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Chloride ingress and carbonation are the main factors leading to corrosion initiation of reinforced concrete (RC) structures. Lifetime assessment and maintenance optimization of these deteriorating structures has been based for several practical applications on analytical predictive models. The literature review shows that there are numerous analytical models of chloride ingress and carbonation. It was also found that comprehensive lifetime assessment requires that the selected models be able to propagate uncertainties in a correct manner. Thus, this paper proposes a methodology for probabilistic sensitivity analysis of analytical models for chloride ingress and carbonation. Given that di↵erent parameter notations were found for each model, a homogenization of notations and generic forms are first proposed. The sensitivity analysis is based on the following indicators: elasticity coe cient, Pearson coe cient, bias of the mean and standard deviation of the response of the model. The results highlighted which parameters are influential for each model by considering three concrete types. Overall results indicated a higher e↵ect of the nonlinearity of the models on the sensitivity indicators. It was found that the level of influence of each parameter depends also on the concrete type and the duration of the exposure to chlorides or carbon dioxide.

Introduction

Corrosion of steel reinforcement is a critical issue for many reinforced concrete (RC) structures; in particular, when they are located in chloride-contaminated environments and/or exposed to carbon dioxide [START_REF] Tesfamariam | Seismic Retrofit Screening of Existing Highway Bridges With Consideration of Chloride-Induced Deterioration: A Bayesian Belief Network Model[END_REF]. Given the high alkalinity of concrete after construction, a thin passive layer of corrosion products protects steel bars against corrosion, and therefore, the structure is initially protected from corrosion attack. Corrosion of rebars generally starts due to: (i) the breakdown of this protective oxide layer wrapping the rebar (chloride ingress), or (ii) the decrease of pH of the pore solution (carbonation).

The study of corrosion onset mechanisms in RC contributes to: (i) the better understanding of the causes leading to corrosion, and (ii) the prevention or at least reduction of corrosion-induced damage [START_REF] Winston Revie | Corrosion and Corrosion Control-An Introduction to Corrosion Science and Engineering[END_REF][START_REF] Zhou | Carbonation-induced and chlorideinduced corrosion in reinforced concrete structures[END_REF]. Both items are important for an optimal maintenance strategy based on inspection (condition assessment) and repair (damage mitigation). Nevertheless, in order to optimize the resources allocated to the maintenance strategy and reduce environmental impact and failure risks, the prevention of corrosion-induced damage seems preferable (Bastidas-Arteaga and [START_REF] Bastidas-Arteaga | Stochastic improvement of inspection and maintenance of corroding reinforced concrete structures placed in unsaturated environments[END_REF][START_REF] Bastidas-Arteaga | Sustainable maintenance and repair of RC coastal structures[END_REF][START_REF] Li | Life cycle modeling of corrosion a↵ected concrete structuresinitiation[END_REF]. Thus, an e cient detection and/or a realistic prediction of the corrosion initiation time can contribute to the reduction of maintenance costs and failure risks.

The present study is carried out within the framework of the ANR-EVADEOS project1 . The main purpose of this project was to develop an engineering-oriented approach for preventive maintenance optimization of RC structures exposed to corrosion. It combines: non-destructive condition assessment, deterioration modeling, and inspection and maintenance optimization considering global uncertainties and allocated funds. Such an approach requires selecting degradation models with the following requirements:

(1) they should be able to account and propagate correctly the uncertainties involved in the problem (material properties, exposure, etc) [START_REF] Rakotovao Ravahatra | Assessing the capability of analytical carbonation models to propagate uncertainties and spatial variability of reinforced concrete structures[END_REF][START_REF] Yajun | Stochastic modeling of service life of concrete structures in chloride-laden environments[END_REF], and (2) they should account for the availability of information and resources for parameters estimation.

The selection of models that account for these requirements is still a challenge. We focus in this study on analytical models because they are used in engineering and some research applications. This paper will therefore provides to users useful informations when using these models with respect to the following considerations. First, it is difficult to compare model outputs because models could use parameters obtained by di↵erent experimental tests whose accuracy are various (e.g., chloride di↵usion coecient estimated from migration test or chloride profiles). Second, although analytical models have a similar form, there is no a unified formulation of these models. Third, there is no comparison of the capacity of each model for propagating uncertainties for various materials and exposures. And fourth, the performance of each model when input information is more or less available is still unknown.

In this context, this paper aims at (i) providing unified formulations for chloride ingress and concrete carbonation models and (ii) perform a probabilistic sensitivity analysis to identify the more influencing parameters for each model.

The paper is organized as follows: section 2 provides an overview of models for corrosion onset assessment. Section 3 describes the summary and generalization of notations for several chloride ingress and carbonation models. Section 4 presents the studied material properties that were used in sections 5 and 6 for a sensitivity analysis based on four indicators: elasticity, Pearson coe cient, bias on the response mean, and standard-deviation of the response [START_REF] Schoefs | Sensitivity approach for modelling the environmental loading of marine structures through a matrix response surface[END_REF].

Overview of corrosion onset models

The assessment of the corrosion initiation time of RC structures is based on chloride ingress or carbonation predictive models. Literature review shows two major groups of predictive models: analytical (or semi-analytical) and numerical. The first group of models is expressed by analytical or empirical equations. For chloride ingress, they are frequently expressed as a function of an error function [START_REF] Collepardi | The kinetics of chloride ions penetration in concrete[END_REF]Euro-LightCon, 1999;JSCE, 2007;[START_REF] Petre-Lazar | évaluation du comportement en service des ouvrages en béton armé soumis à la corrosion des aciers[END_REF]DuraCrete, 2000;[START_REF] Tang | On the mathematics of time-dependent apparent chloride di↵usion coe cient in concrete[END_REF]. For carbonation, they are generally expressed in terms of a square root of time [START_REF] Ceb | New approach to durability design: an example for a carbonation induced corrosion[END_REF][START_REF] Miragliotta | Modélisation des processus physico-chimiques de la carbonatation des bétons préfabriqués -prise en comptes des e↵ets de paroi[END_REF][START_REF] Papadakis | Fundamental modelling and experimental investigation of concrete carbonation[END_REF][START_REF] Petre-Lazar | évaluation du comportement en service des ouvrages en béton armé soumis à la corrosion des aciers[END_REF]DuraCrete, 2000;[START_REF] Ying-Yu | The mechanism of carbonation of mortars and the dependence of carbonation on pore structure[END_REF]. These analytical models were mainly developed for engineering purposes but they are still used for some research applications and require a reduced number of input parameters. However, the oversimplification of various physical phenomena (e.g., some of them neglect the time-dependency of model parameters or correlation between parameters) could a↵ect the accuracy of their predictions.

In contrast, numerical models account for various physical phenomena -e.g. the consideration of the e↵ects of heat and humidity transfers on chloride ingress or carbonation processes. Therefore, they provide more informations on their outputs. They are generally expressed by partial di↵erential equations and require numerical methods (finite elements, finite di↵erences, etc.) to be solved. Numerical models could lead to more accurate assessments of the corrosion initiation time; however, they require a larger number of model parameters (and experimental tests to characterize it) and vast end-user experience.

For Chloride ingress, we can find two major groups of numerical models: (i) those which are based on Fick's law, that means without considering the interactions between chlorides and other ionic species (ii) those which depends on the law of Nernst-Planck, taking into account these interactions. We present in Table 1 and 2 the phenomena taken into account in some numerical models based on Fick's and Nerns-Planck laws, respectively. For concrete carbonation, we present in Table 3 the phenomena taken into account in some numerical models.

Finally, the numerical model of Mai-Nhu (2013) takes into account simultaneously chloride ingress and concrete carbonation.

Summary of analytical models

Chloride ingress models

Unified formulation

Analytical models consider that chloride penetration through the porous network is mainly produced by the di↵erence in chloride content between the surface and the core of concrete. The phenomenon is described as a pure di↵usion process on a saturated concrete. These models also neglect the interaction between chlorides and other species in the pore solution. This simplifies the problem from ionic to molecular di↵usion. Analytical models of chloride ingress are then simplified solutions of Fick's second law and could be expressed as a function of the complementary error function erfc or the Mejlbro-Poulsen function [START_REF] Mejlbro | The complete solution of fick's second law of di↵usion with time dependent di↵usion coe cient and surface concentration, durability of concrete in saline environment[END_REF]. This work only considers unidimensional solutions based on the complementary error function because they are more used in practice. The general form of these models takes the following generic expression:

C(x, t) = C s erfc x 2 p ⇠(X, t) ! + C ini (1)
where C(x, t) is the chloride content [% wt. of concrete or % wt. of binder] at distance x from the concrete surface [m] and at time t [s], C s is the chloride content at the concrete surface that could be constant or time-dependent [% wt. of concrete or % wt. of binder], ⇠(X, t) is a general function of concrete di↵usivity which depends on a vector X of input parameters that are specific to each model and the time t [s]; depending on the models, concrete di↵usivity could be constant or time-dependent, C ini is the initial chloride content of the concrete [% wt. of concrete or % wt. of binder].

X and ⇠(X, t) are detailed in Table 4 for seven studied analytical models.

Model description and parameters

Figure 1 and Table 5 summarize the type of data required for each model. These input parameters can be classified into two levels. The parameters of level 1 can be provided directly by destructive or non-destructive testing or supplied in project archives (socalled "observables"). Any computation is necessary. The parameters of level 2 are deduced from level 1. The parameters of the second level are mostly used for chloride ingress modelling. This level includes material parameters (water content, apparent di↵usion coe cients, etc.) or factors derived to account for the kind of exposure, aging, etc. The evolution of chloride profiles (output) is obtained by evaluating the parameters of this level that correspond to the components of the vector X (eq. ( 1) and Table 4). Except one model that considers the e↵ect of temperature [START_REF] Petre-Lazar | évaluation du comportement en service des ouvrages en béton armé soumis à la corrosion des aciers[END_REF], the parameters of the second level will be mostly considered in the sensitivity analysis.

Analytical chloride ingress models can be classified into two classes according to its capability to account for time-dependency of input parameters:

• Class 1: models without time-dependent input parameters [START_REF] Collepardi | The kinetics of chloride ions penetration in concrete[END_REF]JSCE, 2007;[START_REF] Petre-Lazar | évaluation du comportement en service des ouvrages en béton armé soumis à la corrosion des aciers[END_REF]). • Class 2: models with time-dependent input parameters (EuroLightCon, 1999;DuraCrete, 2000;[START_REF] Tang | On the mathematics of time-dependent apparent chloride di↵usion coe cient in concrete[END_REF].

Models without time-dependent input parameters

This category of models considers that all their input parameters are constant over time. Some of them account for uncertainties and the accuracy for determining their parameters, in a simplified way, through safety factors JSCE (2007). Other use empirical equations to account for interactions between ions or between chlorides and the concrete matrix [START_REF] Petre-Lazar | évaluation du comportement en service des ouvrages en béton armé soumis à la corrosion des aciers[END_REF]. Even if they are simpler, they are consistent with onsite discrete measurements in time, from which it is tricky to obtain time variant properties.

Models with time-dependent parameters

Various studies have shown that D a is time-dependent (Maage et al., 1995;[START_REF] Mangat | Predicting of long term chloride concentration in concrete[END_REF][START_REF] Sandberg | Critical evaluation of factors a↵ecting chloride initiated reinforcement corrosion into concrete[END_REF][START_REF] Takewaka | Quality and cover thickness of concrete based on the estimation of chloride penetration in marine environments[END_REF]. Physically, concrete aging is due on the one hand to the micro-structure evolution caused by the continued hydration of the cement and by carbonation. This causes a porosity reduction that slows down chlorides and CO 2 penetration. On the other hand, during the di↵usion process, the di↵erence between surface and bulk chloride contents is reduced along time till equilibrium. This implies that the gradient of chloride content decreases and thus also the kinetics of the di↵usion process. Other studies revealed or accounted for the time dependency of C s [START_REF] Bastidas-Arteaga | A comprehensive probabilistic model of chloride ingress in unsaturated concrete[END_REF][START_REF] Crank | The mathmatics of di↵usion[END_REF]Swany et al., 1995;Uji et al., 1990). The consideration of these time-dependencies could improve corrosion initiation assessment.

Concerning the time-dependency of the chloride di↵usion coe cient, three di↵usivity definitions are found in the literature: instantaneous, average and achieved di↵usivity.

Instantaneous di↵usivity: is the value of the di↵usion coe cient at each time step. An expression deduced by rapid di↵usivity test is proposed in [START_REF] Tang | Chloride di↵usivity in high strenght concrete at di↵erent ages[END_REF] as follows:

D(t) = D ar ✓ t r t ◆ n (2)
where D ar [m 2 /s] is the di↵usivity value determined at a reference time t r [s]. The dimensionless parameter n is an age exponent. Eq. 2 should be integrated over time. However, some studies neglect this integration step for the assessment of di↵usion coe cient [START_REF] Maage | Practical non steady state chloride transport as a part of a model for predicting the initiation period[END_REF][START_REF] Nilsson | Models for chloride ingress into concrete -A critical analysis[END_REF][START_REF] Stanish | The use of bulk di↵usion tests to etablish tim-dependent concrete chloride di↵usion coe cients[END_REF].

Average di↵usivity: is defined over the time interval [t ex , t] [START_REF] Frederiksen | Fick's 2nd law-complete solutions for chloride ingress into concrete[END_REF]:

D av (t) = 1 t t ex Z t tex D(t) dt (3)
where t ex is the age of the concrete at the beginning of the exposure to chloride environment.

It can be expressed as follows:

D av (t) = D ar ✓ t r t ◆ (4) 
where D ar (m 2 /s) is the average di↵usivity at t r (s). The age exponent is not the same as in eq. ( 2). [START_REF] Tang | On the mathematics of time-dependent apparent chloride di↵usion coe cient in concrete[END_REF] gives the following expression, with the same age factor n as in equation (2).

D av (t) = D ar 1 n " ✓ 1 + t ex t t ex ◆ 1 n ✓ t ex t t ex ◆ 1 n # ✓ t r t ◆ n (5) 
The DuraCrete model DuraCrete (2000) is supposed to use this di↵usivity definition with:

D av (t) = k t k c k e D rcm ✓ t r t ◆ n (6)
where k t , k c , k e , are respectively the test, cure condition and environmental parameters, D rcm is the migration coe cient obtained with rapid test according to NT-Build492 (1999). Contradiction arose in the literature with respect to this statement about DuraCrete model. In [START_REF] Tang | On the mathematics of time-dependent apparent chloride di↵usion coe cient in concrete[END_REF] it is claimed that D av (t) in eq (6) is instantaneous di↵usion coe cient, since it is not underlined in the DuraCrete report DuraCrete (2000) that the compensation 1 1 n is introduced in k e or k c . Thus an integration should be made over an interval in order to obtain the average diffusivity. In contrast, in [START_REF] Frederiksen | Fick's 2nd law-complete solutions for chloride ingress into concrete[END_REF], it is defined that D av (t) in eq (6) is the average di↵usivity. However, since the environmental parameter k e is obtained without considering the time dependency of the surface chloride content (C s ), it is still explained in [START_REF] Frederiksen | Fick's 2nd law-complete solutions for chloride ingress into concrete[END_REF] that this parameter is quantified erroneously.

Given that the migration test duration t (s) is involved in the D rcm determination, it is assumed in the present work that D rcm and therefore D av (t) in eq (6) could be considered as average di↵usivities.

Achieved di↵usivity: is the regression parameter D ach obtained by curve-fitting of the following equation to a measured chloride profile [START_REF] Nilsson | On a model of chloride ingress into concrete having time dependant di↵usion coe cient[END_REF]:

C(x, t) = C s erfc x p D ach (t t ex ) ! + C ini (7) 
D ach could be seen as the average di↵usivity in the time interval [t ex , t] where t is the age of the structure when the chloride profile is measured. Hence, a time dependent D ach (t) could be established using measurements at di↵erent time-steps.

The model proposed in the EuroLigthCon project (EuroLightCon, 1999) uses this di↵usivity definition. However, this model defines two age exponents: ↵ which corresponds to achieved di↵usion coe cient, and to the potential di↵usion coe cient obtained from a short time laboratory testing according to NTBuild492 (1999). The concrete composition and environmental conditions are taken into account by ↵, whereas only concrete type is considered by . Therefore, the sensitivity analysis for this model will be only based on the parameter ↵. The reference EuroLightCon (1999) provides these parameters for some concrete types.

Concerning the time-dependency of surface chloride content, the false-erfc model [START_REF] Nilsson | Prediction models for chloride ingress and corrosion initiation in concrete structures[END_REF], takes into account this e↵ect as:

C s (t) = A ln(t t ex ) + B ( 8 
)
where A and B are fitting parameters. Table 6 presents the input parameters for each studied chloride ingress model that are classified into environmental and material parameters.

Carbonation models

Unified formulation

Analytical carbonation models assume that carbon dioxide pressure varies linearly from the exposed surface, where it is equal to outer partial pressure, to the carbonation depth, where it is equal to zero due to the instantaneous CO 2 consumption by reaction with dissolved hydrates. These models can be written in a generalized expression:

x(t) = p k exp k exe k P D CO2 p t (9)
where x(t) [m] is the carbonation depth at time t [s], k exp is a factor which introduces environmental conditions, k exe is a factor accounting for execution conditions, k P is a factor accounting for the interaction between the di↵usion coe cient of the carbon dioxide D CO2 [m 2 /s] and the concrete porosity . In some models [START_REF] Hyvert | Finite element modeling of coupled heat transfer, moisture transport and carbonation processes in concrete structures[END_REF][START_REF] Petre-Lazar | évaluation du comportement en service des ouvrages en béton armé soumis à la corrosion des aciers[END_REF][START_REF] Ying-Yu | The mechanism of carbonation of mortars and the dependence of carbonation on pore structure[END_REF], k P is expressed as:

k P = k P,M k P,E (10) 
where k P,M is related to material properties and k P,E to exposure conditions. Expressions of k P,M , k P,E , k exp and k exe are given in Table 7 for each considered model. ↵ 1 and n 1 are fitting parameters, f p is the volumetric fraction of the cement paste, R is the gas constant (8.31 USI), a is the binding capacity for CO 2 , a 0 is the required quantity of CO 2 for a complete carbonation of the concrete studied, RH is relative humidity, T is temperature, P CO2 is carbon dioxide pressure, R c is concrete compressive strength, is porosity, S r is saturation degree, ⇢ is concrete density, [Component] is the "component" content, C abs is the absorbed carbone dioxide, C 0 is the CO 2 content at the exposed surface, k e is a parameter which assesses environmental conditions, k c is a parameter which considers cure conditions. The analytical models of carbonation can be divided into three classes:

• Class 1: models that mainly account for exposure conditions [START_REF] Petre-Lazar | évaluation du comportement en service des ouvrages en béton armé soumis à la corrosion des aciers[END_REF][START_REF] Ying-Yu | The mechanism of carbonation of mortars and the dependence of carbonation on pore structure[END_REF]). • Class 2: models that mainly account for the potentially carbonated material content, estimated as a whole [START_REF] Ceb | New approach to durability design: an example for a carbonation induced corrosion[END_REF]DuraCrete, 2000) or as function of hydrates content [START_REF] Miragliotta | Modélisation des processus physico-chimiques de la carbonatation des bétons préfabriqués -prise en comptes des e↵ets de paroi[END_REF][START_REF] Papadakis | Fundamental modelling and experimental investigation of concrete carbonation[END_REF]. • Class 3: models that account for all previously mentioned factors [START_REF] Hyvert | Finite element modeling of coupled heat transfer, moisture transport and carbonation processes in concrete structures[END_REF].

This study considers seven carbonations models (Table 7): two in class 1 [START_REF] Petre-Lazar | évaluation du comportement en service des ouvrages en béton armé soumis à la corrosion des aciers[END_REF][START_REF] Ying-Yu | The mechanism of carbonation of mortars and the dependence of carbonation on pore structure[END_REF], four in class 2 [START_REF] Ceb | New approach to durability design: an example for a carbonation induced corrosion[END_REF][START_REF] Miragliotta | Modélisation des processus physico-chimiques de la carbonatation des bétons préfabriqués -prise en comptes des e↵ets de paroi[END_REF][START_REF] Papadakis | Fundamental modelling and experimental investigation of concrete carbonation[END_REF]DuraCrete, 2000), and one in class 3 [START_REF] Hyvert | Finite element modeling of coupled heat transfer, moisture transport and carbonation processes in concrete structures[END_REF]. The following section presents the proposed classification of the parameters considered for all models.

Model description and parameters

In order to generalize the presentation of analytical models, the input parameters have been gathered into three levels (Figure 1 and Table 5). As well as for chloride ingress models, the parameters of level 1 are "observables". Three kind of parameters could be found in the level 1:

• level 1a: environmental parameters -e.g. RH (relative humidity), T temperature; • level 1b: parameters which represent physical properties of concrete -e.g. R c

(compressive strength), (porosity), S r (saturation degree); and • level 1c: other parameters -e.g. cement composition, concrete mixture, etc.

The parameters of level 2 are deduced from level 1. The parameters of level 3 are derived from level 2 and they are the direct inputs of the models. The sensitivity analysis (section 4) will be carried out with respect to the parameters of levels 1 and 2 that are input parameters of models. The variability, according to hydrates or unhydrates contents, is quite di cult to supply and has been therefore introduced thoughtout the hydration degree ↵ hyd and cement content c.

As well as for chloride ingress models, Table 8 presents the input parameters for each studied carbonation model that are classified into environmental and material parameters.

Discussion

It can be seen from Tables 6 and8 that the number of input parameters varies from a model to another, from 3 to 10. It could be erroneously deduced that models requiring a larger number of parameters are the most accurate. Supplying models parameters is a more or less di cult task (in particular for the amount of hydrates in cement paste), and thus, may be a source of uncertainty and indirectly inaccuracy for lifetime assessment. Estimating the influence of uncertainties of parameters on the output of models is therefore an essential issue for probabilistic modeling. From building and infrastructure managers point of view, the choice of a model depends on both its accuracy and its cost in terms of informations to be supplied. When comparing the models according to their number of input parameters, it can only be stated that some of them are more elaborated than others. Sections 5 and 6 will study and compare the sensibility of these models to propagate uncertainties for the materials described in section 4.

Description of the studied materials

In order to represent various existing concrete structures, three typical concrete mixes have been accounted for: they are referred as C25, C35 and C45. These concretes were designed for specific earlier research works, except C35 concrete which was designed for the EVADEOS project. The compositions of CEM I cement and mixes of these concretes are reported in Table 9 andTable 10, respectively. Useful contents of hydrates in cement paste and concrete properties are reported in Table 11, where it can be noted that average resistances comply with European standard EN 206 (European Standard, 2004). Cement compositions are similar for all concretes and the variation of material parameters is mainly caused by the mix proportions (Table 9). For instance, incorporating three classes of aggregate size with an e cient balance between the respective amounts, led to a good compactness of the C45 concrete, with a favorable e↵ect on strength. But simultaneously the low water to cement ratio, w/c, prevented the content of hydrates to be high and the porosity remained rather elevated for the C45, despite the use of a superplasticizer. An almost opposite situation prevails for the C35 concrete, where both porosity and strength are rather low. Finally the C25 concrete is an ordinary quality concrete.

Outer surfaces of concrete structures considered in this study are supposed sheltered and exposed to commonly encountered yearly average environmental conditions. Average relative humidity and temperature were thus 72% and 11 C, respectively.

Methodology and indicators for the sensitivity analysis

Notation and methodology

For the sensitivity analysis, analytical models of carbonation and chloride ingress are expressed as follows:

y = f (t, Z) ( 11 
)
where y is the model output, and Z = {z 1 , ..., z n } is the vector of input parameters of the model. This study uses several sensitivity indicators: the elasticity coe cient, the Pearson's coe cient, the bias on the mean, and the standard deviation of the response. The methodology follows the approach suggested in [START_REF] Schoefs | Sensitivity approach for modelling the environmental loading of marine structures through a matrix response surface[END_REF] for physical response surfaces. The values of input parameters are summarized in Tables 12 and13 for chloride ingress models and carbonation models, respectively. The range of variability of each parameter corresponds to the possible realistic variability for the three studied concretes. The values of parameters that are considered as deterministic are presented in Table 14. Moreover, k e is determinated from DuraCrete (2000) as:

k e = 0 B @ 1 RH 100 2.5 1 ⇣ RHref 100 ⌘ 2.5 1 C A 5 (12) 
where RH ref corresponds to a reference relative humidity ('65%).

As previously mentioned, despite the fact that cement paste hydrates and unhydrates contents are input parameters for some models, it was decided to consider their variability through hydration degree ↵ hyd and cement content c, using the empirical expressions, found in [START_REF] Hyvert | Finite element modeling of coupled heat transfer, moisture transport and carbonation processes in concrete structures[END_REF].

