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Abstract

:

The structural systems of residential buildings in many developed countries have widely utilized reinforced concrete as the most common solution in construction systems since the early 20th century. The durability of reinforced concrete columns and beams is compromised, in most cases, by pathologies caused by the corrosion of their reinforcements. This study analyses the corrosion processes induced by carbonation in 25 buildings with reinforced concrete structures. The models estimate the service life of reinforced concrete elements by differentiating between the initiation period and the propagation period of damage, considering two possible stages: the time of corrosion propagation until the cracking of the concrete cover, and the time of propagation until a loss of section is considered unacceptable for structural safety. However, the mathematical expressions that model the propagation periods consider the same corrosion rate in both cases. This research has found that the average corrosion rate in elements with an unacceptable loss of reinforcement section was in the order of 8 times higher than the corrosion rate in cracked columns and beams without a loss of reinforcement. This opens up a path to improve the definition of the different stages experienced by a reinforced concrete element suffering corrosion of its reinforcements due to carbonation, because once the concrete has cracked, the corrosion rate increases significantly.
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1. Introduction


1.1. Background


Reinforced steel in reinforced concrete is protected by a physical layer, which is the concrete cover, and a chemical layer, which is the alkaline protection with an approximate pH of 13, present in the concrete pores provided by sodium and potassium oxides and hydroxides generated during cement hydration. If the alkaline layer is neutralized, corrosion can occur. This basic idea about corrosion has been extensively studied in specialized treatises such as Tuutti [1] and Broomfield [2] in concrete, and Fontana and Greene in engineering [3], and in textbooks like Atkins and De Paula [4].



When studying corrosion processes caused solely by the carbonation of the cover, without the presence of chlorides, there are many factors that influence the movement of aggressive agents from the concrete surface to the reinforcement and the evolution of oxidation reactions once the steel has lost its protective layer [5,6,7,8,9,10]. According to the Tuutti model [1], these phenomena define the durability of reinforced concrete and have been classified by the European Standard Eurocode 2 [11] and Spanish Structural Code [12] into two periods or stages: the initiation of corrosion, in which the reinforcement is passivated, but chlorides and carbonation are transported through the concrete cover, and the propagation of corrosion, which begins when the steel is exposed to oxidation reactions.



The corrosion of reinforcements is one of the pathologies that will affect the service life [13,14,15,16,17,18] of reinforced concrete structures. It is possible for oxidation reactions to continue in intensity and propagation time, generating more oxidation products that can cause further cracking and a significant loss of the initial steel section, which may become unacceptable.




1.2. Carbonation-Induced Corrosion


The main cause of a generalized attack on a reinforced concrete element is the penetration of CO2 [9,13,18,19,20,21,22,23,24,25,26,27,28,29,30,31], present in the atmosphere, through the pores of the cover, leading to a decrease in pH to values close to 9 where the passive film is no longer stable. To calculate the carbonation depth, x (mm), we use the mathematical formula x =    K  CO 2      t   , where Kco2 (mm/   y e a r   ) represents the carbonation coefficient that measures the penetration rate of the aggressor under specific environmental conditions and for concrete with specific characteristics [32,33,34]. Several factors, such as moisture [32,33], CO2 concentration [34,35], temperature, concrete quality, water/cement ratio [34], characteristic strength, porosity [13], and cement type [28], influence the carbonation process (as developed in Supplementary Materials). Consequently, more compact and stronger concrete offers greater resistance to carbonation.



1.2.1. Initiation Period of Corrosion by Carbonation


The initiation period of corrosion by carbonation is defined as the time that elapses from the commissioning of the element until the corrosion damage to the reinforcement begins, and the model defined by the standard [11,12] is as follows:


    t   i n i t   =   (   c    K   C O  2     )   2    



(1)




where c (x = c) is the concrete cover in mm, Kco2 is the carbonation coefficient in mm/√year, and it measures the penetration rate of carbonation in reinforced concrete.




1.2.2. Propagation Period of Corrosion by Carbonation


The propagation period of corrosion by carbonation is considered from the onset of corrosion until an unacceptable damage occurs. In order to understand the influence of corrosion, its rate is considered negligible if it is less than 0.1 µA/cm2 (<1.17 µm/year); moderate if it ranges from 0.1 to 0.5 µA/cm2 (1.17 to 5.85 µm/year); high if it falls between 0.5 and 1 µA/cm2 (5.85 to 11.7 µm/year); and very high if it exceeds 1 µA/cm2 (>11.7 µm/year) [36,37]. The Structural Code [12] considers a corrosion rate, Vcorr, between 1 and 5 µm/year for different environments of exposure class. These carbonation-induced corrosion rates are categorized as moderate corrosion risk. In the propagation period there are two considerations:



The propagation time for cover cracking. The compounds formed because of corrosion occupy a much larger volume than the initial steel, which leads to cracks and fissures parallel to the direction of the steel bars. The time elapsed from the onset of corrosion to the cracking of the cover, as defined by the standard, is calculated as follows [11,12]:


    t   c r a c k , c o r r   =     P   c o r r       V   c o r r     =   80 . c   Φ .   V   c o r r      



(2)




where



	
tcrack,corr—time from the onset of corrosion to cover cracking, in years;



	
Pcorr—limiting corrosion penetration, in μm;



	
c—thickness of the concrete cover, expressed in mm;



	
Φ—diameter of the reinforcement, expressed in mm;



	
Vcorr—corrosion rate, expressed in μm/year.






The propagation time of corrosion for an unacceptable loss in diameter of the reinforcement. The corrosion processes continue to propagate, causing a reduction in the cross-sectional area of the reinforcement that advances towards the interior of the steel bar, progressively affecting its load-bearing capacity and posing a risk to the structural safety of the element. The time elapsed from the initiation of corrosion until the occurrence of an unacceptable reduction in the cross-sectional area of the reinforcement, as defined by a thickness ΔΦ, can be calculated according to [11,12]:


    t   s e c t , c o r r   =   Δ Φ     V   c o r r      



(3)




where



	
tsect,corr—the time elapsed from the onset of corrosion until the occurrence of an unacceptable loss in diameter in the reinforcement, in years;



	
ΔΦ—the unacceptable variation in diameter of the reinforcement, expressed in μm.








1.3. Structural Limit States (Supplementary Materials)


The limit states are defined as situations in which the structure does not fulfil some of the functions for which it has been designed. In the nominal service life, the building and its structure can respond to the normal conditions of use of the building or infrastructure with an adequate response to the effect of actions. We can consider that this period corresponds, in terms of possible reinforcement corrosion, to the initiation period of corrosion. The serviceability limit state affects the functionality and use of the structure, the aesthetic aspects of the construction elements, and the comfort of the users. Therefore, in this state, it is necessary to consider the cracking of the reinforced concrete coverings in pillars, beams, and slabs caused by reinforcement corrosion. Based on these considerations, the age of the building in its service life until the serviceability limit state is the sum of the initiation period of corrosion and the time for corrosion propagation until the cracking of the coverings occurs. The ultimate limit state affects the stability of the structure and therefore the safety of the building’s users. The structure reaches an ultimate limit state when the corrosion of the reinforcement has caused a section loss that is deemed unacceptable to ensure structural stability. Therefore, the age of the building in its service life until the ultimate limit state is the sum of the corrosion initiation period and the propagation time of corrosion until the deemed unacceptable section loss occurs.




1.4. Cracking


The cracking models depend on the type of concrete fracture. Over the past decades, research has been conducted on the behaviour of rust as a cause of concrete cracking, as schematically represented in a section of the corner of an element, shown in Figure 1. Two trends or models have been established in the interpretation of this pathology: discrete cracks considered as a linear elastic behaviour [38], and diffuse cracks with a unique behaviour [39,40,41]. Other models consider finite elements with diffuse cracking and a fluid behaviour for rust [42], which is used as a basis for rust modelling. On the other hand, models with discrete cracking using embedded adaptable crack elements have also been employed [43].



In most cases, cracks do not appear until the advanced stages of corrosion due to the assumed bond between steel and concrete. The majority of oxidation products occupy a volume between two and six times the initial volume of the steel [44,45], depending on the type of generated oxide: FeO, magnetite Fe3O4, maghemite γ-Fe2O3, and hematite α-Fe2O3 can occupy approximately twice the volume of the initial Fe; lepidocrocite γ-FeOOH and iron hydroxides Fe(OH)2 and Fe(OH)3, four times the initial volume; and hydrated iron hydroxide Fe(OH)3 + 3H2O, six times the initial volume [46,47]. However, the larger volume of oxidation products can diffuse or flow through the network of pores, capillaries, and potential microcracks in the concrete, resulting in a smaller effective expansion on the concrete cover than what the initial steel actually experiences [48,49,50,51,52].



On the other hand, the stiffness of the oxide layer will depend on its composition, which increases uncertainties regarding the cracking effects that will occur. This research is based on experiences with reinforced concrete elements on which it has been verified that carbonation reached the longitudinal reinforcement (hence, the transverse reinforcement or stirrups were in a fully carbonated area), and the cracking of the cover had already been detected, with or without a loss of reinforcement section. The studied elements that did not exhibit cracking did not have carbonation throughout the entire cover of the concrete either.




1.5. Objectives


One of the main objectives of this study is to improve the prediction models of reinforcement corrosion induced by carbonation and to develop a methodology that supports the information and forecasts of degradation processes in reinforced concrete structures that affect their durability. The aim is to diagnose the pathologies, characteristics, and properties analysed in the condition of the structure, creating interpretation protocols for determining the current level of deterioration of the analysed element, in order to forecast its durability based on its service state and facilitate decision making in potential intervention projects. More specific objectives will involve investigating variables such as the carbonation coefficient and corrosion rate, and defining the initiation and propagation periods of corrosion. A comparison will be made between the results obtained from the models defined in the standards and those derived from real data on the condition of the structure (age, depth of carbonation, and corrosion rate). Furthermore, the Standard [12] establishes a single Vcorr model in each exposure environment, but this work shows the important difference between the period of corrosion propagation until the cracking of the concrete cover and the period of propagation until an unacceptable loss of cross-sectional area of the reinforcement.



A debate arises regarding the assimilation of the serviceability limit state of the structure with the cracking of the concrete cover, and the ultimate limit state with the loss of cross-sectional area of the reinforcement. This study analyses all the issues that affect the interaction of concrete and steel, and the considerations that architects or engineers must assume when designing and/or calculating the affected structure, as well as the intervention criteria (Supplementary Material).





2. Experimental Phase


2.1. Buildings and Analysed Elements


This investigation is conducted based on the data collected from the analysis of 143 reinforced concrete elements within 25 distinct buildings situated in Spain. Most of these buildings are in the province of Alicante, with three in Madrid, one in Murcia, and one in Vizcaya. The precise geographical distribution of these buildings can be observed in the map presented in Figure 2, and their respective identifications can be found in the Supplementary Material provided.



All considered variables are presented in a summary table (Supplementary Material) that gathers all available information and has served as the basis for conducting this research.




2.2. Building Age


The building’s construction date and the timing of the studies and tests conducted on each of its elements are available, thus providing information about its age. The construction date has been obtained from project data, where available, or from public information provided by the Real Estate Cadastre. Buildings with ages ranging from 9 years, in the case of a precast reinforced concrete structure where carbonation had not reached the reinforcement, to one of the earliest reinforced concrete experiences in Spain from the year 1904, with an age of 118 years for the analysed elements in 2022, have been studied. In the latter case, advanced carbonation had caused significant cracking and diameter loss in the reinforcement.




2.3. The Cross-Section of the Reinforced Concrete Element


	a.

	
Diameter of the reinforcement (Φ in mm). The diameter of the reinforcement was measured in situ using a calliper at the location where the reinforcement was detected using a cover meter, by creating an excavation or extracting a core sample. In all collected data, only the longitudinal reinforcements have been considered.




	b.

	
Cover (c in mm). In all cases where there was no cracking, or where cracking existed but the reinforcement had not lost a section (or the loss was negligible), columns, beams, or joists were studied. Due to the construction conditions and possible variations in cover within the same element, the nominal project cover was considered, along with the thickness of the transverse reinforcement (stirrup). In cases where the diameter of the reinforcement had decreased, the cover was measured at the corresponding point.








2.4. Concrete Tests


	a.

	
Characteristic compressive strength (fcK in N/mm2). A certified laboratory carried out the determination of the compressive strength of the concrete in each case. A core sample was extracted using a rotary drilling method with a diameter of 75 mm, following standards UNE-EN 12504-1 and UNE-EN 12390-3 [53,54]. Additionally, tests were conducted on the ultrasonic propagation velocity in elements of the same building to estimate results in other homogeneous concrete elements within the building under similar conditions.




	b.

	
Carbonation depth (x in mm). In all analysed elements, the carbonation depth was measured, from the outer surface to the depth of carbonated concrete according to standard UNE-EN 14630-2007 [55]. Whether on the concrete core sample used for compressive strength testing (Figure 3a) or on the drilled hole in the same element (drill with a diameter larger than 2 cm or hole resulting from an extraction (Figure 3b), the concrete was sprayed with a solution of phenolphthalein in ethyl alcohol at a concentration of 1%. The depth was measured using a tape measure until the colour changed (pinkish tone in the non-carbonated zone and colourless concrete in the carbonated zone).




	c.

	
Cracking (0, 1, 2). In all components, the laboratory and the technician supervising the works determined the presence or absence of cracks within each component. For each instance, an in situ inspection of the reinforcement was conducted, assessing any potential reduction in the original diameter of the longitudinal reinforcements, examining their condition, and verifying the presence of corrugation and/or oxidation to ascertain any loss of cross-sectional area. Subsequently, measurements were performed accordingly. According to the data, three potential scenarios have been identified: 0: No cracking observed; 1: Cracking without significant loss of reinforcement cross-section (negligible); and 2: Cracking with measurable loss of reinforcement cross-section. According to studies and calculations made based on the Eurocodes, the serviceability limit state in a reinforced concrete structure with corrosion due to carbonation is a loss of 50 μm in reinforcement diameter [56]. Therefore, the present study analyses case 1 and case 2 with the above-mentioned threshold to differentiate whether the loss of a reinforcement cross-section is negligible or not, respectively.




	d.

	
Loss of cross-section (ΔΦ in μm). The final diameter of the reinforcements that had experienced a significant reduction in their nominal diameter was measured, indicating an unacceptable loss that poses a risk to the structural safety of the component. The measurements were taken in millimetres using a digital or mechanical calliper (and converted to micrometres in calculations), as shown in Figure 4a,b.




	e.

	
In situ corrosion rate (Vcorr in μm/year). In cases where a significant diameter loss was detected, posing a risk to the stability and safety of the structure, the corrosion rate was measured using a portable corrosion tester (Figure 5a). The measuring equipment requires a connection circuit with one copper clamp in contact with the corroding reinforcement, a sensor with three electrodes in the same direction as the reinforcement bar, and a water-soaked sponge on the surface element, as shown in Figure 5b. Two corrosion rate measurements were taken at each point, and the arithmetic mean was used as the representative value.
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Figure 3. Carbonation depth testing using a phenolphthalein solution: (a) on a core sample; (b) on a drilled hole element. 






Figure 3. Carbonation depth testing using a phenolphthalein solution: (a) on a core sample; (b) on a drilled hole element.
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Figure 4. Measurement using a digital (a) or manual (b) calliper of the reinforcement diameter with cross-sectional loss. 






Figure 4. Measurement using a digital (a) or manual (b) calliper of the reinforcement diameter with cross-sectional loss.
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3. Methodology


3.1. Calculation of the Carbonation Coefficient (KCO2)


We have the data to obtain the carbonation coefficient KCO2 for each concrete element since we know its carbonation depth, x (mm), and the age of the building, t (years), at which the measurement was taken. Therefore, we will have the actual carbonation coefficient, KCO2 real = x/   t   , as discussed in Section 1.2.2.




3.2. Calculation of the Initiation Time (tinit)


According to the previous expression, KCO2 = x/   t   , if we consider that the carbonation depth, x, has reached the concrete cover, c, of the studied reinforced concrete element, i.e., x = c, we can calculate the initiation time of corrosion (when the aggressor reaches the reinforcement) as tinit = (c/KCO2)2, as explained in Section 1.2.1.




3.3. Calculation of the Propagation Time until Cracking (tcrack,corr) and the Corrosion Rate (Vcorr) during This Period


According to Section 1.2.2, the propagation time of corrosion until cracking is as follows:


   t  crack , corr     =   80 . c   Φ . V c o r r    











In all studied elements, the presence or absence of cracking was analysed. By knowing the total age of the building, t, and the estimated initiation time of corrosion, tinit, calculated according to Section 3.2, the propagation period of corrosion until cracking can be calculated as tcrack,corr = t − tinit.. With knowledge of the concrete cover, c, and the diameter of the reinforcement,   Φ  , we can determine the corrosion rate by solving the equation studied; therefore,   V c o r r   =     80 . c   Φ . t c r a c k , c o r r    



This way, we will be able to compare the actual corrosion rates based on the specific data from each building with the corrosion rates provided by normative models.




3.4. Calculation of the Propagation Time until an Unacceptable Loss of Cross-Section (tsect,corr) and the Corrosion Rate (Vcorr) during This Period


In these cases, the reinforced concrete element has experienced a loss of reinforcement cross-section and increased cracking. Similar to the previous case, we can calculate the propagation time of corrosion until the moment of an unacceptable loss of cross-section as tsect,corr = t − tinit.. According to Section 1.2.2, using the equation tsect,corr =     Δ Φ   V c o r r    , where tsect,corr and ΔΦ are known, the corrosion rate until an unacceptable loss of reinforcement cross-section can be calculated as   V c o r r   =     Δ Φ     t   s e c c , c o r r      .



In this section, the key determinant is the response to the question: What level of section loss is deemed unacceptable? As mentioned earlier, this decision will depend on the consideration of the ultimate limit state of the structure, involving concepts related to calculation assumptions and the response of structural elements based on their load-carrying capacity. This capacity depends on the safety coefficients employed in the calculations, as well as the allowable stress of the involved materials, such as concrete and steel. Other properties that play a significant role in the overall behaviour of the element include the bond between steel and concrete, and the ductility of the steel. Generally, it is the responsible technical professional who will define the unacceptable level of section loss by evaluating the determining factors specific to each structure. In this research, real scenarios of the propagation period with section losses exceeding 8% have been identified. However, the decision to consider section loss as unacceptable should be made at the discretion of the responsible technician, taking into account the impact of reduced load-carrying capacity and the lack of bond caused by corrosion by-products.



This will allow us to compare the corrosion rate calculated from measurements and real results obtained in situ (as described in the final point of Section 2.4) with the rates predicted by the standard. These calculations can only be performed on elements that have experienced section loss and have reached their ultimate limit state. After evaluating and verifying various structural calculation hypotheses, the type of intervention can be determined: maintenance, prevention, improvement, or strengthening (Supplementary Materials).



Figure 6 shows a diagram of the corrosion periods in a carbonated reinforcement concrete: initiation period, corrosion until cracking, and corrosion until the loss of diameter which brings the structure to its ultimate limit state (when a section loss is unacceptable).





4. Results


4.1. Analysis of KCO2


The different scenarios considered study reinforced concrete elements without cracking (0), elements with cracking but without a loss of reinforcement cross-section (1), and elements with a significant loss of reinforcement cross-section (2). Scheme 1 presents the results of the carbonation coefficient (KCO2) and the characteristic strength (fck) of the 143 elements in the 25 analysed buildings. All the obtained data are provided in an Excel table in the Supplementary Materials.



It can be observed that the lower carbonation coefficients correspond to buildings that have not experienced any pathologies (green dots in Scheme 1), while a higher carbonation of concrete is associated with cracked elements (orange dots). The loss of reinforcement cross-section is seen in reinforced concrete elements with intermediate KCO2 values (around 5 μm/√year, represented by red dots), which are typically found in older buildings, where the carbonation front has reached the reinforcement and corrosion is in full development producing significant section losses; however, KCO2 is inversely proportional to the    t    (age of the building), and the aggressive agent (CO2) has more difficulty to penetrate into the deeper layers of the concrete (x), so the KCO2 coefficient tends to be more homogeneous in older buildings.



In Scheme 2 and Scheme 3, the relationship between KCO2 and the initiation and propagation periods, respectively, is represented for each of the three situations (in the propagation periods, case 0 is not represented as the element does not exhibit corrosion-related pathologies and corrosion has not initiated). In the initiation period, it can be observed that the non-cracked elements and those without a loss of reinforcement exhibit a representation that resembles a quadratic function (green and orange points in Scheme 2; the values are derived from normative formulas relating carbonation depth and time with logarithmic representation), while in the case of the elements with a loss of reinforcement diameter (red points in Scheme 2), it was found that with different coverings to those defined in the project and with a lower covering, the carbonation reaches the reinforcement earlier and the initiation period decreases, and vice versa. Regarding the propagation times, Scheme 3 shows a higher carbonation rate in early-aged elements (orange dots), where the carbonation processes in the outer zone (covering) are more accelerated because the CO2 is more accessible near the concrete surface, and slower in the inner layers, with more difficult access, but the bars have already been surpassed (red dots with very advanced corrosion). In this case, the dispersion is produced by the different corrosion rates in the different environments once the aggressive agent has reached the reinforcement.




4.2. Analysis of Corrosion Rate Vcorr


In Scheme 4, a clear trend of lower corrosion rates can be observed in elements that have not experienced any loss of reinforcement (yellow dots), and the carbonation coefficients tend to be higher, following the same trend as discussed in previous figures. Scheme 5 analyses the propagation times until cracking and until loss of section, and the same interpretation can be made. When corrosion is in a “very high” stage of development, it usually coincides with significant propagation times (red dots); the scatter occurs, when there is a loss of section, in Vcorr/tsect.cracks points, because other factors may appear with different typologies and dimensions of the cracks (easy access of H2O, CO2, temperature, etc.).




4.3. Analysis of Average Corrosion Rate Vcorr


In order to systematically analyse all data and compare corrosion rates in each of the considered periods, taking into account all the studied variables (fck, KCO2, age, Vcorr, tinit, tprop) for each of the cases (0, 1, and 2), a statistical analysis has been conducted, identifying the population number (N), the median (M), the arithmetic mean (   X ¯   ), and the standard deviation (σ), as presented in Table 1.



The obtained results when comparing the average corrosion rate of the three considered stages and the corrosion initiation time (Scheme 6) show that in case 0 (protected elements, without cracks), elevated initiation times are predicted (   X ¯    = 706.19 years), whereas shorter initiation times are predicted when cracking pathologies occur in case 1 (   X ¯    = 11.06 years) and section loss in case 2 (   X ¯    = 19.41 years); therefore, considering all the elements that have reached corrosion propagation, they had an average initiation time of 13.66 years. With the same trend as in previous studies the corrosion rate in the propagation period up to cracking is “high” (   X ¯    = 30.06 years), and “very high” up to an unacceptable reinforcement loss (   X ¯    = 45.70 years). According to Scheme 7, the propagation time to cracking (case 1) is shorter than the propagation time to unacceptable reinforcement loss (case 2), and the corrosion rate also increases from case 1 to case 2.



In Scheme 8, it can be observed that the trend of zero corrosion rates (indicating the initiation period where corrosion has not started) corresponds to high characteristic strengths (fck). The behaviour during corrosion propagation shows less dependence on fck, but it is evident that there are average corrosion rates of zero in period 0, 5.97 μm/year in period 1, and 45.43 μm/year in period 2. In Scheme 9, it is observed that there is a relationship in all analysed elements where a lower carbonation is associated with higher characteristic compressive strengths (fck) in period 0 (where corrosion has not started). In periods 1 and 2, during corrosion propagation, there is a higher carbonation with a behaviour that is more independent of fck.




4.4. Measurement of Corrosion Rate Vcorr


The corrosion rates of all the studied elements have been calculated according to the standard formulas in Section 3.3 and Section 3.4. However, corrosion rate measurements were also performed on 11 elements corresponding to buildings 24 and 25, which had experienced significant corrosion with substantial section loss, in order to compare the measurements obtained from the formulas with the in situ measurements. These data are presented in Scheme 10, and it can be observed that the magnitude is similar between both measurements (ranging from half to double), except for element 24.05. The corrosion rate measured from the diameter loss for element 24.05 was 33.23 μm/year, while the corrosion rate measured in situ was 4.33 μm/year, approximately 8 times lower. Considering the 11 measurements presented in Table 2, the arithmetic average of the corrosion rates calculated using the database obtained and presented in the Supplementary Material with the formulas (Standard Codes) [11,12] was 40.52 μm/year, whereas the in situ measurements with a portable corrosion tester yielded an average corrosion rate of 33.39 μm/year. This confirms that the method of calculations and verified in situ measurements has been appropriate.



As a consequence of the known results in these 25 buildings, recently published studies were carried out with more specific populations, for example, about the position in the building elements [57] or reinforced concrete elements under sanitary slabs [58]. Other studies are currently being carried out in elements exposed outside the buildings, with the aim of improving standard models in each of the possible exposure environments.





5. Discussion, Actions, and Intervention


The analysis of the results provides a clear distinction in the corrosion progression among the three studied scenarios, which can be represented by Scheme 11 with different lines. The slope of each line corresponds to the average corrosion rates of all the studied elements: the first line represents period 0 with a zero slope, the second line represents period 1 with a slope of 5.97, and the dashed line represents period 2 with a slope of 45.43.



The corrosion penetration function in period 1 is Pcorr1 = 5.97 tprop = 5.97 tcrack,corr = 5.97 (t − tinit) = 5.97 (t − 13.66), which corresponds to the propagation period until cracking. The corrosion penetration function in period 2 is Pcorr = 45.43 tprop − 45.43 tsect,corr − 45.43 (t − tinit) = 45.43 (t − 13.66), which corresponds to the propagation period until unacceptable diameter loss.



There is an important difference between the slopes (Vcorr) of the lines in periods 1 and 2. If we consider that Vcorr in period 1 is constant, then we can read that period 2 of propagation until an unacceptable section loss would be the sum of period 1 and another differentiated period in the propagation of corrosion, subsequent to cracking, and that reaches an unacceptable loss of section, represented by the line whose function is Pcorr = 121.11 tprop’ = 121.11 (t − tinit − tcrack,corr) = 121.11 (t − 42.23).



A discussion is initiated to aid in the identification and decision-making process regarding structures affected by corrosion pathology due to carbonation, by connecting the periods of this process with structural limit state and service conditions (Section 1.3). A work field is opened to standardize intervention protocols with possible maintenance and improvement actions for the affected structures, as explained in Supplementary Materials.




6. Conclusions


In this study, the elements with carbonation-induced corrosion of the reinforcement had an average corrosion initiation period of 13.66 years, and corrosion propagation to cracking occurred on average 30.06 years later, close to the minimum service age required by the standards (50 years). However, the elements with corrosion up to an unacceptable loss of diameter occurred 45.70 years after initiation, which shows that once the concrete has cracked, the corrosion accelerates in shorter periods. For the same elements, it was also found that the carbonation coefficient KCO2 in the period of propagation until cracking (   X ¯    = 9.93 mm/√year) was higher than that resulting in the period with loss of reinforcement section (   X ¯    = 5.70 mm/√year), when cracking facilitates the arrival of external agents to the reinforcement, although carbonation is hindered towards more internal layers of the concrete. This work shows the difficulty in assigning a model that predicts corrosion rates of reinforcement bars in reinforced concrete due to carbonation. It has been observed that the obtained corrosion rates are higher than those predicted by normative models with variations in the process. For periods of corrosion propagation until concrete cracking occurs, the arithmetic mean of corrosion rates was found to be 5.97 μm/year, which is within the range specified by the codes (between 5 and 1 μm/year). However, for periods of corrosion propagation with significant losses in the reinforcement section, the corrosion rates obtained from the decrease in steel diameter were significantly higher than the values assigned by the Structural Code and Eurocodes for carbonation-induced corrosion. It is evident that the service life of the structure is progressively affected: Vcorr due to carbonation does not grow linearly, as suggested by the Tuutti model, but rather increases with the propagation of corrosion, which raises the possibility of considering two different stages in the corrosion propagation period: the time elapsed from the initiation of corrosion until the cracking of the element (which coincides with period 1 of this work and the standard) and the time elapsed from the cracking of the element to an unacceptable diameter loss (which modifies period 2 of this work and the standard). This work encourages further investigation into the causes that contribute to variations in corrosion rates of elements exposed to carbonation and experiencing increased cracking during the propagation period, which facilitates the ingress of aggressive agents and leads to a progressive increase in corrosion. Improving the modelling of different corrosion periods and predictions related to the service states of the structure opens up an important field of research that can assist architects and engineers in making informed decisions, with intervention protocols tailored to the specific conditions of the structure.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ma17010101/s1.





Author Contributions


Conceptualization, J.S.M. and P.S.G.; Methodology, P.S.G., J.E.T.M. and N.R.R.; Software, P.S.G. and S.C.-P.; Validation, P.S.G. and N.R.R.; Formal analysis, J.S.M., P.S.G., J.E.T.M. and S.C.-P.; Investigation, P.S.G. and N.R.R.; Resources, J.E.T.M. and S.C.-P.; Data curation, P.S.G.; Writing—original draft, P.S.G. and J.E.T.M.; Writing—review & editing, P.S.G.; Visualization, J.S.M., P.S.G. and S.C.-P.; Supervision, J.S.M., P.S.G., J.E.T.M., S.C.-P. and N.R.R.; Funding acquisition, J.S.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article and supplementary materials.




Acknowledgments


Pascual Saura, Javier Sánchez, Julio Torres, Servando Chinchón and Nuria Rebolledo would like to express gratitude to the University of Alicante, the Ministry of Universities, and the European Union for their support through the Spanish University System Requalification Program 2021–2023, granted for the research stay at the Eduardo Torroja Institute of Construction Sciences (Research Group on Reinforcement Corrosion and Structural Safety) where this research was conducted (funded by the European Union–Next Generation EU).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Tutti, K. Corrosion of Steel in Concrete. Ph.D. Thesis, Swedish Foundation for Concrete Research, Stockholm, Sweden, 1982. [Google Scholar]

	



Broomfield, J. Corrosion of Steel in Concrete; Taylor & Francis: Abingdon, UK, 1997. [Google Scholar]

	



Fontana, M.G.; Greene, N.D. Corrosion Engineering, 1st ed.; Mc Graw Hill: New York, NY, USA, 1983. [Google Scholar]

	



Atkins, P.D. Atkins Physical Chemestry, 8th ed.; Oxford University Press: Oxford, UK, 2006. [Google Scholar]

	



Alonso, M.; Andrade, C.; Castellote, M.; Castro, P. Chlorhide treshold values to depassivate reinforcing bars embedded in a standardized opc mortar. Cem. Concr. Res. 2000, 30, 1047–1055. [Google Scholar] [CrossRef]

	



Martín-Pérez, B.; Pantazopoulou, S.J.; Thomas, M.D.A. Numerical solution of mass transort equations in concrete structures. Comput. Struct. 2001, 79, 1251–1264. [Google Scholar] [CrossRef]

	



Kim, C.; Choe, D.-E.; Castro-Borges, P.; Castaneda, H. Probabilistic Corrosion Initiation Model for Coastal Concrete Structures. Corros. Mater. Degrad. 2020, 1, 328–344. [Google Scholar] [CrossRef]

	



Glass, G.K.; Page, C.L.; Short, N.R. Factors affecting the corrosion of steel in carbonated mortars. Corros. Sci. 1991, 32, 1283. [Google Scholar] [CrossRef]

	



Liu, X.; Niu, D.; Li, X.; Lv, Y.; Fu, Q. Pore Solution pH for the Corrosion Initiation of Rebars Embedded in Concrete under a Long-Term Natural Carbonation Reaction. Appl. Sci. 2018, 8, 128. [Google Scholar] [CrossRef]

	



Otieno, M.B.; Beushausen, H.D.; Alexander, M.G. Modelling corrosion propagation in reinforced concrete structures–a critical review. Cem. Concr. Compos. 2011, 33, 240–245. [Google Scholar] [CrossRef]

	



EN 1992-1-1 2004; Eurocode 2: Design of Concrete Structures-Part 1-1: General Rules and Rules for Buildings. European Committee for Standardization: Brussels, Belgium, 2004.

	



Real Decreto 470/2021, de 29 de junio; Código Estructural. Ministerio de la Presidencia, Relaciones con las Cortes y Memoria Democrática: Madrid, Spain, 2021.

	



Saura, P.; Rizo, C.; Echarri, V. The Useful Life of Reinforced Concrete Structures with Reinforcement Corrosion Due to Carbonation in Non-Aggressive and Normal Exposures in the Spanish Mediterranean. Materials 2022, 15, 745. [Google Scholar] [CrossRef]

	



Andrade, C.; Menéndez, E.; Lima, L.; Villagrán, Y.; Luchtenberg, C. Diseño Prestacional para la Durabilidad de Estructuras de Hormigón Armado. Vida Útil de Estructuras Existentes. Monitoreo, Intervención y Rehabilitación; Fundación Rogelio Segovia para el Desarrollo de las Telecomunicaciones: Madrid, Spain, 2014; ISBN (13): 978-84-7402-400-5. [Google Scholar]

	



Andrade, C.; Menéndez, E.; Lima, L.; Luchtenberg, C. Vida Útil de la Estructuras de Hormigón. Proyecto y Modelización; Fundación Rogelio Segovia Para el Desarrollo de las Telecomunicaciones: Madrid, Spain, 2013; ISBN (13): 978-84-7402-396-1. [Google Scholar]

	



Instituto Valenciano de la Edificación. Guía Para la Inspección y Evaluación Complementaria de Estructuras de Hormigón en Edificios Existentes; Consellería de Medio Ambiente, Agua, Urbanismo y Vivienda. Generallitat Valenciana: Valencia, Spain, 2008. [Google Scholar]

	



Xiao, M.; Zhang, S.; Tang, Y.; Lin, Z.; Chen, J. A study of a real-time online monitoring system for the durability of concrete structures. Anti-Corros. Methods Mater. 2016, 63, 184–189. [Google Scholar] [CrossRef]

	



Wierig, H.J. Long-time studies on the carbonation of concrete under normal outdoor exposure. In Proceedings of the Rilem Seminar on Durability of Concrete Structures under Normal Outdoor Exposure, Hannover, Germany, 26–27 March 1984. [Google Scholar]

	



Shi, J.; Wu, M.; Ming, J. Degradation effect of carbonation on electrochemical behavior of 2304 duplex stainless steel in simulated concrete pore solutions. Corros. Sci. 2020, 177, 109006. [Google Scholar] [CrossRef]

	



Al·Kadhimi, T.K.H.; Banfill, P.; Millard, S.G.; Bungey, J.H. An accelerated carbonation procedure for studies on concrete. Adv. Cem. Res. 1996, 8, 47–59. [Google Scholar] [CrossRef]

	



Chávez-Ulloa, E.; Pérez, T.; Reyes, J.; Corvo, F.; Osorno, J. Carbonation of Concrete in Natural Atmosphere and Accelerated Carbonation Chamber; Centro de Investigación en Corrosión, University Autónoma de Campeche, México, Instituto Tecnológico de Campeche 24039: San Francisco de Campeche, Mexico, 2010. [Google Scholar]

	



Geng, J.; Liu, J.; Yan, J.; Ba, M.; He, Z.; Li, Y.; Schütze, M. Chemical Composition of Corrosion Products of Rebar Caused by Carbonation and Chloride. Int. J. Corros. 2018, 2018, 7479383. [Google Scholar] [CrossRef]

	



Ho, D.W.S.; Lewis, R.K. Carbonation of concrete and its prediction. Cem. Concr. Res. 1987, 17, 489–501. [Google Scholar] [CrossRef]

	



Wang, H.; Zhang, A.; Zhang, L.; Liu, J.; Han, Y.; Wang, J. Research on the Influence of Carbonation on the Content and State of Chloride Ions and the Following Corrosion Resistance of Steel Bars in Cement Paste. Coatings 2020, 10, 107. [Google Scholar] [CrossRef]

	



L’Hostis, V. Long-term corrosion of rebars submitted to concrete carbonation. Mater. Corros. 2020, 71, 777–785. [Google Scholar] [CrossRef]

	



Otieno, M.; Ikotun, J.; Ballim, Y. Experimental investigations on the influence of cover depth and concrete quality on time to cover cracking due to carbonation-induced corrosion of steel in RC structures in an urban, inland environment. Constr. Build. Mater. 2019, 198, 172–181. [Google Scholar] [CrossRef]

	



Moreno, M.; Morris, W.; Alvarez, M.G.; Duffó, G.S. Corrosion of reinforcing steel in simulated concrete pore solutions: Effect of carbonation and chloride content. Corros. Sci. 2004, 46, 2681–2699. [Google Scholar] [CrossRef]

	



Parrott, L.J. Carbonation, moisture and empty pores. Adv. Cem. Res. 1992, 4, 111–118. [Google Scholar] [CrossRef]

	



Jiang, L.; Xu, J.; Chu, H.; Xu, Y.; Zhang, Y. Evolution of pH and chemical composition of pore solution in carbonated concrete. Constr. Build. Mater. 2012, 28, 519–524. [Google Scholar]

	



Majlesi, A.; Koodiani, H.; de Rincon, O.; Montoya, A.; Millano, V.; Torres-Acosta, A.A.; Troconis, B.C.R. Artificial neural network model to estimate the long-term carbonation depth of concrete exposed to natural environments. J. Build. Eng. 2023, 74, 106545. [Google Scholar] [CrossRef]

	



Melchers, R.E.; Richardson, P. Carbonation, Neutralization, and Reinforcement Corrosion for Concrete in Long-Term Atmospheric Exposures. Corrosion 2023, 79, 395–404. [Google Scholar] [CrossRef]

	



Yoon, I.-S.; Chang, C.-H. Time Evolution of CO2 Diffusivity of Carbonated Concrete. Appl. Sci. 2020, 10, 8910. [Google Scholar] [CrossRef]

	



Alonso, C.; Andrade, C.; Balancán, M.; Barra, M.; Bonilla, M.; Borrachero, M.; Castro Borges, P.; Climent y Fernández, M. Procesos de Degradación Físico-Químicos en Estructuras de Hormigón Armado; Garcés, P., Ed.; Publicacions Universitat d’Alacant: Alicante, Spain, 2021. [Google Scholar]

	



Stefanoni, M.; Angst, U.; Elsener, B. Corrosion rate of carbon steel in carbonated concrete—A critical review. Cem. Concr. Res. 2018, 103, 35–48. [Google Scholar] [CrossRef]

	



Alonso, C.; Andrade, C. Life time of rebars in carbonated concrete. In Progress in Understanding and Prevention of Corrosion; Costa, J.M., Mercer, A.D., Eds.; Institute of Materials: London, UK, 1994; p. 624. [Google Scholar]

	



Andrade, C.; Alonso, C.; Gulikers, J.; Polder, R.; Cigna, R.; Vennesland, Ø.; Salta, M.; Raharinaivo, A.; Elsener, B. Test method for on-site corrosion rate measurement of steel reinforcement in concrete by means of polarization resistance method. Mater. Struct. 2004, 37, 623–643. [Google Scholar] [CrossRef]

	



Angst, U.; Moro, F.; Geiker, M.; Kessler, S.; Beushausen, H.; Andrade, C.; Lahdensivu, J.; Köliö, A.; Imamoto, K.-I.; von Greve-Dierfeld, S.; et al. Corrosion of steel in carbonated concrete: Mechanisms, practical experience, and research priorities—A critical review. RILEM Tech. Lett. 2020, 5, 85–100. [Google Scholar] [CrossRef]

	



Planas, J.; Elices, M.; Guinea, G.V.; Gomez, F.J.; Cendon, D.A.; Arbilla, I. Generalizations and specializations of cohesive crack models. Eng. Fract. Mech. 2003, 70, 1759–1776. [Google Scholar] [CrossRef]

	



Elices, M.; Planas, J. Fracture mechanics parameters of concrete: An overview. Adv. Cem. