while many values are being put forward based on those used in structural design they do not 

necessarily represent adequately the complexity of the deterioration mechanism and the economic con-

sequences of limit state failure. However, the choice of limit state requirement is still relatively 

subjective. Could a lower reliability (higher probability of limit state failure) for cracking be considered? 

While the benefits for the service life design of new concrete structures, and for the remaining service life 

determination of existing structures, are apparent, the criteria by which the limit states are defined are not 

yet mature. 
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Figure 1. Probability of limit state failure for corrosion initiation (a), and corrosion propagation (b). Both 

CEM I and CEM III concrete are shown, as well as “fast” and “slow” corrosion processes. 

 

 

Figure 2. Probability of limit state failure for corrosion initiation and for corrosion initiation combined 

with corrosion propagation. In (a) the corrosion rate of the propagation model is “fast”, and in (b) the 

corrosion rate of the propagation model is “slow”. 

 

CONCLUSION 

 

This paper presents a probabilistic design procedure which combines the calculation of two independent 

limit states for concrete deterioration: chloride induced corrosion initiation and corrosion induced cover 

cracking of concrete. By combining these two limit states, the outcome of the service life calculation is 

the probability of time to corrosion induced cracking, at any time starting after construction. The design 

procedure is exemplified with two qualities of concrete (CEM I and CEM III) and two corrosion rates 

(“slow” and “fast”). This study quantifies the impact that the propagation phase can have on the entire 

design service life of a RCS.  

 

While in the past propagation models have had limitations (empirical nature, assumptions, simplifi-

cations, difficult handling, etc.), which call into question the outcome of the modelling, now the certainty 

behind the modelling is renewed. This is based on a new analytical time-to-cracking model (Bohner 2013) 
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that allows for a realistic and quantitative description as well as a reliable prediction of the evolution of 

the damage process. As a consequence of the probabilistic design procedure, combining the limit states of 

corrosion initiation and propagation, there is a theoretical probability for cracking, starting already with 

the construction of the RCS. The results show that the outcome of the combined analysis depends on the 

criteria for limit state evaluation chosen for the service life determination. In the example presented, it is 

observed that the choice of a lower probability of failure for corrosion propagation than for corrosion 

initiation could result in a combined service life that is shorter than that determined only for corrosion 

initiation.  

 

The difficulty in this analysis resides in the definition of the limit state requirement (reliability index or 

probability of limit state failure). There is currently not enough background information to understand the 

consequences of certain values, and while many values are being put forward based on those used in 

structural design they do not necessarily represent adequately the complexity of the deterioration 

mechanism and the economic consequences of limit state failure. Despite the necessary discussion 

regarding the requirements for service life determination, this approach improves modelling for the entire 

service life of a structure, enabling cost savings possibilities through the avoidance of unnecessary repair 

costs by an optimised timing of the repair measures. 
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