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Abstract. Prevention of rebar corrosion is achieved in the design and construction phases, by means of suitable mix design, casting and curing, and adequate cover depth; this approach have been introduced in  international standards (EN 206) and design codes (Eurocode 2). Additional protection methods (cathodic protection, stainless steel or galvanised rebars, corrosion inhibitors, concrete coatings) can be used in very aggressive environment, especially in presence of chlorides, or when increased service life is required. In this work a simplified  performance-based approach, based on Monte Carlo simulation, has been used to evaluate the service life (initiation time of corrosion) in chloride containing environments. The results confirmed that cathodic prevention and stainless steels are the most effective protection methods to guarantee a safe working condition in a severe environment. The use of pozzolanic or slag cement is confirmed as an effective way to slow chloride transport and by this way to increase the service life.
Introduction
Reinforcement corrosion in concrete has been neglected for long time in the scientific and technical literature and reinforced concrete was considered "eternal". The first important articles on reinforcement corrosion appeared in the 1960s (by Haussmann and Gouda). Especially since the 1970s, as the number of cases of degradation increased, as well as failures of important structures, it became evident that reinforced concrete was not inherently durable and that the problem of reinforcement corrosion had to be taken seriously [1 – 3]. 
From the point of view of sustainability, it is well known that construction sector is responsible for more than one third of CO2 emissions, and similar considerations can be made about the energy impact; moreover construction and demolition waste is between 25 and 30% of the total waste generated in the European Union [4]. Regarding the concrete sector, several strategies have been proposed to make the sector more sustainable: use of alternative raw materials and fuels to reduce CO2 emissions, substitution of Portland cement with other types of cement, reducing the consumption of raw materials [5]. Reducing materials and energy consumption is one of the most effective strategies to improve sustainability. 
In concrete pore solution, due to the high alkalinity (pH>13 in general), carbon steel reinforcements are protected from corrosion by a passivity film. Corrosion initiation can occur due to two causes: carbonation of the concrete that reduces its pH and presence of chlorides in concentration superior to a critical threshold [2, 3]. In this article, we do not consider the phenomena of hydrogen embrittlement of high-strength reinforcements and stray current corrosion; this last is not frequent in concrete. 
Corrosion prevention must be addressed during design and construction, with proper concrete composition, sufficient concrete cover thickness, and proper placement and curing of concrete. Additional corrosion protection methods (cathodic prevention, oxidized or galvanized steel reinforcement, corrosion inhibitors, coatings, or concrete surface treatments) may be useful in aggressive environments, especially in the presence of chlorides, or when a high service life is required [2, 3]. 
In this work, after summarizing the experience with different methods of additional protection for reinforced concrete structures subject to chloride ingress, a probabilistic performance approach is used, based on the application of the Monte Carlo method [7].   
Prevention of Reinforcement Corrosion
Durability and service life. It is important to state that the first defense against corrosion is represented by a sufficient thickness of cover and a good quality concrete, characterized by a low porosity and properly placed [2, 8]. These concepts have been implemented, since the 1990s, in the European and other curing durability are available, which can help to correctly set the durability design of a reinforced concrete structure. The approach of these documents is "prescriptive": depending on the environmental aggressiveness classified in EN 206, on the type of attack and its severity, choosing a water/cement ratio suggested by EN 206, adopting a minimum thickness of concrete cover as per Eurocode 2, and the minimum duration of curing prescribed by EN 13670, the service life should be equal to a "traditionally expected" value (50 years for a common building). This approach is appropriate for most cases, at least in the case of carbonation corrosion.
There are some situations, characterized by high environmental aggressiveness, or when the service life required is longer than usual, in which it would be necessary to use a performance based approach, modeling the evolution of the reinforcements corrosion in time and on the verification of the achievement of critical conditions ("limit states"). In order to foresee the evolution of the corrosion phenomenon, it is possible to use the Tuutti's model, introduced in the '80s, which considers two distinct periods: the corrosion initiation and the propagation period [11]. 
In the case of chloride corrosion, there is agreement among most researchers to consider the service limit state corresponding to the corrosion initiation; this is due both to the fact that corrosion is localized, and therefore propagation can in a short time lead to a very significant and unacceptable cross section reduction, and to the fact that this form of corrosion is by its nature a stochastic phenomenon, dependent on many environmental and material-related parameters (Bertolini et al. 2013). 
The diffusion of chlorides within concrete in the non-stationary state follows Fick's 2nd law. Under specific boundary and initial conditions, Fick's 2nd law has an analytical solution that was first applied to chloride diffusion in concrete in 1972 by Collepardi and co-authors (Collepardi 2002, Bertolini et al 2013):

