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Reliability-based Determination of Allowable Corrosion Degree to define the End Of Lifetime 11 

of Concrete Elements in Bending 12 

Abstract: The assessment of reinforcement corrosion of a concrete structure is challenging due 13 

to all the uncertainties regarding the corrosion process itself and subsequent effects on the 14 

structural capacity. In this work, a proxy criterium for the determination of a structural capacity-15 

based end of lifetime is proposed, expressed as the allowable corrosion degree. This value can 16 

be compared with the predicted corrosion degree over time to detect the time instant where 17 

structural interventions are needed. The criterium is based on the allowable level of corrosion 18 

by lowering the target reliability level for a structure from the design to the assessment phase. 19 

The advantage of this criterium is that it can be used to have a prior assessment of the need for 20 

a maintenance strategy in absence of more detailed investigations by either predicting the 21 

corrosion degree over time or by determining the corrosion degree in situ. It is shown that the 22 

critical corrosion degree mainly depends on the type of variable loading and the load ratio 23 

describing the ratio of variable over total loading. Moreover, the critical corrosion degree is 24 

significantly lower for structures subjected to traffic loads compared to other load cases such 25 

as wind, snow or other imposed loads.  26 

Keywords: End of lifetime, chloride-induced corrosion, carbonation-induced corrosion, 27 

structural reliability, existing structures 28 

1. Introduction 29 

The assessment of existing structures is nowadays of tremendous importance due to the 30 

challenges in the management of an aging patrimony faced by decision-makers. For corroding 31 

reinforced concrete structures, an important evaluation parameter is the probability of 32 

depassivation, that marks the potential (depending on the presence of humidity and oxygen) 33 

start of the corrosion process. However, such criterion does not take into consideration the 34 
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propagation phase and it does not allow to identify the point in time where corrosion has an 35 

adverse effect on the structural safety. Therefore, more work is needed to relate quantities 36 

associated with durability to the structural reliability of a structure (Alexander & Beushausen, 37 

2019; Siemens, Polder & de Vries, 1998). 38 

In order to assess the structural reliability in an indirect way, a proxy criterium is proposed in 39 

this work. The criterium provides a limit for the expected corrosion degree of a reinforced 40 

concrete structure, which can be used in a straight-forward way by a decision-maker to 41 

determine which structures are more critical. Based on information (e.g. due to measurements) 42 

of the corrosion degree, the structure is evaluated by comparing the actual corrosion degree 43 

with the critical limit, which is derived in this work. If the critical corrosion degree is exceeded, 44 

a more in-depth assessment using an advanced limit state evaluation can be executed. This 45 

involves a more detailed evaluation of the governing parameters, such as concrete cover, 46 

concrete strength, etc. and an investigation of the actual loading situation. Therefore, the 47 

parameters in Tables 1, 2 and 3 are representing a prior information and the derived results only 48 

give an indication of the possible end of life. 49 

It can be used directly to assess the need for a structural intervention in case information about 50 

the corrosion degree is available for an existing structure, or can be used to estimate the lifetime 51 

of a structure during the design phase by predicting the evolution in time of the corrosion 52 

degree.  53 

This corrosion criterium is determined based on the target safety level, below which structural 54 

intervention becomes necessary (Allen, 1991; Caspeele, Steenbergen & Sykora, 2016; 55 

Diamantidis & Bazzurro, 2014; Markova, Holicky, Jung & Sykora, 2017; Schueremans & Van 56 

Gemert, 2004; Steenbergen & Vrouwenvelder, 2010; Steenbergen, Sýkora, Diamantidis, 57 

Holický & Vrouwenvelder, 2015; Sykora, Diamantidis, Holicky & Jung, 2016; Vrouwenvelder 58 

& Scholten, 2009; Vrouwenvelder, Scholten & Steenbergen, 2011). There exists a common 59 
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consensus that increasing the safety level of an existing structure will lead to higher costs when 60 

compared to an equivalent action in the design phase, which leads to a lower required target 61 

safety level for an existing structure compared to a new structure. In (Caspeele et al., 2016), it 62 

was proposed to reduce the safety level expressed as target reliability value 𝛽𝑡,50𝑦, 63 

corresponding to a structure in the design phase and a reference period of 50 years, with a value 64 

of 0.5. However, for deteriorating structures, a reference period of 1 year was found to be more 65 

appropriate (Meinen & Steenbergen, 2018) and the target values 𝛽𝑡,1𝑦 defined in Table 1 can be 66 

applied, shifting in the relative cost of safety measure to distinguish between the design and 67 

assessment of a structure. The derived target values are related to the optimal design situation 68 

in economic aspects, and are typically governing when compared to the criteria for human 69 

safety. 70 

Table 1 71 

The target safety level decreases when switching from the design phase to the assessment phase 72 

of a structure. As a result, less reinforcement is required to reach the (lower) target reliability 73 

for the assessment phase compared to the design phase.  This can be considered as spare 74 

capacity in the resistance of the structure (assuming the load and structural behaviour does not 75 

change), before the structure is considered to be unsafe. As a result, for a corroding structure, a 76 

critical corrosion degree can be defined, restricting the allowable loss of reinforcement area. 77 

This approach assumes that the initial reinforcement design corresponds to the target reliability 78 

for design, and that the original and present loading situation is the same, which is not always 79 

satisfied. Nevertheless, the results derived are generally applicable and independent of case-80 

specific differences. As a result, this work provides insight into how much corrosion is allowed 81 

for a specific type of structure and can be very valuable when assessing a large patrimony of 82 

structures.  83 
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To assess the evolution in time of the reliability index, it is necessary to consider both the 84 

initiation phase (e.g. onset of corrosion) and the propagation phase (e.g. reduction of 85 

reinforcement area), combined with a limit state evaluation (Aslani & Dehestani, 2020; 86 

Bagheri, Hosseini, Keshtegar, Correia & Trung, 2020; Nogueira & Leonel, 2013; Nogueira, 87 

Yoshio & Zacchei, 2023; Val & Melchers, 1997). However, quantifying the safety level over 88 

time can be cumbersome as the ultimate limit state needs to be evaluated at each time step in 89 

the future. In this work, the explicit evaluation of the ultimate limit state is replaced by defining 90 

a critical threshold for the percentage of reinforcement lost for a general case of a singly 91 

reinforced (only reinforcement at bottom) concrete beam with rectangular cross section that is 92 

subjected to bending. This leads to a much more efficient and practical evaluation by 93 

eliminating the need to explicitly predict the safety level over time.  94 

The novelty of this work is expressed in the combination of adjusted target reliability values 95 

and durability models and resistance models, which have not been combined before to quantify 96 

the allowable corrosion loss for a general concrete structure. In the first part of this work,  the 97 

critical threshold for the corrosion degree is proposed for a reinforced concrete beam subjected 98 

to bending, where the corrosion degree is considered either deterministic or stochastic. The 99 

results can be used to assess an existing structure, but can also be used to predict the service 100 

life in the design phase of a structure. Therefore, in the second part of this work, the loss of 101 

reinforcement steel area is predicted over time by predicting the corrosion degree for chloride-102 

and carbonation-induced corrosion for a range of different exposure situations and designs, 103 

which can be compared with the threshold derived in the first part. Finally, the results are 104 

discussed and conclusions are proposed. 105 
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2. Critical Corrosion Degree based on Annual Target Values 106 

When assessing existing structures, it is considered more appropriate to adopt a lower 𝛽𝑡,1𝑦-107 

value compared to design, as generally the cost of a safety measure is higher than in the design 108 

phase. As a result, some spare capacity is present in the reinforcement area before corrosion 109 

leads to a critical situation where interventions are needed. It must be noted that it is here 110 

assumed that the reliability of the structure only decreases due to the effect of corrosion. In 111 

reality, the reliability level might further reduce due to other deterioration phenomena. On the 112 

other hand, the reliability level of a structure can also be considered to increase over time due 113 

to its proven performance, a beneficial effect not considered herein.  114 

The critical reinforcement loss is determined for a reinforced concrete beam subjected to 115 

bending, where the remaining reinforcement area is first considered deterministic, and 116 

afterwards considered uncertain according to a particular probability distribution. 117 

2.1. Quantification of Allowable Corrosion Degree as Deterministic Property 118 

Consider a reinforced concrete beam with rectangular cross section, subjected to bending, as in 119 

the example used to validate the adjusted partial factors for fib MC2020 (Caspeele & Van Den 120 

Hende, 2023). The beam is subjected to a combination of a permanent (either self-weight or 121 

imposed) and a variable vertical load from either imposed loading, wind, traffic or snow. The 122 

limit state equation 𝑍(𝑿) is given as follows: 123 

𝑍(𝑿) = 𝜃𝑅𝑅(𝐴𝑠) − 𝜃𝐸[𝐺 + 𝐶0𝑄(𝜒)]      (1) 124 

where 𝑅(𝐴𝑠) is the bending moment resistance corresponding to reinforcement area 𝐴𝑠, and the 125 

other parameters are listed in Table  2, Table  3 and Table  4. In Table  2, the characteristic values 126 

𝑋𝑘 are varied between certain bounds in order to consider different rectangular cross-sections 127 

designed according to EN 1992-1-1 (Standardization, 2004), as will be elaborated below. 128 
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The bending moment resistance of the beam 𝑅 is determined by a cross-sectional analysis of 129 

the beam as illustrated in Figure 1, considering the hypothesis of Bernoulli is satisfied (cross-130 

section remains straight during bending). The stress-strain diagrams used for the concrete in 131 

compression (parabolic-rectangular) and reinforcement steel in tension (bilinear) are shown in 132 

Figure 2. For the reinforcement, the material is assumed to be in the yielding stage at the 133 

ultimate limit state and the ultimate strain 𝜀𝑢 is fixed at 1.0 %. In case of corrosion, the ultimate 134 

strain for steel decreases as the steel becomes more brittle, which can be quantified by (Yu, 135 

François, Dang, L’Hostis, & Gagné, 2015): 136 

𝜀𝑢,𝑐𝑜𝑟𝑟

𝜀𝑢
= {𝑒

−𝛼/10

0.2
 

𝑓𝑜𝑟
𝑓𝑜𝑟

 
𝛼 ≤ 15%
𝛼 > 15%

       (2) 137 

where 𝛼 is the corrosion degree, expressed as the ratio of the lost reinforcement area over the 138 

original value 𝐴𝑠,0 (in %). Typically, also the steel strength decreases due to corrosion which is 139 

not considered in this work as it is generally less pronounced than the loss of area and ultimate 140 

strain. Moreover, the loss of steel strength is compensated by the fact that the stress-strain 141 

diagram of steel makes use of a horizontal plateau at the level of the yielding strength, and thus 142 

the full strength is not exploited in the first place.   143 

The stress-strain relationship of concrete is described by:  144 

𝜎𝑐 = {
𝑓𝑐 [1 − (1 −

𝜀𝑐

𝜀𝑐2
∗ )

2

]

𝑓𝑐

 
𝑓𝑜𝑟
𝑓𝑜𝑟

 
𝜀𝑐 ≤ 𝜀𝑐2

∗             

𝜀𝑐2
∗ < 𝜀𝑐 ≤ 𝜀𝑐𝑢2

∗     (3) 145 

and the strain limits 𝜀𝑐2
∗  and 𝜀𝑐𝑢2

∗  are fixed at 0.20 % and 0.35 %, respectively. The properties 146 

of concrete are considered to be unaffected by corrosion.  147 

An important parameter to consider is the model uncertainty for the flexural capacity of a 148 

corroded reinforced concrete beam 𝜃𝑅. In literature, the error of the prediction model for the 149 

flexural capacity has been investigated by (Azad et al., 2010; Azher, 2005), among others. 150 
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However, to the knowledge of the authors, no consensus has been reached regarding which 151 

model uncertainty is most suited for the current application. Moreover, in order to have a 152 

compatible approach, the model uncertainty of a corroded beam should converge to the model 153 

uncertainty for an uncorroded beam if the corrosion degree approaches zero. As such a model 154 

uncertainty is not developed yet (to the knowledge of the authors), it is chosen to maintain the 155 

same model uncertainty for the original and corroded beams.  156 

Table  2 157 

Table  3 158 

Table  4 159 

Figure 1 160 

Figure 2 161 

Considering a set of input parameters (load types, load ratio 𝜒 and characteristic values 𝑏𝑘, ℎ𝑘, 162 

𝑎𝑘, 𝑓𝑦𝑘, 𝑓𝑐𝑘 and 𝐺𝑘), a range of First Order Reliability Method (FORM) analyses are performed 163 

in order to find the reinforcement areas 𝐴𝑠,0 and 𝐴𝑠,𝑐𝑟𝑖𝑡 that correspond to the annual target 164 

reliability values 𝛽𝑡,1𝑦 for respectively, the design (normal cost type B) and assessment (high 165 

cost type A) of structures defined in Table 1. The corrosion degree determines both the 166 

remaining steel area, while it also reduces the ultimate strain of the steel following Eq. (2). This 167 

results in the allowable (critical) corrosion degree 𝛼𝑐𝑟𝑖𝑡 =
𝐴𝑠,0−𝐴𝑠,𝑐𝑟𝑖𝑡

𝐴𝑠,0
 or the critical 168 

reinforcement area for each specific set of input parameters.  169 

The procedure is illustrated in Figure 3 and starts from a fixed consequence class (CC), 170 

permanent and variable load type, and load ratio 𝜒, but varying the other input parameters (𝑏𝑘, 171 

ℎ𝑘, 𝑋𝑘, 𝑓𝑦𝑘, 𝑓𝑐𝑘, 𝐺𝑘) by taking Latin Hypercube Samples (LHS) (Olsson, Sandberg & 172 

Dahlblom, 2003) randomly within their range defined in Table  2. In total, 100 samples are 173 

generated, which was iteratively found to converge to a fixed result. Afterwards, the calculation 174 
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is repeated for different values of CC, permanent and variable load types and the range of results 175 

of the critical corrosion degree 𝛼 are shown in Figure 4 (for CC1), Figure 5 (for CC2) and 176 

Figure 6 (for CC3). 177 

Figure 3 178 

The results are very similar for 𝑉𝐺 = 0.04 and 𝑉𝐺 = 0.10, which shows that the type of permanent 179 

load does not significantly affect the critical corrosion degree. The influence of the consequence 180 

class (CC) is not linear as the critical corrosion degree is largest for CC2. This shows that the 181 

relative difference, expressed in terms of corrosion degree, between the reliability levels of CC2 182 

is larger compared to the other consequence classes. Thirdly, the range of results is narrow, 183 

which shows that also the influence of the design parameters (listed in Table  2) on the allowable 184 

corrosion degree is relatively small. This makes the proposed values for the reliability-based 185 

allowable corrosion degrees rather case-independent and hence robust. However, the load ratio 186 

𝜒 and type of variable loading have a substantial effect on the critical corrosion degree. An 187 

increase in the load ratio 𝜒 means that the amount of variable load (with respect to permanent 188 

load) increases. As the variable load is typically associated with more uncertainty, the entire 189 

load effect becomes more variable. As a result, the applied load has a larger influence on the 190 

reliability index and an increase of the corrosion level affects the reliability index to a smaller 191 

extent. As a result, the critical corrosion degree 𝛼𝑐𝑟𝑖𝑡 increases with the load ratio 𝜒.  192 

Traffic loads are associated with less uncertainty, thus in general the uncertainty on the load  193 

effect has a lower influence on the reliability index, which explains the difference in results 194 

between the traffic load and the other types of variable load. However, this causes structures 195 

subjected to traffic loads, such as road bridges, to be more prone to corrosion. Additionally, 196 

these bridges are commonly subjected to chlorides due to de-icing salts and traffic loads tend 197 

to increase over time which makes the structures even more critical. Between the other types of 198 

variable loading (imposed, wind and snow) there is no significant difference in the corrosion 199 
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degree. The uncertainty related to these loading types is close to each other, and therefore their 200 

sensitivity on the reliability index is similar. As a result, the reliability index derived for the 201 

different types of loading, but with the same magnitude, is close to one another. This has also 202 

been found in (Meinen & Steenbergen, 2018) and (Caspeele & Van Den Hende, 2023).  203 

Based on the derived figures, the critical corrosion degree for a singly reinforced concrete beam 204 

subjected to bending can be determined based on the loading situation. In order to do so, one 205 

needs to determine the main type of permanent 𝐺 (self-weight or imposed) and variable 𝑄 206 

(imposed, wind, traffic or snow) loading, and the load ratio 𝜒 =
𝑄

𝐺+𝑄
 between them. Note that 207 

it is assumed in this work that only one type of variable loading is dominant. As these two 208 

parameters can be easily quantified for a structure, the derived graphs enable an easy 209 

determination of the critical corrosion threshold. In general, one can conclude that for an 210 

ordinary structure corresponding to CC2 where the remaining reinforcement area 𝐴𝑠 is 211 

considered deterministic, the critical corrosion degree varies between 10% in case of 212 

dominating permanent loads, and 30% in case of dominating variable loads. With the exception 213 

of traffic loads, where the critical corrosion degree remains constant around 10%, regardless of 214 

the ratio between the variable and permanent load. 215 

Figure 4 216 

Figure 5 217 

Figure 6 218 

2.2. Quantification of Allowable Corrosion Degree as Uncertain Property 219 

Commonly, the remaining reinforcement area of a corroded structure is highly uncertain as the 220 

onset of corrosion and the corrosion rate depend on a large number of physical variables which 221 

are not well known (Vořechovská, Teplý & Chromá, 2010). It is therefore crucial to take this 222 

uncertainty into account in the safety assessment of a concrete structure. In this work, the 223 
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corrosion degree 𝛼 is used as probabilistic quantity, which expresses the ratio between the 224 

corroded reinforcement 𝐴𝑠,𝑐𝑜𝑟𝑟 and the initial cross-sectional area 𝐴𝑠,0. The value of 𝛼 is 225 

considered to follow a Beta distribution with boundaries at 0 and 100 %, ensuring the 226 

reinforcement area cannot drop below zero or become larger than the initial area in the 227 

uncorroded situation.  228 

For a set of design parameters, the initial area 𝐴𝑠,0 that corresponds to the 𝛽𝑡,1𝑦-value for the 229 

design of structures (cost type B) is determined as in the previous section. Afterwards, the limit 230 

state equation from Eq. (1) is evaluated considering the critical corrosion degree 𝛼𝑐𝑟𝑖𝑡 that 231 

determined the area of reinforcement as well as the ultimate strain following Eq. (2). Similarly 232 

as in Section 2.1,  for a fixed value of the load types and load ratio 𝜒 in a situation corresponding 233 

to CC2, the characteristic values of the design parameters are varied randomly over their range 234 

defined in Table  2 by taking 100 samples (LHS). For each sample, the combinations of the 235 

mean (𝜇𝛼) and coefficient of variation (𝑉𝛼) of the critical corrosion degree 𝛼𝑐𝑟𝑖𝑡, which 236 

correspond to the 𝛽𝑡,1𝑦-value for the assessment of existing structures (cost type A), are 237 

determined. The result is an interaction diagram for each sample, and the interaction diagrams 238 

for each of the 100 samples are given in Figure 7, where the darker colours represent a higher 239 

density in interaction diagrams.  240 

The interaction diagram can be interpreted as follows. An existing structure is assessed and the 241 

corrosion degree is quantified, taking into account the uncertainty of the estimation. This 242 

uncertainty is translated into values for the mean 𝜇𝛼 and coefficient of variation 𝑉𝛼, which leads 243 

to a point that can be drawn on the interaction diagram. Choosing the correct diagram 244 

(considering load types and ratio of the structure), the point can for example be located at the 245 

top right of the diagram, which indicates an unsafe situation, or at the bottom left, which 246 

indicates a safe situation. The results show that a higher mean value 𝜇𝛼 and larger coefficient 247 



12 

 

of variation 𝑉𝛼 lead to a less safe situation. This leads to the logical conclusion that a 248 

considerable uncertainty on the remaining reinforcement area needs to be covered by a lower 249 

value of the allowable corrosion degree. Moreover, there exists a limit for the values of 𝑉𝛼, 250 

because values that are too large will lead to an unrealistic Beta-distribution. This will not cause 251 

an issue for the practical application, as all realistic distributions for the corrosion degree, i.e. 252 

combinations of 𝜇𝛼 and 𝑉𝛼, are included in the analysis. 253 

Figure 7 254 

Instead of using an interaction diagram for the critical corrosion degree, one could also combine 255 

the values for 𝜇𝛼 and 𝑉𝛼 in a single characteristic value 𝛼𝑘,𝑐𝑟𝑖𝑡, corresponding to the 95% fractile 256 

of the 𝐵𝑒𝑡𝑎(𝜇𝛼, 𝑉𝛼, 0,100)-distribution. Using the same sampling method described previously, 257 

the value of 𝛼𝑘,𝑐𝑟𝑖𝑡 is determined, while also sampling for 𝑉𝛼 in a range indicated by Figure 7 258 

(e.g. between 0 and 0.11 for 𝜒 = 0.6). The ranges of results corresponding to CC1, CC2 and 259 

CC3 are given in Figure 8, Figure 9 and Figure 10, respectively. These figures are similar to the 260 

ones derived in Section 2.1, but additionally take into account the uncertainty on the corrosion 261 

level.  262 

Figure 8 263 

Figure 9 264 

Figure 10 265 

The graphs of the characteristic value of the critical corrosion degree 𝛼𝑘,𝑐𝑟𝑖𝑡 in a probabilistic 266 

framework (Figure 8, Figure 9 and Figure 10) leads to a wider range of results compared to the 267 

deterministic value of 𝛼𝑐𝑟𝑖𝑡 (Figure 4, Figure 5 and Figure 6), which makes it less 268 

straightforward to choose the value for 𝛼𝑘,𝑐𝑟𝑖𝑡. It is proposed to use the mean value of the results, 269 

indicated by the dotted line in the figures, which will introduce an error as the target 𝛽𝑡-values 270 

are not achieved exactly. To verify this approach, the variability of the reliability index 𝛽 is 271 
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determined when using the mean value of the critical characteristic corrosion degree 𝛼𝑘,𝑐𝑟𝑖𝑡, 272 

which would ideally lead to the target reliability index 𝛽𝑡 for existing structures. A design is 273 

considered according to the mean of the ranges given in Table  2, for a beam subjected to a wind 274 

load, a permanent load with 𝑉𝐺 = 0.04 and consequence class CC2. For this design situation 275 

and a fixed value of 𝜒, 1000 samples of 𝑉𝜆 are generated which range between zero and the 276 

vertical asymptote shown in Figure 7 (as function of 𝜒). For each sample, the actual 𝛽1𝑦-value 277 

value is determined which corresponds to the characteristic critical value 𝛼𝑘,𝑐𝑟𝑖𝑡 that is chosen 278 

from the dotted line in Figure 9. The results are shown in Figure 11, where the distribution of 279 

the derived reliability indices 𝛽1𝑦 is plotted for different values of the load ratio 𝜒. The derived 280 

𝛽1𝑦-values deviate about ± 0.3 from the target value 𝛽𝑡. Usually, adopting the value 𝛼𝑘,𝑐𝑟𝑖𝑡 will 281 

lead to a slight underestimation of the actual reliability index 𝛽1𝑦, which means the reliability 282 

level is slightly lower than expected. However, the variability around the target value remains 283 

limited when using the mean values of 𝛼𝑘,𝑐𝑟𝑖𝑡 in Figure 9 (dotted line), and is similar to the 284 

error of the partial factor approach (Caspeele & Van Den Hende, 2023), which implies it is 285 

acceptable. 286 

Figure 11 287 

2.3. Application 288 

In order to use the criterium in practice, an estimation of the corrosion degree is required. 289 

Therefore, it is required to have measurements of the corrosion degree at multiple locations of 290 

the concrete structure. There will be scatter in the results and the corrosion degree will deviate 291 

from one location to the other. Therefore, the characteristic value in terms of the 95%-interval 292 

needs to be determined. This value is ultimately compared to the critical corrosion degree 293 

derived in the previous section in order to assess the structure. 294 



14 

 

2.4. Effect of partial factors, abundance of reinforcement and changing loads 295 

The described approach determines the critical corrosion degree for structures which have been 296 

designed according to a specific target reliability index 𝛽𝑡 that is reached using a full-297 

probabilistic approach. This allows one to gain insight into how a change in relative cost class 298 

(and thus reduction in 𝛽𝑡) is reflected in terms of required reinforcement, or in this study, the 299 

allowable corrosion loss.  300 

In practice, there are a number of reasons why the reliability index 𝛽 related to a specific design 301 

or assessment situation deviates from its target value. In these situations, the critical corrosion 302 

degree can be higher or lower than the values described in this work. Nevertheless, this work 303 

proposed generalized results without case-specific differences and can be used as a reference 304 

for the critical corrosion degree for a wide range of structures. A number of practical situations 305 

where the critical corrosion degree might deviate from the current findings are elaborated. 306 

In many practical situations, the reinforcement has been designed based on the partial factor 307 

method, which induces a difference between the actual reliability index 𝛽 and the target value 308 

𝛽𝑡. As investigated in the work of Caspeele & Van Den Hende (2023), depending on the specific 309 

load ratio 𝜒, this means that the actual reliability index is either higher (low values of 𝜒) or 310 

lower than the target value (high values of 𝜒). As a result, the reinforcement area is respectively 311 

over- or underdesigned for each situation. Secondly, the placed amount of reinforcement is in 312 

reality larger than the designed amount (due to the selection of the number and diameter of the 313 

rebars), which leads to a safer structure. According to the elaborated approach, this allows for 314 

more corrosion before the situation becomes critical.  315 

Lastly, the loads applied to the structure can change over time. In case the load increases with 316 

time, the critical corrosion degree derived in this work is an overestimation and vice-versa. For 317 
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structures where the loads evolve significantly over time, such as bridges, this is important to 318 

take into account. 319 

3. Prediction of Characteristic Corrosion Degree in Time  320 

Given the maximum corrosion degree derived in the previous part of this work, an existing 321 

structure can be assessed by predicting the evolution in time of the corrosion degree. This is 322 

done based on the onset of corrosion and corrosion rate, considering their associated 323 

uncertainties. In this section, the corrosion degree in terms of the characteristic value 𝛼𝑘 is 324 

quantified for a range of cement types and exposure conditions, for both chloride- and 325 

carbonation-induced corrosion. Consequently, the predicted values of 𝛼𝑘 (whereby the 326 

characteristic value of the corrosion degree equals zero during the initiation period and 327 

increases over the propagation period) are compared to the critical value 𝛼𝑘,𝑐𝑟𝑖𝑡, derived in the 328 

first part of this work, and the remaining lifetime of the structure is predicted. The applied 329 

equations for the durability and structural behaviour of concrete structures that are used in this 330 

part have been studied extensively in the past and are generally agreed upon. The goal of this 331 

section is to apply the equations for a range of different cases, which enables a practical 332 

assessment of the corrosion risk for a broad range of structures in case no additional information 333 

is available.  334 

3.1. Prediction of Chloride-induced Corrosion 335 

In case of chloride-induced corrosion, the corrosion process is considered to start at the instant 336 

in time where the chloride concentration, described by the diffusion law, reaches a critical 337 

threshold 𝐶𝑐𝑟𝑖𝑡. Based on the generally accepted approach described in (Schiessl, , 2006), the 338 

initiation period 𝑇𝑖𝑛𝑖 (i.e. end of depassivation and start of corrosion phase if humidity and 339 

oxygen are present) is determined by:  340 
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𝑇𝑖𝑛𝑖 = [
𝑋−Δ𝑥

2√𝐷0𝑡0
𝛼 

1

erf−1(1−
𝐶𝑐𝑟𝑖𝑡
𝐶𝑠

)
]

2

1−𝛼

       (4) 341 

where 𝐷0 is the initial diffusion coefficient at 𝑡0 = 28 days, 𝛼 is the ageing coefficient of the 342 

diffusion coefficient, 𝐶𝑠 the surface concentration and 𝑋 the concrete cover. The parameter Δ𝑥 343 

takes into account that at the surface of the concrete substrate, the so-called convection zone, 344 

the chloride profile might differ from the solution of the diffusion law.  345 

When the reinforcement steel becomes depassivated (i.e. at 𝑡 = 𝑇𝑖𝑛𝑖), the radius loss 𝑟𝑐𝑜𝑟𝑟 due 346 

to corrosion increases (on average) linearly with time:  347 

𝑟𝑐𝑜𝑟𝑟 = 𝑉𝑐𝑜𝑟𝑟 ∙ [𝑡 − 𝑇𝑖𝑛𝑖]        (5) 348 

where 𝑉𝑐𝑜𝑟𝑟 is the corrosion rate. Chloride-induced corrosion typically appears in the form of 349 

local corrosion pits. Linking the radius loss with the loss of reinforcement area is an important 350 

aspect, which can be simulated based on models simulating the microstructure behaviour of the 351 

pits in detail (Lim, Akiyama & Frangopol, 2016; Zhao, Zhang, Ding & Jin, 2016). However, in 352 

order to be able to evaluate the pitting corrosion in an efficient and practically applicable way, 353 

analytical models have been derived in literature to relate this pit depth to the total loss of rebar 354 

area (Val & Melchers, 1997; Yuan & Ji, 2009). In this work the analytical model of Val and 355 

Melchers (Val & Melchers, 1997) is used, which assumes a hemispherical pit shape: 356 

 
𝐴(

𝑟𝑐𝑜𝑟𝑟
𝐷0

)

𝐴0
=

{
 
 

 
 1 − 𝐴1 − 𝐴2,

𝑟𝑐𝑜𝑟𝑟

𝐷0
≤

√2

2
                  

𝐴1 − 𝐴2 ,   
√2

2
<

𝑟𝑐𝑜𝑟𝑟

𝐷0
≤ 1

0,   
𝑟𝑐𝑜𝑟𝑟

𝐷0
> 1

           (6) 357 

with:  358 

𝐴1 =
1

𝜋
[𝑎𝑟𝑐𝑠𝑖𝑛 (2

𝑟𝑐𝑜𝑟𝑟

𝐷0
√1 − (

𝑟𝑐𝑜𝑟𝑟

𝐷0
)
2

) −
𝑟𝑐𝑜𝑟𝑟

𝐷0
√1 − (

𝑟𝑐𝑜𝑟𝑟

𝐷0
)
2

|2 − 4 (
𝑟𝑐𝑜𝑟𝑟

𝐷0
)
2

 |]  (7) 359 
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𝐴2 =
4

𝜋
(
𝑟𝑐𝑜𝑟𝑟

𝐷0
)
2

[𝑎𝑟𝑐𝑠𝑖𝑛 (√1 − (
𝑟𝑐𝑜𝑟𝑟

𝐷0
)
2

) −
𝑝

𝐷0
√1 − (

𝑟𝑐𝑜𝑟𝑟

𝐷0
)
2

]     (8) 360 

where 𝐴0 is the initial reinforcement area of a bar with diameter 𝐷0.  361 

For all of the above-mentioned parameters, a stochastic distribution has been determined in 362 

literature, depending on the exposure type and material considered, as shown in Table 5,  363 

Table 6 and Table 7. Note that for the diffusion coefficient, the values are determined from a 364 

Rapid Chloride Migration (RCM) test, which are translated to the actual diffusion coefficient 365 

using an environmental variable, which is in this work considered to be equal to one (ambient 366 

conditions). Using the previously mentioned equations, the corrosion degree, i.e. fraction of the 367 

corroded reinforcement area, can be quantified over time.  368 

Table 5 369 

Table 6 370 

Table 7 371 

 372 

The results are given in Figure 12, where the influence of the different exposure classes and 373 

cement types is investigated for a concrete structure with reinforcement diameter of 12 mm. 374 

The dominating factor is the exposure class, which may give rise to a very slow decrease in 375 

reinforcement area for exposure class XD1 and XS2, or a very rapid decrease for XS3. The 376 

parameter with the most influence is the corrosion rate 𝑉𝑐𝑜𝑟𝑟, which is for XS3 considerably 377 

higher than for the other exposure classes. The type of cement used does not have a significant 378 

influence for XD1, XS2 or XS3, as these exposure classes represent extreme cases where the 379 

corrosion process goes either very fast or very slow. However, for the other exposure classes, 380 

the type of cement has a more significant influence on the increase of 𝛼𝑘 over time. 381 

Figure 12 382 



18 

 

3.2. Prediction of Carbonation-induced Corrosion  383 

In a similar way, the corrosion degree of the reinforcement can be quantified for carbonation-384 

induced corrosion. In this case, the corrosion process starts in case the carbonation front reaches 385 

the reinforcement, and thus the initiation period 𝑇𝑖𝑛𝑖 can be described as (ISO 16204, 2012): 386 

𝑇𝑖𝑛𝑖 = [
𝑋

𝑘𝑁𝐴𝐶𝑡0
𝑤√𝑘𝑒𝑘𝑐𝑘𝑎

 ]

2

1−2𝑤
        (9) 387 

with: 388 

𝑤 =
(𝑝𝑠𝑟𝑇𝑜𝑊)

𝑏𝑤

2
         (10) 389 

 𝑘𝑒 = (
1−(

𝑅𝐻𝑟𝑒𝑎𝑙
100

)
𝑓𝑒

1−(
𝑅𝐻𝑟𝑒𝑓

100
)
𝑓𝑒
)

𝑔𝑒

        (11) 390 

𝑘𝑎 =
𝐶𝑎

𝐶𝑙
          (12) 391 

where 𝑘𝑁𝐴𝐶  [𝑚𝑚/𝑦
0.5] is the carbonation rate in standard test conditions, which is transferred 392 

to the actual carbonation rate by additional constants. 𝑘𝑒 is the constant taking into account the 393 

environmental condition in terms of relative humidity, while 𝑘𝑎 takes into account the actual 394 

CO2-concentration of the concrete structure, compared to the laboratory tests. 𝑘𝑐 is the constant 395 

taking into account the curing behaviour of the concrete, which is equal to 1 as the curing time 396 

is considered to be 7 days. The value of 𝑤 takes into account the effect of wetting events that 397 

might occur and inhibit further ingress of CO2. It is determined by the time of wetness 398 

𝑇𝑜𝑊 [−], probability of driving rain 𝑝𝑠𝑟 [−] and regression exponent 𝑏𝑤 [−]. The value of 𝑡0 399 

is equal to 0.0767𝑦. 400 

The distributions of all parameters are given in Table 8, Table 9 and Table 10 depending on the 401 

environmental class and cement type that is used. Note that the values for environmental class 402 



19 

 

XC1 are not included, as the corrosion rate is typically considered negligible and thus no 403 

corrosion will occur. The parameters which are prescribed in literature (fib Model Code 2020, 404 

2006; von Greve‐Dierfeld & Gehlen, 2016) to follow a normal distribution are transferred to a 405 

lognormal distribution with the same mean 𝜇 and standard deviation 𝜎 to ensure non-zero 406 

values. 407 

After the initiation phase, the propagation phase starts and the corrosion penetration depth 𝑟𝑐𝑜𝑟𝑟 408 

evolves linearly with time, similar to the case of chloride-induced corrosion, as described by 409 

Eq. (5). However, for carbonation-induced corrosion, typically no pits are formed but the radius 410 

of the reinforcement bar is reduced by 𝑟𝑐𝑜𝑟𝑟. Thus, the relation between the remaining 411 

reinforcement area and the penetration depth is described as: 412 

 𝐴(𝑟𝑐𝑜𝑟𝑟) = π (
𝐷0

2
− 𝑟𝑐𝑜𝑟𝑟)

2

           (13) 413 

Table 8  414 

Table 9 415 

Table 10 416 

 417 

The resulting predictions of the characteristic value of the corrosion degree 𝛼𝑘 for the different 418 

exposure classes and cement types are given in Figure 13. Compared to the results from the 419 

chloride-induced corrosion, the corrosion degree increases significantly slower for carbonation-420 

induced corrosion, which is expected as carbonation-induced corrosion is typically a slower 421 

(more widespread) process. It is shown that the behaviour of the carbonation induced corrosion 422 

degree typically follows a linear behaviour, whereas the chloride induced corrosion is nonlinear. 423 

This is caused by their different relationship between the (linearly increasing) pit depth and the 424 

loss of area, described by either Eq. (6) or Eq. (13). 425 
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The different cement types considered do not significantly influence the predicted 𝛼𝑘, except 426 

for very large initiation periods. Similar to the case of chloride-induced corrosion, the main 427 

influence is the exposure class. The most severe exposure class is XC4, which also has the 428 

largest corrosion rate 𝑉𝑐𝑜𝑟𝑟. Whether XC2 or XC3 is more critical depends on the specific 429 

situation, as XC2 has a larger corrosion rate 𝑉𝑐𝑜𝑟𝑟, but also a longer initiation period 𝑇𝑖𝑛𝑖.   430 

3.3. Influence of Reinforcement Diameter 431 

A final important parameter that needs to be considered is the influence of the rebar diameter, 432 

which is investigated in Figure 14 and Figure 15 for chloride- and carbonation induced 433 

corrosion, respectively. It is shown that a smaller rebar diameter gives rise to a more pronounced 434 

decrease in cross-sectional area, and hence a somewhat increased sensitivity to corrosion. A 435 

larger rebar diameter can significantly slow down the increase of 𝛼𝑘, which is an aspect that 436 

could be taken into account in the design of the concrete element. Moreover, this shows that the 437 

rebar diameter also needs to be considered explicitly when assessing the time-dependent 438 

reliability of a degrading concrete structure.  439 

Further, the effect that the rebar diameter might have on the development of cracks in the 440 

concrete needs to be emphasized. It was found that a larger diameter might slow down the 441 

increase in corrosion in uncracked state, however it typically increases the formed crack width 442 

in case the concrete cracks (Martens et al., 2022). This shows that a larger rebar does not 443 

necessarily lead to a safer situation.  444 

Figure 13 445 

Figure 14 446 

Figure 15 447 

3.4. Defining the End of Lifetime of a Structure 448 

The structural capacity-related end of lifetime of a structure is defined as the point in time where 449 

the characteristic value of the corrosion degree 𝛼𝑘 becomes higher than the critical value 𝛼𝑘,𝑐𝑟𝑖𝑡. 450 
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Based on this principle, the remaining lifetime of a structure can be predicted in a quantitative 451 

way. The lifetime of the structure can be determined based on 7 parameters. In the first part, it 452 

was shown that the value for 𝛼𝑘,𝑐𝑟𝑖𝑡 mainly depends on the load ratio 𝜒, the type of variable 453 

loading and the consequence class. For the prediction of 𝛼𝑘 over time, the main influencing 454 

parameters are the exposure class, concrete cover, reinforcement diameter and cement type (the 455 

latter not being very important for carbonation-induced corrosion). 456 

As an illustration, the methodology is shown in Figure 16 for a reinforced concrete beam of 457 

CC2 subjected to imposed load with a load ratio 𝜒 of 0.6, corresponding for example to an 458 

element in an industrial storage building (Sykora et al., 2015). Using Figure 9, this leads to a 459 

value for 𝛼𝑘,𝑐𝑟𝑖𝑡 of 30%. Consider that the concrete beam is permanently in contact with 460 

industrial water and is exposed to chlorides classified in exposure class XD2, a CEMI based 461 

concrete, a mean concrete cover of 40 mm and reinforcement diameter of 16 mm. At an age of 462 

55 years, the value of 𝛼𝑘 becomes higher than 𝛼𝑘,𝑐𝑟𝑖𝑡. At this point (indicated as end of lifetime 463 

in Figure 16), the safety level of the element can be considered to become critical and an 464 

intervention is required.  465 

Figure 16 466 

This example shows how the results presented in Sections 2 and 3.1-3.2 are coupled to 467 

determine a structural safety-related lifetime of a structure. When no additional information 468 

from measurements or the design phase is available (e.g. chloride measurement, cover 469 

measurements, …), the derived graphs from Sections 2 and 3 can be used to estimate the 470 

reliability-based structural end of lifetime.  471 

4. Discussion 472 

To assess the structural reliability of a corroding structure over its intended lifetime, a criterium 473 

based on a characteristic value of the critical corrosion degree 𝛼𝑘,𝑐𝑟𝑖𝑡 is proposed. The criterium 474 
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is defined for a wide range of practical cases and 𝛼𝑘,𝑐𝑟𝑖𝑡 can be easily obtained from the results 475 

in the previously presented figures. However, the value of 𝛼𝑘,𝑐𝑟𝑖𝑡 is currently only quantified 476 

for a simply supported singly reinforced beam with rectangular cross section that is subjected 477 

to bending and the approach also needs to be further extended to different type of structural 478 

elements (slabs and columns) and different types of internal forces (shear and compression). 479 

Based on information from literature, a prediction over time of the characteristic corrosion 480 

degree can be obtained considering the type of cement, average concrete cover, exposure class 481 

and rebar diameter. The resulting predicted values of 𝛼𝑘 can be compared with the critical 482 

values 𝛼𝑘,𝑐𝑟𝑖𝑡 which, on their turn, mainly depend on the load ratio, type of variable loading 483 

and consequence class. Combining these two aspects, a prediction of the structural lifetime can 484 

be done based on the instant where 𝛼𝑘,𝑐𝑟𝑖𝑡 is reached. This opens the possibility to design e.g. 485 

the necessary concrete cover, based on the fact that 𝛼𝑘,𝑐𝑟𝑖𝑡 may not be exceeded within the 486 

intended lifetime. This results in a well-defined criterium for the durability design of a concrete 487 

element, based on safety aspects without the need to work out a proxy criterion for corrosion 488 

initiation only. Such a proxy criterion for corrosion initiation is currently common practice and 489 

uses target reliability indices given by (CROW, 2018; EN1990, 2002; ISO, 2015; LNEC E 465, 490 

2007; NEN 6700 TGB 1990, 2005; Schiessl, 2006) and summarized in (Gehlen, 2015), which 491 

propose a limit to the probability of depassivation and thus only focusses on the initiation 492 

period. The target reliabilities for depassivation have a large variation depending on which 493 

source is considered and generally lack a fundamental link with the safety of the structure, 494 

which is solved with the approach proposed in this work. 495 

In the new fib model code 2020, a different approach is proposed where no longer the 496 

probability of depassivation is used, but a maximum penetration depth of the corrosion 497 

products. Based on results from literature (Alonso, Andrade, Rodriguez & Diez, 1998; 498 

Hunkeler, 2006; Parrott, 1990; Tuutti, 1982), this maximum penetration depth is fixed at the 499 
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instant in time where corrosion-induced cracks are formed, but does not consider the ultimate 500 

limit state. The research proposed in this work supplements the approach from fib Model Code 501 

2020 by proposing a criterium based on the limit for the structural reliability, instead of 502 

corrosion-induced damage. Both criteria can be used to assess an existing structure, predicting 503 

both the expected damage and structural reliability. The approach considered in this work can 504 

be used for a preliminary assessment of a corroding structure, where the derived criterium gives 505 

an indication of how critical a corrosion state can be. This information is useful to decide on 506 

the need for a more in-depth assessment of the structure, especially in cases when a large 507 

number of structures have to be assessed and one has to make decision about the prioritisation 508 

of such in-depth assessments and interventions.  509 

The critical corrosion degree can also be determined with the semi-probabilistic partial factor 510 

method instead or by a full probabilistic analysis. Although a partial-factor based approach will 511 

make the calculation procedure more straightforward, it will lead to an erroneous result as the 512 

design (or assessment) with the partial factor approach inherently induces an additional 513 

deviation to the target reliability level. By using a full-probabilistic approach, it is possible to 514 

match the change in target reliability with a specific case-specific allowable corrosion degree. 515 

The allowable critical corrosion degree is based on the principle of a reduced target reliability 516 

index for existing structures, based on economic optimization. Generally, the target reliability 517 

for economic optimization is more stringent than the reliability level required for human safety. 518 

However, for some cases (especially in CC3), it is possible that the human safety criterium is 519 

governing compared to the economical aspect.  In that case, the corrosion limit derived in this 520 

work cannot be applied and should be adjusted. For more information regarding the derivation 521 

of a target reliability index for human safety is referred to (Pandey M. et al., 2024; Fischer, 522 

2019; Tanner and Hingorani, 2015; Trbojevic, 2009; Vrijling, 2013; Caspeele et al., 2016; fib 523 

Model Code 2020). 524 
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This work focusses on the time until an intervention (e.g. maintenance) is required by deriving 525 

the instant in time when a lower value of the target reliability is reached, but does not focus on 526 

the maintenance action itself. When the reliability limit, or critical corrosion level, is reached 527 

an essential maintenance intervention is required. One proposal is to stop the corrosion process 528 

by applying cathodic protection and thus maintaining the same reliability level over time (Julio, 529 

2022A). Another option would be to apply structural strengthening such as FRP or external 530 

reinforcement (Julio, 2022B). 531 

5. Conclusions 532 

This study presents a comprehensive approach for assessing the maximum corrosion degree, 533 

taking into consideration the specific consequence class. A novel criterion is introduced, based 534 

on the allowable loss of reinforcement area when comparing the target reliability indices for 535 

new and existing structures. The results are presented in figures which enable to determine the 536 

critical reinforcement level of a structure in a straightforward way, considering its load ratio, 537 

type of variable loading and consequence class.  538 

Values for the critical corrosion degree are proposed for a range of different structures that can 539 

be used to assess an existing structure in case information regarding the corrosion degree is 540 

collected (with or without uncertainty). In addition, the corrosion degree can be predicted over 541 

time which allows to define the end of lifetime, corresponding to the point in time when the 542 

critical corrosion degree is reached. 543 

This easy-to-use criterium allows to integrate principles of structural reliability into the 544 

corrosion prediction of the structure. This is in contrast with current practice which is commonly 545 

based on durability calculations alone and that propose a limit for the probability of 546 

depassivation, which is serving as a proxy but does not allow to assess the ultimate limit state 547 

in due consideration of active corrosion. Based on probabilistic models proposed in the 548 
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literature, the prediction of the corrosion degree for a range of different exposure classes, 549 

cement types, concrete covers and rebar diameters is performed for structures subjected to either 550 

chloride- or carbonation-induced corrosion. 551 

For typical reinforced concrete beams the load ratio χ of variable to total loading is in the range 552 

of 0.4 to 0.6 (Sykora et al., 2015). For these structures, the critical characteristic corrosion 553 

degree is around 10 to 12 % for structures subjected to traffic load, and does not change with 554 

the consequence class. For other types of loading such as wind, snow or imposed loads, the 555 

critical characteristic corrosion degree is around 17 to 26%. For the latter type of loading, the 556 

critical corrosion degree is more dependent on the load ratio and consequence class. In general, 557 

the larger the load ratio, the larger the critical corrosion degree. However, in terms of 558 

consequence class, there is no clear trend. It is shown that structures subjected to traffic loads 559 

have a significantly lower critical corrosion degree, compared to structures subjected to other 560 

types of variable loading. This is due to  the fact that the uncertainty regarding the load induced 561 

by traffic is generally much lower than for other load cases, causing the uncertainty on the 562 

resistance, which is altered by corrosion, to have a relatively higher impact to the structural 563 

reliability compared to other load cases.  564 

Further work includes the extension of the corrosion limits for other types of structures such as 565 

columns and plates.  566 
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Table 1: Annual target reliability indices 𝛽𝑡,1𝑦 for ultimate limit state of a structure ( (ISO, 2015) and (JCSS, 2000)) 727 

 728 

 729 

 730 

 731 

 732 

  733 

Relative cost of 

 safety measure 

Consequence class (CC) 

CC1 CC2 CC3  

Large (A) 3.1 3.3 3.7 

Normal (B)  3.7 4.2 4.4 

Small (C) 4.2 4.4 4.7 
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Table 2: Range of design parameters and their probabilistic models (fib Model Code 2020) 734 

a0.04 for self-weight; 0.1 for imposed load 735 

  736 

Variable Distribution 𝝁𝑿/𝑿𝒌  𝑿𝒌,𝒎𝒊𝒏  𝑿𝒌,𝒎𝒂𝒙  𝑽𝑿  

Beam width 𝑏 [𝑚𝑚]  Deterministic 1.0  200 600 / 

Beam height ℎ [𝑚𝑚]  Deterministic 1.0 400 800 / 

Concrete cover 𝑋 [𝑚𝑚]  Gamma 1.0 20 40 0.17 

Steel strength 𝑓𝑦 [𝑀𝑃𝑎]  Lognormal 1.07  400 500 0.045 

Concrete strength 

𝑓𝑐  [𝑀𝑃𝑎]   

Lognormal 1.19  20 40 0.10 

Permanent load 𝐺 [𝑘𝑁𝑚]   Normal 1.0 30 60 0.04 or 

0.10a  

Load ratio 𝜒 =
𝑄𝑘

𝐺𝑘+𝑄𝑘
 [-] Deterministic 1.0 0.1 0.7 / 
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Table 3: Probabilistic models for variables independent of design or loads (fib Model Code 2020) 737 

 738 

 739 

 740 

 741 

  742 

Variable Distribution 𝝁𝑿   𝑽𝑿  

 Resistance model uncertainty 𝜃𝑅  [−]  Lognormal 1.09 0.045 

 Load effect model uncertainty 𝜃𝐸  [−]  Lognormal 1.0 0.075 

Conversion factor in-situ cast  concrete 

𝜂 [−]  

Lognormal 0.95 0.12 
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Table 4: Probabilistic models for variable loads for a reference period of 1 year (fib Model Code 2020) 743 

 744 

  745 

Variable Type Distribution 𝝁𝑿/𝑿𝒌  𝑽𝑿  

Time-variant component 

variable load 𝑄 

Imposed load Gumbel 0.20 1.1 

Wind load Gumbel 0.60 0.32 

Traffic load Gumbel 0.73 0.075 

Snow load Gumbel 0.37 0.65 

Time-invariant component 

variable load 𝐶0 

Imposed load Lognormal 1.0 0.10 

Wind load Lognormal 0.65 0.30 

Traffic load Lognormal 1.0 0.10 

Snow load Lognormal 0.80 0.20 
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Table 5: Statistical characteristics chloride-induced corrosion parameters independent of material or exposure classification 746 

(fib Model Code 2020; Gehlen, 2015) 747 

 748 

 749 

 750 

awith lower limit 751 

0.2 and upper limit 2.0 752 

  753 

Variable Distribution 𝝁  𝑽  

Concrete cover 𝑎 [𝑚𝑚]  Gamma varying 0.17 

Critical concentration 

𝐶𝑐𝑟𝑖𝑡 [𝑚%𝑐𝑒𝑚𝑒𝑛𝑡] 

Betaa 0.6 0.25 



36 

 

Table 6: Statistical characteristics chloride-induced corrosion parameters for different exposure classes (fib Model Code 2020; 754 
Gehlen, 2015) 755 

aWith lower limit 0 and upper limit 50 mm  756 

  757 

Variable Exposure class Distribution 𝝁  𝑽  

Surface concentration 

𝐶𝑠 [𝑚%𝑐𝑒𝑚𝑒𝑛𝑡] 

XD1 Lognormal 1.0 0.75 

XD2, XD3 Lognormal 3.0 0.75 

XS1 Lognormal 1.5 0.45 

XS2 Lognormal 3.0 0.25 

XS3 Lognormal 3.0 0.45 

Depth convection zone 

Δ𝑥 [𝑚𝑚] 

XD1, XD2, XS1, XS2 Deterministi

c 

0.0 / 

XD3, XS3 Betaa 10.0 0.50 

Corrosion rate 𝑉𝑐𝑜𝑟𝑟 [𝜇𝑚/𝑦] XD1 Weibull 4 1.50 

XD2 Weibull 30 1.50 

XD3, XS1 Weibull 30 1.35 

XS2 Weibull 10 1.35 

XS3 Weibull 70 1.40 
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Table 7: Statistical characteristics chloride-induced corrosion parameters for different material types (Gehlen, 2015) 758 

aWith lower limit 0 and upper limit 1 759 

  760 

Variable Material Distribution 𝝁  𝑽  

Initial diffusion coefficient concrete 

𝐷0 [10
−12𝑚2/𝑠]   

CEM I Lognormal 10.0 0.20 

CEM II/A-D Lognormal 4.5 0.20 

CEM III/A Lognormal 3.9 0.20 

CEM III/B Lognormal 1.9 0.20 

Ageing exponent 𝛼 [−]  CEM I Betaa 0.3 0.40 

CEM II/A-D Betaa 0.4 0.40 

CEM III/A Betaa 0.4 0.45 

CEM III/B Betaa 0.45 0.44 



38 

 

Table 8: Statistical characteristics carbonation-induced corrosion parameters independent of material or exposure 761 
classification (Schiessl, 2006; von Greve‐Dierfeld & Gehlen, 2016) 762 

 763 

  764 

Variable Distribution 𝝁  𝑽  

Concrete cover 𝑎 [𝑚𝑚]  Gamma varying 0.17 

Reference relative humidity 𝑅𝐻𝑟𝑒𝑓 [%] Deterministic 65 / 

Exponent 𝑓𝑒 [−] Deterministic 5.0 / 

Exponent 𝑔𝑒 [−] Deterministic 2.5 / 

CO2 concentration laboratory 𝐶𝑙 [𝑣𝑜𝑙 %] Deterministic 0.04 / 

CO2 concentration atmosphere 𝐶𝑎 [𝑣𝑜𝑙 %] Lognormal 0.0465 0.11 

Regression exponent 𝑏𝑤 [−] Lognormal 0.446 0.37 
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Table9: Statistical characteristics carbonation-induced corrosion parameters for different exposure classes (fib Model Code 765 
2020; von Greve‐Dierfeld & Gehlen, 2016) 766 

 767 

 768 

amin = 0 ; max = 100 769 

bEnvironmental conditions expected in Great Britain, The Netherlands, Germany, Denmark and 770 

Norway 771 

  772 

Variable Exposure class Distribution 𝝁  𝑽  

Ambient relative humidity 

𝑅𝐻𝑟𝑒𝑎𝑙 [%] 

XC2 Deterministi

c 

95 / 

XC3, XC4 Weibulla 80b 0.13 

Time of wetness 𝑇𝑜𝑊 [−] XC2  Deterministi

c 

0.4 / 

 XC3 Deterministi

c 

0.0 / 

 XC4 Deterministi

c 

0.25

b 

/ 

Probability of driving rain 𝑝𝑠𝑟 XC2, XC3 Deterministi

c 

0.0 / 

 XC4 Deterministi

c 

0.35 / 

Corrosion rate 𝑉𝑐𝑜𝑟𝑟 [𝜇𝑚/𝑦] XC2 Weibull 4 1.5 

 XC3 Weibull 2 1.5 

 XC4 Weibull 5 1.75 
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Table 10: Statistical characteristics carbonation-induced corrosion parameters for different material types (von Greve‐Dierfeld 773 
& Gehlen, 2016) 774 

 775 

  776 

Variable Material Distribution 𝝁  𝑽  

Carbonation rate 𝑘𝑁𝐴𝐶  [𝑚𝑚/𝑦
0.5] CEM I Lognormal 3.3 0.33 

CEM II/A Lognormal 3.7 0.27 

CEM II/B Lognormal 4.7 0.23 
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 777 

Figure 1: Strain and stress diagram to calculate moment capacity in ultimate limit state 778 

 779 

 780 

Figure 2: Constitutive law for a) reinforcement steel and b) concrete 781 

 782 

Figure 3: Flowchart for derivation of the critical corrosion degree 783 
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 784 

 785 

Figure 4: Critical corrosion degree as deterministic property for a range of different design situations according to CC1 786 

 787 

Figure 5: Critical corrosion degree as deterministic property for a range of different design situations according to CC2 788 

 789 

 790 

Figure 6: Critical corrosion degree as deterministic property for a range of different design situations according to CC3 791 
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 792 

 793 

Figure 7: Interaction diagram for stochastic corrosion degree 𝛼 for range of different design situations in CC2 794 

 795 

 796 

Figure 8: Characteristic value for the critical corrosion degree 𝛼𝑘,𝑐𝑟𝑖𝑡 in case of CC1 797 

 798 
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 799 

Figure 9: Characteristic value for the critical corrosion degree 𝛼𝑘,𝑐𝑟𝑖𝑡 in case of CC2 800 

 801 

 802 

Figure 10: Characteristic value for the critical corrosion degree 𝛼𝑘,𝑐𝑟𝑖𝑡 in case of CC3 803 

 804 
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a) Imposed load b) Wind load 

  

c) Traffic load d) Snow load 

Figure 11: Distribution of annual 𝛽1𝑦-values corresponding to critical characteristic values related to CC2 805 

 806 
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 807 

Figure 12: Prediction of the characteristic value of the corrosion degree 𝛼𝑘 due to chloride-induced corrosion for different 808 
exposure classes and cement types; considering a rebar diameter of 12 mm 809 

 810 
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 811 

Figure 13: Prediction of the characteristic value of the corrosion degree 𝛼𝑘 due to carbonation-induced corrosion for different 812 
exposure classes and cement types; considering a rebar diameter of 12 mm 813 

 814 

 815 

Figure 14: Prediction of the characteristic value of the corrosion degree 𝛼𝑘 due to chloride-induced corrosion for different 816 
exposure classes and rebar diameters; considering CEMI and a mean cover of 40 mm 817 
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 818 

Figure 15: Prediction of the characteristic value of the corrosion degree 𝛼𝑘  due to carbonation-induced corrosion for different 819 
exposure classes and rebar diameters; considering CEMI and a mean cover of 40 mm 820 

 821 

 822 

Figure 16: Determination of structural end of lifetime using proposed framework 823 

 824 

  825 
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Figure 16: Determination of structural end of lifetime using proposed framework 846 
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