Elasticity coe cient

Elasticity measures the e↵ect on the output (here chloride content or carbonation depth) following a variation of one input parameter. The elasticity coe cient is computed deterministically as follows [START_REF] Lemaire | Structural Reliability[END_REF]:

e i,k (t) = y k (Z, t)(%) z i (%) at depth x k for chloride ingress models (13) e i (t) = y(Z, t)(%) z i (%) for carbonation models ( 14 
)
where z i and y(Z, t) (or y k (Z, t)) are the variations of the input z i and the model output, respectively. We considered an increase of 10% from the mean value for each input parameter. This value could be considered excessive or insignificant for some parameters; nevertheless, it is relevant to keep the same perturbation for all parameters. A larger absolute value of e i (t) means that the model is very sensitive with respect to the variation of the considered parameter, while a value close to zero indicates a low sensitivity. A value of 1 means that a change of z i causes the same variation on y j (case of a linear model).

Monte Carlo simulations for other sensitivity indicators

In order to analyse how the response of a system is influenced by the variation of its inputs, a common approach is to randomly vary these inputs into a given interval. Monte Carlo simulations are a relevant tool in such a purpose. A variation interval [a i ; b i ] is defined for each input parameter (Tables 12 and13), whose bounds have been proposed from literature review [START_REF] Buenfeld | Determining the watercement ratio, cement content, water content and degree of hydration of hardened cement paste: Method development and validation on paste samples[END_REF][START_REF] Grandubé | Grandeurs associées la durabilité du béton[END_REF]DuraCrete, 2000) or experimental data. Uniform distributions are used for generating random values.

Pearson's correlation coe cient

Pearson's coe cient ⇢ cor estimates the linear correlation between two random variables [START_REF] Bowley | Element of statistics[END_REF]. In a sensitivity analysis of model parameters, the e↵ect of the i th component z i of the input vector Z on y at the time t is assessed as follows:

⇢ cor,xk (t) = cov(y k (t), z i ) yk(t) ⇥ zi at depth x k for chloride ingress (15) ⇢ cor (t) = cov(y(t), z i ) y(t) ⇥ zi for carbonation (16)
where cov(y k (t), z i ) (or cov(y(t), z i )) is the covariance between z i and y (or y k ), and zi and yk (or y ) are their respective standard deviations. The value of ⇢ cor varies from -1 to 1. An absolute value close to 1 indicates a strong correlation while it indicates a low linear correlation when ⇢ cor is approaching zero. A positive sign means a similar trend of variation for both variables while a negative one indicates an opposite one. This indicator is able to highlight the physical meaning of the model and can also be used to rank input parameters according to their influences. However, Pearson's coe cient is meaningful only if a linear or quasi-linear relationship between inputs and output is expected to exist.

Bias on the output mean value

This method is classified as a local method and relies on the OFAT (one-factor-at a time) method [START_REF] Daniel | One-at-a-time plans[END_REF]. The previous sensitivity indicators aimed to evaluate the e↵ect of the variability of input parameters upon the model output in terms of proportionality (elasticity coe cient) and statistical dependency (correlation coecient). The global weight of a parameter can also be rendered by the bias imposed on the output mean value when it remains constant as the other parameters are randomly varying. This is assessed by the bias factor that is estimated using the following procedure (see [START_REF] Schoefs | Sensitivity approach for modelling the environmental loading of marine structures through a matrix response surface[END_REF]):

(1) compute, the global expected value E[f (t, Z)] of the output.

(2) fix the parameter z i at its mean value zi ; then, the i th component of the input vector Z, now noted Z i0 , is no longer random. (3) estimate the bias factor regarding z i as:

b k,zi = E[y k (t, Z)] E [y k (t, Z i0 )] at depth x k for chloride ingress (17) b zi = E[y(t, Z)] E [y(t, Z i0 )] for carbonation (18)

Standard deviation of the output

This method is also one of the OFAT methods. The standard deviations of the carbonation depth and chloride content at given depths are essential informations for estimating corrosion initiation risks. It is therefore of utter importance to examine how the standard deviation of the model output depends on the variability of input parameters. The procedure to estimate this indicator is summarized in the following steps [START_REF] Schoefs | Sensitivity approach for modelling the environmental loading of marine structures through a matrix response surface[END_REF]:

(1) consider as random variable the parameter z i (2) fix the other parameters at their mean values (3) estimate The so-called reduced standard deviation of the output as:

zi/yk (t) = r E h (y k (t, Z i ) E [y k (t, Z i )]) 2 i at depth x k for chloride (19) zi/y (t) = r E h (y(t, Z i ) E [y(t, Z i )]) 2 i for carbonation (20)
6. Results and discussions 6.1. Chloride ingress models

Elasticity results

Tables 15 and16 summarize the results obtained at 2.5 cm depth and 3 dates (10, 25 and 50 years) for first and second group of models, respectively. Due to the linearity of all analytical chloride models with respect to C s , the value of elasticity is equal to 1 for all the models except for LEO model [START_REF] Petre-Lazar | évaluation du comportement en service des ouvrages en béton armé soumis à la corrosion des aciers[END_REF]. For this last one, the influence of the non-linearity decreases over time and the value of the elasticity tends to 1. The same trend is observed with respect to cl for the JSCE model. On the other hand, when parameters are multiplying others in the model, the values of their elasticity are the same -e.g. k e , k c , k t and D rcm for the Duracrete model (DuraCrete, 2000). Consequently, it is di cult to study the sensitivity of these parameters using this indicator.

Figure 2 illustrates the variation in time of the elasticity indicator for the Leo model, C25 concrete and x = 2.5 cm. As previously explained, analytical chloride ingress models describe an increase of the chloride content into the concrete bulk over time leading to a constant value which correspond to the chloride content on the concrete surface C s . Consequently, at the beginning of the exposure to chloride environment, the di↵usion process is significant and the di↵usion parameters such as D a , have higher influence on the output of the model. For the same reason, similar results are found for di↵usion related parameters (e.g. D rcm and w/c ) in Tables 15 and16. When the chloride content into the concrete bulk is near to C s , the di↵usion kinetic slows down. At this stage, the only way that could boost up the process is a modification of the value of C s . Any disturbance of the value of this parameter has significant impact on the output of the model. The influence of di↵usion parameters is hence significant at the beginning of the exposure and decreases over time, while the influence of C s increases over time.

Concerning the aging parameter n (or ↵), one observe the same tendency as for di↵usion parameters: increasing influence at the beginning of the exposure and decrease over time. Indeed, the kinetic of the aging of concrete (here, we are referring to continued hydration process, reduction of porosity caused by carbonation) slows down after long term exposure. The decrease starts earlier for material with lower resistance (C25 end C35).

The e↵ects of the type of concrete depend on the values and the variation range of the input parameters. When the concrete has higher resistance to chloride ingress (C45), material parameters have larger influence because any disturbance of the property of the involved concrete could a↵ect the kinetics of the chloride di↵usion.

Pearson's coe cient results

Tables 17 and18 provide the Pearson's coe cient results for the first and second group of models, respectively. Any conclusion could be made when the absolute value of this indicator is less than 0.5. Indeed, it may indicate either independence and/or nonlinearity of the dependence. It is observed for all models a higher influence of di↵usion coe cients (D a , D ar ) and k c . The temperature T has also large influence for the model of Leo (Petre-Lazar, 2001). Finally, with respect to the models of the second group, the aging parameters n and ↵ have a significant impact. These results underline that aging of the concrete plays a significant role in the models of the second group.

Concerning the e↵ect of the concrete type, it was observed the same trend as for the elasticity coe cient.

Bias of the output

Tables 19 and20 show the results for the first and second group of models, respectively. The non-linearity of the model with respect to the involved parameter increases the bias. Therefore, di↵usion and aging parameters (D a , D ar , k c , n and ↵) are the most influential with respect to this indicator. However, lower values of bias are noted for W gel , w, k e , k t , and D rcm because their variation ranges are smaller (Table 12).

Given that the output of analytical chloride ingress model has always positive value (chloride content), and that at the beginning of the exposure the values of the output are close to zero, the distribution of the output values is not symmetric. The values of the bias are hence positive during the first years of exposure for some model parameters, and then the sign changes. Figure 3 presents an illustration with the model of Leo and for concrete C25. For long-term prediction, the absolute values of bias decrease over time. Indeed, according to analytical chloride ingress model, the chloride content in the concrete bulk tends to C s without exceeding this value. This means that the mean model output tends to C s , and thus the bias decreases.

Concerning the e↵ect of the type of material, when the concrete has higher resistance against chloride ingress, the kinetics of the phenomenon is lower. Consequently, the distribution of the output of the model remain asymmetric during a long period for this type of concrete (C45).

Standard deviation of the output

Tables 21 and22 show the results with respect to output's standard deviation for the first and second group of models, respectively.

The non-linearity of the model and the variation interval width of the input parameters have significant impact on the standard deviation of the model output. This indicator provides better assessment of the ability of the models for uncertainty propagation. Indeed, it shows the variability on the model output when the parameter studied varies within its variation range. The parameters with respect to which the non-linearity of the model has significant impact for this indicator are D a , w, T , n and ↵. k c , k t and D rcm are multiplying factors in the model of Duracrete, their impact on the model output depends on their variation ranges.

As well as for the bias, the standard deviation of the output of the model increases over time and decreases after a maximum, this with respect to di↵usion parameters such as D a , k c , k t and D rcm . The decrease begins when the di↵usion slows down which is due to reduction of the gradient of chloride content. The decrease starts earlier for concretes with lower resistance against chloride ingress.

In the computation of this indicator, all the parameters are fixed to a predetermined value except the parameter of interest for the sensitivity analysis. The previous results were obtained considering the mean as the predetermined value, but they could di↵er for another selected value. It should be relevant to underline how the choice of another predetermined value of the fixed parameters would have an e↵ect on the results. Figure 4 presents an example with respect to the model of Collepardi and concrete C45. The input parameters of this model are C s and D a . It is shown firstly in this figure, the evolution of the output's standard deviation when C s varies and D a is fixed on its minimum (Cs minDa ), mean (Cs meanDa ) and maximum (Cs maxDa ) values. And secondly, the evolution of the output's standard deviation when D a varies and C s is fixed at its minimum (D minCs ), mean (D meanCs )and maximum (D maxCs ) values. No significant di↵erences could be observed concerning the ordering of parameters. It can be concluded from this figure that the order of importance is not a↵ected by the considered combinations.

Carbonation models

Table 23 summarizes the results of the sensitivity analysis for all carbonation models. For each model, the maximum and minimum value of each indicator are highlighted with bold text. The impact on the mean and standard deviation of the output varies over time, but the results of elasticity and the linear Pearson's correlation coe cient remain fairly constant. Figures 5 and6 present illustrations of the e↵ects of time with respect to elasticity and standard deviation respectively, for the model of Hyvert and for concrete C45. Since the order of importance of the parameters does not change over time, results are reported only for t=50 years which is the usual lifetime of RC structures.

Elasticity results

The non linearity of the models with respect to the parameter studied has significant impact on the value of its corresponding elasticity coe cient. For instance, elasticity coe cient are higher for the parameter n for the models CEB (CEB, 1997) and Duracrete (DuraCrete, 2000), R c for the Oxand model (Petre-Lazar, 2001), RH for the models of Hyvert [START_REF] Hyvert | Finite element modeling of coupled heat transfer, moisture transport and carbonation processes in concrete structures[END_REF], Papadakis [START_REF] Papadakis | Fundamental modelling and experimental investigation of concrete carbonation[END_REF] and Miragliotta [START_REF] Miragliotta | Modélisation des processus physico-chimiques de la carbonatation des bétons préfabriqués -prise en comptes des e↵ets de paroi[END_REF]. On the other hand, when parameters are multiplying other parameters in the models, the values of their elasticity coe cient are similar e.g k e and k c for the Duracrete model (DuraCrete, 2000). It was also found that time (t) has no e↵ect on the elasticity coe cient excepting models including the parameter n which is linked to t through the expression t0 t n .

However it has no e↵ect on the ranking of parameters.

Concerning the type of concrete, the material parameters (R carb , , c, ⇢, and ↵ hyd ) have higher values of elasticity coe cient when the concrete has higher resistance against concrete carbonation. Indeed, from physical point of view, carbonation has lower kinetics in such concretes.

Pearson's coe cient results

As well as for chloride ingress models, when the absolute value of this indicator is less than 0.5, any conclusion could be drawn. Results highlight the significant influence of the following parameters: RH, n, R c , S r , k c . No conclusion could be drawn with respect to other parameters. As well as for the elasticity coe cient, time has no e↵ect on the Pearson's coe cient. The e↵ects of the type of concrete are the same as for elasticity coe cient, -i.e., the coe cient of Pearson is higher for concretes with higher resistance against concrete carbonation.

Bias of the carbonation depth results

The values of the bias changed over time because carbonation models are increasing functions of time; however, the ranking of parameters for all models remained similar. The non-linearity of the model has significant impact on the bias. For instance, n is by far the parameter that introduces the higher value of bias for the models Duracrete (DuraCrete, 2000) and CEB [START_REF] Ceb | New approach to durability design: an example for a carbonation induced corrosion[END_REF]. When the model has the same level of non-linearity with respect to two parameters, the one which has the larger width of variation interval has higher value of bias. For instance, parameter k c generates a higher bias than k e and k t because it has a larger variation interval (Table 13).

In contrast to the previous indicators, the bias is small when the concrete has higher resistance against carbonation. Indeed, the kinetic of carbonation is reduced for the more resistant concretes, and therefore, the values of carbonation depth and its bias are smaller.

Standard deviation of the carbonation depth results

As well as for the bias, the standard deviation of the output of the model is very sensitive to non-linearity of the involved parameters. For example, large values were observed for parameter n with respect to which the models Duracrete (DuraCrete, 2000) and CEB (CEB, 1997) are significantly non-linear. It is possible to observe the same trend with respect to RH for the models of Oxand (Petre-Lazar, 2001), Miragliotta [START_REF] Miragliotta | Modélisation des processus physico-chimiques de la carbonatation des bétons préfabriqués -prise en comptes des e↵ets de paroi[END_REF], Papadakis [START_REF] Papadakis | Fundamental modelling and experimental investigation of concrete carbonation[END_REF], Ying-yu (Ying-Yu and Qui-Dong, 1987) and Hyvert [START_REF] Hyvert | Finite element modeling of coupled heat transfer, moisture transport and carbonation processes in concrete structures[END_REF]. Similarly with respect to S r for the models of Miragliotta [START_REF] Miragliotta | Modélisation des processus physico-chimiques de la carbonatation des bétons préfabriqués -prise en comptes des e↵ets de paroi[END_REF] and Ying-Yu (Ying-Yu and Qui-Dong, 1987), and R c for the model of Oxand [START_REF] Petre-Lazar | évaluation du comportement en service des ouvrages en béton armé soumis à la corrosion des aciers[END_REF]. The width of the variation interval of the parameter has also significant impact. For instance, the parameters k c for the model Duracrete (DuraCrete, 2000), CEB (CEB, 1997) and the model of Hyvert [START_REF] Hyvert | Finite element modeling of coupled heat transfer, moisture transport and carbonation processes in concrete structures[END_REF] have large variation interval width (Table 13).

Concerning the e↵ect of time, the standard deviation of the model output increases over time for any input variation. Figure 6 presents an example with the model of Hyvert and for the concrete C45. This means that a long-term prevision is a↵ected by more significant uncertainties.

Since the variation range of each parameter is not the same for each type of concrete (Table 13), the standard deviations of the model output are also di↵erent. Higher dispersion corresponds to concretes with lower resistance against carbonation (C35 and C25). On the other hand, for the Oxand model (Petre-Lazar, 2001), the order of parameters is not the same for two di↵erent materials because the gaps between the values of R c are quite significant (Table 13).

As well as for chloride ingress models, it should be relevant to underline how the choice of another predetermined value of the fixed parameters would have an e↵ect on the results, especially for selected values leading to minimize or maximize the carbonation depth. For instance, regarding Oxand model [START_REF] Petre-Lazar | évaluation du comportement en service des ouvrages en béton armé soumis à la corrosion des aciers[END_REF], minimum values of R c and RH make easier the access of carbon dioxide into the concrete bulk. Figure 7 depicts the curves obtained for the combinations expected to modify the order of parameters with respect to the standard deviation for the Oxand model [START_REF] Petre-Lazar | évaluation du comportement en service des ouvrages en béton armé soumis à la corrosion des aciers[END_REF]). However, it can be observed in this figure that the order of importance is not a↵ected by the considered combinations.

Conclusions

Steel corrosion is one of the phenomenon that reduces significantly life-cycle of RC structures. This paper focused on analytical models of concrete carbonation and chloride ingress that could be used to assess corrosion onset. An homogenization of these models leads to unified formulations. Two groups of models have been identified for chloride ingress models. The first one gathers models with constant parameters while the second one encompasses those with time-dependent parameters. For concrete carbonation, three groups of models are highlighted. A classification of the input parameters of these models has been proposed in which inputs are decomposed into three levels of parameters. This paper provided helpful tools for understanding and using these analytical models.

The relative importance of each parameter was assessed through the following indicators: elasticity coe cient, Pearson's coe cient, bias, and standard-deviation of the output. In order to compute the three last indicators, the variation range of each input parameter for three concrete types are presented. It was found that the non-linearity of the models has significant impact in the values of each indicator as well as the variation range of the studied parameter.

The most influential parameters are C s , D a and the aging parameters n or ↵ for chloride ingress models. However, at earlier age, the di↵usion parameters have higher influence while at long-term, C s becomes the most important parameter.

Concerning carbonation assessment the parameters which describe the porous media appear to be the most influential ones -i.e., RH which is linked to saturation degree, k c which gives an assessment of the quality of the firsts centimeters from the exposed surface, and the porosity . Considering the variability of these parameters, it seems to be necessary to include it for a probabilistic assessment of carbonation. The second group of important parameters are those which introduced the amount of material that can be carbonated: the hydration degree ↵ hyd and the cement content c.

These findings could help the end-user of a given model to optimally allocate the resources for obtaining each parameter. A parameter could be obtained either with expert advice or through destructive or non destructive tests. The amount of resources required to obtain a given parameter and then the required investment to use the corresponding model depend on the methods used to obtain the parameters. Nevertheless, the strategy of maintenance as well as the resources allocated are di↵erent for each structure. Within this framework, the results of this study could be used to develop a methodology for the choice of the appropriate model for a given structure, taking into account the chosen strategy of maintenance and the availability of the resources allocated to the maintenance. Rakotovao Ravahatra et al. ( 2019) present a framework to help decision-makers towards this aim. Petre-Lazar ( 2001)
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 1234567 Figure 1. General representation of input parameters for analytical carbonation and chloride ingress models

Table 1 .

 1 Physical phenomena that are taken into account in some numerical chloride ingress models based on Fick's law

	Model	Di↵usion Humidity	Heat
		of chloride	transfer	transfer
	LERM (2000) Bentz and Thomas (2008) Deby (2008) Clincon Nilsson et al. (1997) Bastidas-Arteaga (2010, 2018) Nguyen et al. (2017)	⇥ ⇥ ⇥ ⇥ ⇥ ⇥	⇥ ⇥	⇥ ⇥ ⇥ ⇥

Table 2 .

 2 Physical phenomena that are taken into account in some numerical chloride ingress models based on the law of Nernst-Planck

	Model	Di↵usion	Humidity	Air
		ionic species i	transfer	transfer
	Clincon Nilsson et al. (1997) Li and Page (2000) Marchand (2001) Sleiman et al. (2009) Baroghel-Bouny et al. (2011) Friedmann et al. (2012)	⇥ ⇥ ⇥ ⇥ ⇥ ⇥	⇥ ⇥ ⇥	⇥ ⇥ ⇥ ⇥

Table 3 .

 3 Physical phenomena that are taken into account in some numerical carbonation models

	Model	Di↵usion Dissolution Humidity Di↵usion	Heat
		of CO 2	of hydrates	transfer	of Ca	transfer
	Saetta et al. (1995) Ste↵ens et al. (2002) Isgor and Razaqpur (2004) Thiery (2005) Bary and Sellier (2004) Talukdar et al. (2012) de Larrard et al. (2013) de Larrard et al. (2014)	⇥ ⇥ ⇥ ⇥ ⇥ ⇥ ⇥ ⇥	⇥ ⇥ ⇥ ⇥ ⇥ ⇥ ⇥	⇥ ⇥ ⇥ ⇥ ⇥	⇥ ⇥ ⇥ ⇥ ⇥	⇥ ⇥ ⇥ ⇥

Table 4 .

 4 Expressions of X and ⇠(X, t) for the chloride ingress models

	Model Collepardi et al. (1970) JSCE (2007)	✓ ✓	X Da tex w/c tex	◆ ◆	⇠(X, t) Da(t tex) Da JSCE (t tex) ⇤

Table 5 .

 5 Classification and data required for determining model input parameters

	Level Chloride ingress	Carbonation
	1a ⇤	RH (Relative humidity), T (Tem-	RH (Relative humidity), T (Tem-
		perature)	perature), P CO2 (CO 2 pressure),
			P atm (atmospheric pressure)
	1b ⇤⇤		

Table 6 .

 6 Input parameters of analytical chloride ingress models

		⇤ ⇤ ⇤ Concrete mix, cement composi-	Concrete mix, cement composi-
		tion, execution conditions	tion, execution conditions
	2	Di↵usion coe cient, w (water	a (binding capacity for CO 2 ), a 0
		content), n (aging parameter),	(required quantity of CO 2 for a
		k e (environmental parameter), k c	complete carbonation), n (aging
		(execution parameters), k t (test	parameter), C 0 (carbone diox-
		method parameter), C s (surface	ide content), f p (volumetric ratio
		chloride content)	of cement paste), hydrates con-
			tent, unhydrates content, C abs
			(required carbone dioxide con-
			tent for a complete hydration
			of the concrete), ↵ hyd (hydration
			degree), ↵ 1 et n 1 (fitting param-
			eters of the model of Hyvert),
			k e (environmental parameter), k c
			(execution parameters), k t (test
			method parameter)
	3		k exp (exposure model factor),
			k exe (execution model factor), k P
			(factor accounting for the inter-
			action between the di↵usion co-
			e cient and the carbon dioxide),
			D CO2 (di↵usion coe cient)
	⇤ Meteorological data	
	⇤⇤ Tests or project archives	
	⇤ ⇤ ⇤ Project archives	

Table 10 .

 10 Concrete mixes

		.1	5	3	64.1	1	3.2 0.72
	C35	20.43	4.9	1.83	65.4	1.06	3.5 0.25
	C25	20.29	5.56	2.32	64.22	2	3.17 0.57

Table 11 .

 11 Physico-chemical properties 

	Concrete [AFm]	[AFt]	[CSH]	[CH]	SiO 2	Porosity	R c
		(mol/L) (mol/L) (mol/L) (mol/L) (mol/L)	(%)	(MPa)
	C45	0.41	0.25	3.16		0	11.8	58
	C35	0.41	0.15	3.185	3.585	0	12.7	46.2
	C25	0.34	0.25	2.879	2.90	0	14	40.2

Table 13 .

 13 Values of input parameters for carbonation models

	Parameter	Unit	Mean Coef of Min (a i ) Max (b i )
				Var (%)		
	RH	%	72.91	3	70.68	75.14
	R c C45		58	6	54.52	61.48
	R c -C35	MPa	46.2	4	44.35	48.04
	R c C25		40.2	3	38.99	41.40
	k c	-	0.63	26	0.46	0.79
	k t	-	0.98	2.3	0.96	1.005
	n	-	0.4	20	0.32	0.48
	R carb -C45 R carb -C35 R carb -C25	10 10 kgCO 2 /m 3 /(m 2 /s)	2 0.4 0.28	7.5 8.9 5	1.9 0.36 0.271	2.1 0.43 0.3
	T	K	284.04	6.7	282.55	285.53
	-C45		0.118	5	0.112	0.124
	-C35	-	0.127	1.6	0.124	0.129
	-C25		0.14	8	0.129	0.151
	c C45		350	14	345	355
	c -C35	kg/m 3	350	13.6	345	355
	c -C25		295	16	290	300
	↵ hyd -C45		0.81	3.9	0.778	0.842
	↵ hyd -C35	-	0.84	3.8	0.808	0.872
	↵ hyd -C25		0.89	3.6	0.858	0.922
	S r	-	0.65	10	0.59	0.72

Table 14 .

 14 Deterministic parameters

	Parameter	Unit	Value
	P atm	Pa	101325
	P CO2	Pa	40.53
	C 0	kg/m 3 6.5⇥10 4
		-	1
	↵ 1	L/mol	23.5
	n 1	-	0.67

Table 15 .

 15 Elasticity coe cient for the models of the first group of chloride ingress models (non time-dependent

	parameters) at 2.5 cm										
	Concrete			C45			C35			C25	
	Age (years)		10	25	50	10	25	50	10	25	50
	Env	Cs	1	1	1	1	1	1	1	1	1
	Collepardi										
	Mat	Da	3.1	1.31	0.74	0.52	0.27	0.17	0.31	0.17	0.11
	Env	Cs	1	0.99	0.99	1	1	1	1	0.99	1
	JSCE	cl	1	1	1	1	1	1	1	0.99	1
	Mat	w/c	1.1	0.64	0.43	1.12	0.66	0.45	0.72	0.44	0.3
	Env	Cs	0.68	0.86	0.92	0.97	0.98	0.99	0.98	0.99	0.99
		T	646.32	51.5	17.27	6.1	2.8	1.69	4.45	2.15	1.33
	LEO	gel	-3.16	-1.5	-0.84	-0.38	-0.19	-0.12	-0.25	-0.13	-0.08
	Mat	w	4.14	1.6	0.84	0.36	0.18	0.11	0.23	0.12	0.07
		Da	11.11	3.77	1.9	0.84	0.42	0.26	0.64	0.32	0.2

Table 16 .

 16 Elasticity coe cient for the models of the second group of chloride ingress models (with some

	time-dependent parameters) 2.5 cm								
	Concrete			C45			C35			C25	
	Age (years)		10	25	50	10	25	50	10	25	50
		Env	Cs	1	1	1	1	1	1	1	1	1
	Eur.	Mat	Dar	1.36	0.99	0.79	0.95	0.7	0.57	0.35	0.24	0.18
			↵	-1.73	-1.86	-1.86	-1.26	-1.37	-1.38	-0.49	-0.44	-0.4
		Env	Cs	1	1	1	1	1	1	1	1	1
			Drcm	6.06	4.4	3.5	0.68	0.42	0.3	0.34	0.22	0.16
	DuraCrete	Material	ke kc	6.06 60.06	4.41 4.41	3.51 3.51	0.69 0.69	0,43 0.43	0.30 0.30	0.34 0.34	0.22 0.22	0.16 0.16
			kt	6.06	4.41	3.51	0.69	0.43	0.30	0.34	0.22	0.16
			n	-8.71	-8.54	-8.37	-1.05	-0.8	-0.65	-0.54	-0.42	-0.35
		Env	Cs	1	1	1	1	1	1	1	1	1
	Luping	Mat	Dar	1.6	1.24	1.04	0.47	0.3	0.21	0.28	0.18	0.13
			n	-1.32	-1.82	-2.04	-0.51	-0.42	-0.36	-0.31	-0.26	-0.23

Table 17 .

 17 Pearson's coe cient for the models of the first group of chloride ingress models (non time-dependent

	parameters) at 2.5 cm										
	Concrete			C45			C35			C25	
	Age (years)		10	25	50	10	25	50	10	25	50
	Env	Cs	0.35	0.63	0.81	0.98	0.99	0.99	0.71	0.87	0.94
	Collepardi										
	Mat	Da	0.93	0.78	0.59	0.16	0.08	0.05	0.69	0.46	0.32
	Env	Cs	0.84	0.85	0.85	0.42	0.43	0.43	0.47	0.47	0.47
	JSCE	cl	0.5	0.51	0.51	0.85	0.87	0.88	0.86	0.87	0.87
	Mat	w/c	0.104	0.08	0.05	0.26	0.15	0.1	0.17	0.11	0.08
	Env	Cs	0.09	0.23	0.41	0.29	0.51	0.69	0.38	0.62	0.78
		T	0.51	0.52	0.48	0.5	0.45	0.37	0.12	0.1	0.08
	LEO	W gel	-0.09	-0.09	-0.08	-0.07	-0.06	-0.05	-0.05	-0.04	-0.03
	Mat	w	0.14	0.14	0.13	0.02	0.02	0.02	0.12	0.1	0.08
		Da	0.86	0.8	0.76	0.8	0.71	0.6	0.77	0.64	0.51

Table 18 .

 18 Pearson's coe cient for the models of the second group of chloride ingress models (with

	time-dependent parameters) at 2.5 cm								
	Concrete			C45			C35			C25	
	Age (years)		10	25	50	10	25	50	10	25	50
		Env	Cs		0.6	0.64	0.25	0.28	0.31	0.46	0.52	0.57
	Eur.	Mat	Dar	0.67	0.55	0.47	0.77	0.66	0.59	0.46	0.36	0.3
			↵	-0.49	-0.57	-0.59	-0.56	-0.67	-0.72	-0.76	-0.78	-0.77
		Env	Cs	0.09	0.11	0.12	0.12	0.19	0.26	0.31	0.42	0.51
			Drcm	0.28	0.27	0.27	0.33	0.31	0.28	0.32	0.28	0.25
	DuraCrete	Material	ke kc	0.36 0.52	0.35 0.52	0.34 0.51	0.39 0.61	0.36 0.56	0.33 0.52	0.41 0.48	0.36 0.43	0.32 0.38
			kt	0.06	0.06	0.05	0.06	0.05	0.05	0.07	0.06	0.05
			n	-0.49	-0.57	-0.62	-0.57	-0.63	-0.66	-0.59	-0.62	-0.62
		Env	Cs	0.5	0.53	0.55	0.38	0.47	0.55	0.58	0.67	0.74
	Luping	Mat	Dar	0.74	0.62	0.54	0.58	0.47	0.4	0.49	0.38	0.3
			n	-0.41	-0.55	-0.61	-0.72	-0.74	-0.73	-0.62	-0.61	-0.58

Table 19 .

 19 Bias on the output's mean for models of the first group of chloride ingress models (non timedependent parameters) at 2.5 cm (10 04 % mass of binder)

		Concrete		C45			C35			C25	
		Age (years)	10	25	50	10	25	50	10	25	50
	Col.	Env	Cs	0.43	1.48	2.06	-0.31	-0.32	-0.34	0.22	0.48	0.63
		Mat	Da	15.59	-18.17	-47.09	-0.94	-0.94	-0.94	-84.68	-63.28	-47.25
	JSCE	Env	Cs cl	-1.08 1.12	-0.82 1.14	-0.67 1.15	-1.9 -4.52	-1.9 -4.58	-1.91 -4.63	1.63 -4.1	1.55 -4.62	1.5 -4.88
		Mat	w/c	-9.69	-7.24	-5.39	-17.94	-17.43	-16.95	-26.4	-17.05	-12.14
		Env	Cs	0	0.37	1.33	0.05	0.05	0.06	-0.39	-0.42	-0.42
			T	0.95	15.49	20.9	-59.81	-64.09	-67.45	-93.81	-94.32	-77.27
	LEO		W gel	0.01	0.44	0.8	0.85	0.84	0.82	0.42	0.24	0.15
		Mat	w	0.02	-0.07	-1.68	-0.39	-0.4	-0.4	-9.23	-8.03	-6.31
			Da	0.92	15.08	27.1	-60.43	-64.69	-68.02	-84.98	-86.43	-70.95

Table 20 .

 20 Bias on the output's mean for models of the second group of chloride ingress models (with some time-dependent parameters) 2.5 cm (10 05 % mass of binder)

		Concrete		C45			C35			C25	
		Age (years)	10	25	50	10	25	50	10	25	50
		Env	Cs	-0.35	-0.22	-0.08	-0.89	-0.92	-0.95	3.5	3.94	4.12
	Eur.	Mat	Dar	-16.98	-34.34	-44.2	-51.67	-53.69	-55.46	-79.89	-69.88	-60.56
			↵	34.55	37.34	31.67	43.97	43.88	43.69	-44.3	-47.96	-76.23
		Env	Cs	0.26	0.69	1.2	-3	-3.03	-3.06	-1.17	-1.12	-1.03
			Drcm	6.02	9.64	10.83	-68.78	-70.89	-72.56	-79.79	-67.14	-56.08
	DuraCrete	Material	ke kc	10.14 21.74	16.75 35.71	19.41 40.42	-101.51 -243.38	-104.4 -250.29	-106.67 -255.74	-126.33 -176.31	-106.85 -148.99	-89.46 -124.72
			kt	0.29	0.46	0.51	-3.24	-3.31	-3.37	-4.13	-3.55	-3.01
			n	24.96	67.06	114.75	-5.93	-13	-19.47	-64.83	-92.54	-103.39
	Luping	Env Mat	Cs Dar	45.95 54.18	45.91 69.64	40.6 75.25	-4.41 -82.08	-7.53 -85.2	-10.39 -87.9	-96.74 -15.11	-100.66 -34.59	-99.12 -44.97
			n	-7.6	-22.41	-32.6	-4.23	-7.32	-10.15	-81.25	-65.77	-54.07

Table 21 .

 21 Output's standard deviation for the models of the first group of chloride ingress models (non time-dependent parameters) at 2.5 cm (% mass of concrete)

	Concrete			C45			C35			C25
	Age (years)		10	25	50	10	25	50	10	25	50
	Env	C s	0.01	0.08 0.17 0.09 0.14 0.16 0.16 0.2 0.22
	Collepardi									
	Mat D a	0.03	0.1	0.12 0.01 0.01	0	0.15 0.1 0.07
	Env	C s	0.43	0.49 0.52 0.19 0.21 0.22 0.27 0.28 0.29
	JSCE	cl	0.25	0.29 0.31 0.38 0.42 0.44 0.5 0.53 0.54
	Mat w/c	0.07	0.05 0.03 0.11 0.07 0.05 0.09 0.05 0.04
	Env	C s	0.00003 0.006 0.03 0.06 0.11 0.14 0.09 0.15 0.18
		T	0.0002	0.01 0.04 0.1 0.09 0.07 0.12 0.1 0.07
	LEO	W gel 0.00004 0.002	0	0.01 0.01 0.01 0.01 0.01 0.01
	Mat	w	0.00006 0.004 0.01	0	0	0	0.03 0.02 0.02
		D a	0.0004	0.02 0.07 0.17 0.15 0.12 0.19 0.16 0.12

Table 22 .

 22 Output's standard deviation for the models of the second group of chloride ingress models (with some time-dependent parameters) at 2.5 cm (% mass of concrete)

		Concrete		C45			C35			C25
		Age (years)	10	25	50	10	25	50	10	25	50
		Env	C s	0.07	0.12	0.15 0.05 0.07 0.09 0.14 0.17 0.19
	Eur.	Mat	D ar	0.09	0.11	0.11 0.16 0.16 0.16 0.15 0.13 0.1
			↵	0.07	0.11	0.14 0.11 0.16 0.19 0.25 0.27 0.26
		Env	C s	0.001 0.004 0.009 0.07 0.11 0.13 0.15 0.18 0.2
			D rcm 0.005	0.01	0.02 0.17 0.15 0.13 0.15 0.12 0.1
	DuraCrete	Material	k e k c	0.006 0.01	0.01 0.02	0.03 0.04 0.32 0.29 0.25 0.23 0.18 0.15 0.2 0.18 0.16 0.19 0.15 0.12
			k t	0.001 00.003 0.005 0.03 0.03 0.02 0.03 0.02 0.02
			n	0.009	0.03	0.05	0.3 0.32 0.31 0.28 0.26 0.24
	Luping	Env Mat	C s D ar	0.05 0.08	0.08 0.1	0.11 0.11 0.16 0.13 0.11 0.14 0.11 0.09 0.1 0.13 0.15 0.16 0.19 0.21
			n	0.05	0.09	0.12	0.2 0.21 0.2 0.18 0.18 0.17

Table 23 .

 23 Summary of the results of sensitivity analysis for all concrete carbonation models at 50 years

		Std	2.3	4.6	12.2	1.05	50.4	0.23	0.46	1.23	5.07	31.6	6.59	0.48	0.5	0.5	0.26	0.05	0.37	6.8	0.6	12.5	10.3	1.3	24.8	1.9	4.7	26.3	4.69	0.012	4.18	
	C25	M	1170.37	1172.11	1184.31	1169.65	1557.57	0.49	-1.57	-5.07	73.51	-618.89	9.41	0.11	0.01	0.04	-1.58	0.0002	0.45	0.16	0.12	-1.83	1.39	0.1	0.43	0.37	0.23	-1.21	3.8	0.0028	15.01	
		P	-0.04	-0.1	0.23	0.01	-0.95	-0.04	-0.09	0.24	-0.95	-0.96	-0.2	-0.69	-0.09	0.71	-0.17	-0.06	-0.17	-0.47	0.05	-0.49	0.71	-0.08	-0.67	0.04	-0.1	0.71	-0.63	-0.003	0.65	
		E	-0.46	-1.93	0.48	0.48	-1.48	-0.46	-1.93	0.48	-2.28	-1.76	-2.31	-2.92	-0.23	1.09	0.6	-0.41	-0.91	-2.91	0.24	-0.97	1.75	-0.85	-2.91	0.21	-0.94	1.19	-4.29	-0.46	0.48	
		Std	3.04	1.04	8.92	0.78	36.61	5.79	0.35	0.92	3.78	21.03	8.2	0.35	0.08	0.37	0.06	0.05	0.28	3.7	0.2	4.01	1.3	0.7	16.5	0.9	3.2	4.1	0.07	0.001	0.07	
	C35	M	8541.26	8525.41	8644.25	8523.79	11376.55	216.64	-1.25	-4.51	61.84	10204.19	9779.7	9	-2	0.03	-0.003	0.02	0.85	0.07	0.004	-1.02	0.04	0.04	0.21	0.01	0.2	-0.05	0.06	0.0003	-0.27	-10 5
		P	-0.08	0.03	0.24	0.02	-0.95	-0.67	-0.06	0.14	-0.55	-0.92	-0.36	-0.64	-0.13	0.66	-0.38	-0.08	-0.38	-0.66	-0.04	-0.68	0.24	-0.14	-0.95	-0.07	-0.18	0.23	-0.72	-0.04	0.67	-0.01
		E	-0.46	-1.93	0.48	0.48	-1.48	-0.46	-1.93	0.48	-2.28	-1.76	-3.24	-2.92	-0.53	1.09	0.89	-0.75	-0.91	-2.91	-0.13	-0.97	2.05	-1.17	-2.91	-0.14	-1.17	1.41	-4.29	-0.46	0.48	0.002
		Std	3.28	4.33	11.42	1	27.66	2.08	4.14	10.9	44.81	7.56	123.47	0.35	0.08	0.36	0.18	0.05	0.27	3.58	0.17	5.4	3.94	0.72	16.68	0.87	3.3	12.88	31.59	0.59	29.52	8.03
	C45	M	1229.2	1229.99	1250	1227.9	1404.14	0.47	-1.58	-4.01	65.32	-5.34	41.08	0.08	-0.01	0.29	-0.96	0.01	0.36	0.03	0.0003	-0.98	0.3	0.05	0.41	-0.01	0.16	-0.31	2.44	0.01	-11.15	-1.26
		P	-0.1	-0.13	0.37	0.05	-0.89	-0.04	-0.08	0.24	-0.95	0.06	-0.99	-0.68	-0.15	0.71	-0.16	-0.09	-0.16	-0.53	0.001	-0.57	0.59	-0.11	-0.78	-0.04	-0.13	0.6	-0.69	-0.1	0.65	0.16
		E	-0.46	-1.93	0.48	0.48	-1.44	-0.46	-1.93	0.48	-2.28	-1.3	-13.38	-2.92	-0.53	1.09	0.89	-0.77	-0.91	-2.91	-0.11	-0.97	2.05	-1.19	-2.91	-0.11	-1.16	1.38	-4.29	-0.46	0.48	0.67
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  Achieved di↵usivity D ar Di↵usivity value determined at a reference time t r D av Average di↵usivity D CO2 Di↵usion coe cient of de carbone dioxide D Du Di↵usion coe cient according to DuraCrete (2000) D P a Di↵usion coe cient according to Papadakis et al. (1991) D rcm Migration coe cient obtained with rapid test according to NT Build 492 NTBuild492 (1999) D Y u Di↵usion coe cient according to Ying-Yu and Qui-Dong (1987) e i,k (t) Elasticity at depth x k over time e i (t) Elasticity over time f p Volumetric fraction of cement paste k(⇠(X, t), x) Chloride ingress model factor k c Parameter which assesses the cure condition e↵ects k exe Factor which introduces execution conditions k exp Factor which introduces exposure conditions k e Parameter which assesses environmental conditions k P,E Part of k P associated to environmental proprieties k P,M Part of k P associated to material proprieties k P Factor which introduces phenomenons that could influence the di↵usion coe cient of the carbon dioxide into concrete porosity n

	D ach	
		Age exponent before intergration
	P atm	Atmospheric pressure
	P CO2	Pressure of CO 2
	R	Gas constant
	R carb	Ability of the considered concrete, in resisting carbonation
	R c	Compressive strength
	S r	Saturation degree
	t 0	Reference period for carbonation model
	t c	Cure duration
	t ex	Age of the concrete at the beginning of the exposure to chloride envi-
		ronment
	t r	Reference time for chloride ingress model
	x	Distance from the concrete surface
	y	Model output
	Z i0	Z when a parameter z i is stated at its mean value zi
	z i	Input variable
	RH	Relative humidity
	RH ref	Reference relative humidity
	T	Temperature

Non-destructive evaluation of the structures for damage prediction and optimization of the follow-up. Website: http://www-lmdc.insa-toulouse.fr/evadeos/accueilevadeos.htm
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Nomenclature

[Component] The "component" content