 					(1)
where t is time, Cs and Cx are the surface chloride concentrations (constant over time) and at the distance x from the surface, Dapp is the apparent chloride diffusion coefficient, constant in space (homogeneous concrete) and time. The approach is valid considering diffusion in a semi-infinite domain. An additional assumption for the analytical solution (equation 1) is that the concentration of chlorides in the concrete initially is zero. The assumptions underlying equation (1) are not always verified in practice, particularly regarding the constancy of Cs and D and the presence of other transport mechanisms [2]. Despite this, experience has shown that experimentally measured profiles can be interpolated with good approximation using equation (1).
Using equation (1), corrosion initiation occurs at a time ti at which, at cover thickness x = d , the chloride content Cx,ti is equal to the critical value Ccr:
Cd,ti= Ccr				 (2)
The critical concentration of chlorides depends on several factors, mainly on the pH of the pore solution (and thus the type of binder), the electrochemical potential (in turn influenced by the oxygen content), and the temperature; for common carbon steel rebars in concrete exposed to the atmosphere, the critical threshold is generally between 0.4% and 1% relative to the cement mass [2].
The performance based approach can be applied by deterministic or probabilistic method. The main limitation of the deterministic method is to provide an "average" value without giving any information about the distribution. As a first approximation, the average value represents a probability of corrosion initiation close to 50%. 
Therefore, in the last 20 years there has been a tendency towards the use of probabilistic methods, which have also been implemented in the FIB Model Code [12]. In this code the service life of structures affected by reinforcement corrosion is calculated according to the Tuutti model and the equations used to calculate the corrosion initiation time in the case of chlorides are derived from a modification of equation 1. 
This model represents another important step in helping designers address the issue of durability of reinforced concrete structures, but so far it has had limited applications and some open questions remain, in particular choice of some characteristic parameters and comparison with long-term performance in real structures [13-15].

Preventative measures. Before dealing with the preventative methods, it is imperative to recall the effect of different types of concrete. In particular, if we focus on corrosion due to chlorides, the effect of slowing the diffusion of chlorides resulting from the use of a pozzolanic and blast furnace cement, if the concrete is properly cured, has also been known for long time [2, 8]. The characteristics of the additional protections will be briefly recalled below, with emphasis on the effect on service life. First, it should be premised that additional protections can be effective on both the initiation and the corrosion propagation time, although the effect on the initiation time is generally the most important [2, 16]. Only techniques for which there is established experience will be considered in the article.
Cathodic prevention. The application of cathodic protection in reinforced concrete dates back to the 1970s and initially targeted structures that were corroding. In the 1990s, Pietro Pedeferri proposed the application of the technique to new structures, which he called "cathodic prevention" [17]. The latter consists in applying a low density of cathodic current to the passive reinforcements (which are not corroding) so as to significantly increase the chloride content necessary to initiate corrosion, as illustrated in the sequence 1-2-3 of Figure 1, where it can be seen that lowering the potential by about 200 mV leads to a significant increase in the chloride concentration necessary to initiate corrosion (which corresponds to reaching zone A in Figure 1). Cathodic prevention has been implemented in EN ISO 12696 standard [18] and its effectiveness has also been verified with medium-long term tests [19] and with field experience. If properly designed and controlled, it is able to ensure a service life of at least 50 years without extraordinary maintenance [2, 3].
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Figure 1. Pedeferri’s diagram for cathodic prevention [2, 17]
Coatings and surface treatments. They have also long been used to protect reinforcement from corrosion and are classified into four categories: organic coatings that form a continuous film, water repellent treatments, pore sealing treatments, and cementitious-polymer mortars. The main effect of coatings is to reduce the penetration rate of aggressive species (chlorides) and thus increase the corrosion initiation time. They are generally characterized by low water permeability and therefore can reduce the moisture within the pores of the concrete and thus the corrosion rate, increasing the propagation time [2, 20]. 
In our research group, the properties of coatings based on cementitious-polymer mortars, characterized by good vapor breathability and low permeability to water and chlorides, were mainly studied. Two commercial acrylic-based coatings with a thickness close to 2 mm and a polymer-cement ratio of 0.35 and 0.55 have been characterized with long-term tests (almost 20 years). The corrosion initiation time increased notably, due to the slowing of chloride transport [21, 22]. There was no effect, as expected, on the critical chloride concentration required for corrosion initiation. 
Corrosion Inhibitors. This method offers a simple solution, because they can be added to the mix like other admixtures, as long as the properties of the concrete in its fresh and hardened state are not affected [2, 8]. They have been used primarily as a prevention method, but have also been proposed for rehabilitation. The most effective mixed-in inhibitors are based on calcium nitrite, which were studied as early as the 1950s and have been commercially available since the 1970s.  Organic amine and alkanolamine inhibitors were proposed in the 1980s-1990s and calcium nitrate inhibitors have also been proposed in recent years [23]. When added in sufficient concentration, inhibitors can increase the critical chloride con-centration from values of 0.4-1% by mass of cement, typical of carbon steel reinforcement, to values of 2-2.5% for higher dosages in the case of nitrite and 1-1.5% in the case of organic inhibitors [23-28].
Corrosion resistant reinforcement. The applications of stainless steel reinforcements date back to the 80's, and have been preceded by pious application dating back over 80 years in a bridge in Mexico. Their study had begun in the ‘70s, initially for austenitic stainless steels type 1.4307 and 1.4404 (both with 18% Cr and 8% Ni, the latter with additionally 2-3% Mo), later au-stenoferritic (duplex) type 1.4462 (22% Cr and 5% Ni, with 3% Mo) [29, 30]. 
Stainless steels are able to withstand much higher chloride concentrations than common carbon steel reinforcements: in alkaline concrete, the critical chloride content increases up to at least 3.5-5%, values that can hardly be reached at the surface of the reinforcement even in aggressive environments; moreover, the risk of corrosion by galvanic contact between stainless steel (cathodic area) and carbon steel (anodic area) is generally modest in alkaline concrete [2, 29, 30]. So far, experiences with stainless steels with reduced nickel content, both austenitic and austenoferritic, have been less than fully satisfactory [30].
Galvanized steel reinforcement has been studied since the 1980s and has been shown to be effective in chloride-free carbonated concrete and in alkaline concrete can allow an increase in the critical chloride content of up to 1-1.5% [2, 31].  
Service life assessment
Corrosion Initiation. The service life evaluation (corrosion initiation time) is performed using Equation 1; with the deterministic method, average values of the input variables are used (Tables 1, 2 and 3), while with the probabilistic method, the distribution of the same variables is required: chloride surface concentration (Cs), which depends on the environment, apparent chloride diffusion coefficient Dapp, which depends on the concrete, critical chloride concentration (Ccr), which depends on the type of reinforcement and the presence of corrosion inhibitor, and concrete cover (d), which depends on the design. The distributions used, with mean value and standard deviation, are shown in Tables 1, 2 and 3; if possible, the parameters were chosen according to the FIB Model Code, when not available they were chosen according to literature experiences.
Environmental exposure was chosen in accordance with European Standard EN 206: marine atmospheric (XS1) and splash zone/areas (XS3). The water/cement ratio has been chosen according to the same regulation, moreover two types of cement have been considered: CEM I (Portland) and CEM III (slag) according to the European standard EN 197 [32]. The additional protections considered are: corrosion inhibitors, concrete coatings, stainless steel type 1.4307.
Cathodic prevention is used as a reference: if correctly designed and applied, it is able to maintain the reinforcements in pas-sivity conditions even in the presence of high concentrations of chlorides [2, 17].
Surface concentration of chlorides. There are no precise indications in the fib Model Code, so the distributions (lognormal), mean values and standard deviation were chosen according to the let-terature: for class XS3 many data are available and the values of the distribution were taken from [14], for class XS1 the values were reduced to half, having not found clear indications in the literature (Table 1); In the presence of the coating, the surface concentration was reduced by 40% in accordance with [22]. 
Cover thickness. The normal distribution was chosen according to the fib Model Code: two mean values were chosen for each exposure class, taking into account the minimums reported in the EN 206 standard (Table 1); the standard deviation was considered 10 mm in all cases [14].
Chloride diffusion coefficient. Values referred to long-term exposures were considered for cal-concrete with w/c ratio 0.45 and packed with CEM I or CEM III [2]. The distribution is lognor-mal, in the presence of the coating a reduced value of 30% was considered [22].
Critical chloride concentration. The values in Table 3 were chosen for carbon steel in accordance with the Model Code (2006) and for other materials based on the literature [2, 26, 27, 30].


Table 1. Surface chloride content (Cs % vs cement mass) and cover (d, mm) used for the Monte Carlo simulation 
______________________________________________
Marine (XS1)	Tidal splash (XS3)
vs cement mass		Mean 	st. dev. 	Mean 	st. dev.
_____________________________________________
Cs  no coating		2.5%	1%	5%	2%
Cs With coating		1.5%	0.6%	3%	1.2%
______________________________________________
d (mm)			35	10	45	10
d (mm)			45	10	60	10
_____________________________________________

Table 2. Chloride diffusion coefficient (Dapp) used for the Monte Carlo simulation 
_____________________________________
Dapp (10-12 m2s-1)			Mean 	st. dev.

_____________________________________
w/c 0.45 CEM I			1	0.2
w/c 0.45 CEM I + coating		0.7	0.14
w/c 0.45 CEM III		0.2	0.04
_____________________________________

Table 3. Critical chloride content (Ccr) used for the Monte Carlo simulation 
______________________________________________
[bookmark: _GoBack]Ccr vs cement mass		Mean 	st. dev. 	 	 
______________________________________________
Carbon steel			0.6%		0.15%
Stainless steel 1.4307		5%		1.25%
Carbon steel + corrosion inhibitor	1.2%		0.3%
_____________________________________________

Results and discussion
Deterministic evaluation of service life. First of all, some evaluations were carried out with deterministic method, considering the average values of the input variables, reported in Tables 1 to 3: surface and critical chloride concentration, diffusion coefficient, concrete cover. The results are presented in Figure 2.
Under severe exposure conditions (XS3) the use of common carbon steel reinforcements is not a reliable option, even increasing the concrete cover to 60 mm; concrete coating and the use of corrosion inhibitors allow to increase the average value of the initiation time, which reaches close to 50 years only with a 60 mm cover; using a blast furnace cement (CEM III) the situation improves considerably. For stainless steel rebars the critical chloride concentration is higher than the surface concentration, so corrosion initiation is not possible for this solution and this alternative was not shown in the figures. A sensitivity analysis was performed relative to the critical chloride concentration (Figure 2 below). In an aggressive environment (XS3) and with the 45 mm cover suggested by the Eurocode there is a significant increase in the corrosion initiation time if the critical chloride content is at least 2.5%, with a 60 mm cover even for a 2% value.
Probabilistic Service Life Evaluation. Considering the limitations of the deterministic performance approach, a probabilistic evaluation method was used, described in detail in Chapter 3. The results obtained should be considered as an indication of trend and are not valid in all situations. In real cases, the distribution of parameters relevant to characterizing the behavior of reinforcement, concrete, and/or the environment may vary depending on the design and execution. The results of the probabilistic method were presented in [33].
Figures 3 and 4 show the Monte Carlo simulation results for exposure classes XS1 and XS3. In the graphs, a horizontal dashed line was drawn at a valo-re equal to 10% of the probability of failure (Pf), defined as the probability of reaching the limit state (corrosion initiation). The value used is considered a minimum target as also proposed in the Fib Model code. The vertical line is drawn at 50 years, the expected service life for common buildings according to Eurocode 2, while 100 years, the maximum of the x-axis, corresponds to a minimum service life objective for bridges and infrastructures.
In conditions of high aggressiveness, exposure class XS3, it is clear that a concrete with ratio w/c 0.45 (as suggested by EN 206) and mixed with CEM I is not a reliable solution, even increasing the average value of the concrete cover to 60 mm, compared to the minimum of 45 mm by Eurocode. The probability of corrosion initiation of 10% is reached in a few years. Considering a service life of 50 years, the probability of corrosion initiation is 90%. 
The situation improves with the use of corrosion inhibitors, leading to a doubling of the critical chloride concentration. These results can be extended to galvanized steel reinforcements, which are characterized by a similar distribution of the critical chloride concentration. The improvement that can be achieved by the use of concrete coatings is also of the same order of magnitude, although in this case the main effect is on the chloride transport and not on the critical concentration; in this evaluation the maintenance of the coating itself, necessary after a variable time but not more than 20 years, has not been considered. For these solutions, however, the effect on service life cannot be considered satisfactory.
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Figure 2. Time for corrosion initiation (service life) evaluated with deterministic method in exposure class XS3
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Figure 3. Cumulative distribution of the service life: exposure class XS3, mean cover 45 mm (top) 60 mm (bottom)  

The use of CEM III for the concrete mix improves the situation, as known from the literature: with a concrete cover of 60 mm, higher than the minimum (45 mm) proposed by the Eurocode, the probability of failure remains below 10% for at least 50 years. By combining the use of CEM III and corrosion inhibitor, it is possible to keep the probability of failure below 10% with a cover of 45 mm, but the reliability of this solution requires the stability of the corrosion inhibitor and the absence of washout from the concrete.
The best performance is obtained in the case of stainless steel reinforcements type 1.4307: the corrosion initiation probability remains below 10% for at least 80 years with a cover of 45 mm, more than 100 years with an average cover of 60 mm. Even better results can be obtained by combining the use of stainless steel reinforcement with CEM III type cement.
In less severe exposure (XS1), the surface concentration of chlorides is lower, and the minimum cover thickness recommended by the Eurocode is lower (35 mm) than the value for class XS3 (45 mm). These two factors have an opposed influence on the corrosion initiation time. The results are more favorable in the less severe environment but the trends that were identified in the more severe exposure class are confirmed. The use of carbon steel reinforcement does not provide a 50-year service life for both cover thicknesses considered.
Corrosion inhibitors and coatings of lime concrete improve the situation but even increasing the concrete cover to 45 mm the probability of corrosion initiation at 50 years is about 40%.  Replacing the binder with an EMC III reduces the probability of corrosion initiation to less than 10% at 45 mm cover. Stainless steels are still the most effective alternative.

Economic Assessment and Sustainability. Economic evaluation should be based on life-cycle cost (LCC) analysis. This topic has not been explored in depth in this article, but some considerations can be made.
Both the most effective solutions to increase the corrosion initiation time, stainless steel and cathodic protection, are characterized by a high investment cost, but they allow to reduce or zero the maintenance or repair cost. Solutions such as corrosion inhibitors, concrete coatings and galvanized reinforcement, which are less expensive and less effective in retarding corrosion and thus increasing service life, reduce, albeit to a lesser extent, maintenance and rehabilitation costs.
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Figure 4. Cumulative distribution of the service life: exposure class XS1, mean cover 35 mm (top) 45 mm (bottom)  

In a fairly recent work, a preliminary life-cycle cost assessment was performed for a bridge slab exposed to aggressive environments for the use of chloride-containing de-icing salts, considering the presence of expansion joints and a service life of 100 years [34]. Different corrosion prevention solutions were compared by deterministic method, and it was shown that the use of stainless steels reduces the life cycle cost, similarly to water repellent coatings, the cost of cathodic prevention is slightly higher while the cost of traditional restoration, a solution still often used today, is significantly higher. Indirect costs (traffic disruption, etc.) were not considered in the cited article, and this penalized the more durable solutions such as stainless steels and cathodic prevention.
In this article the environmental impact of the different solutions has not been analyzed, but some preliminary considerations can be made. As already mentioned, reducing energy consumption is one of the most effective strategies to improve sustainability, and this has also been proven in the field of corrosion, particularly for cathodic protection in soils and water [6]. It can be argued that extending the service life of structures can reduce the overall impact of the structure on the environment and the withdrawal of resources from it: this is even more important for long durability solutions like stainless steels or cathodic prevention, even though calculations about the energy impact or the Life Cycle Analysis have not been performed. This topic has not yet received the proper attention in literature.
Conclusions
Probabilistic performance based approach has been applied to evaluate preventative methods against re-bar corrosion due to chlorides. Taking into account the limitations of the analysis, some trend can be identified. 
Concrete cast with Portland cement (CEM I) with w/c 0.45 and concrete cover (mean value) 45 mm, as suggested by EN 206 and Eurocode is not able to guarantee the 50 years service life in severe condi-tions, as in splash/tidal zone of marine structures (XS3).  Only stainless steel rebars and cathodic pre-vention can guarantee more than 50 years service life. 
In concrete cast with low w/c ratio, blast furnace slag cement (CEM III) and high cover depth (60 mm) corrosion initiation is delayed and the probability is lower than 10% after 50 years. The use of  corrosion inhibitors and coatings is able to delay corrosion initiation, but the 50 years service life is not reached. These methods can reduce the number of interventions for the repair, especially if combined with increased cover in less aggressive environments, as marine atmospheric (XS1).
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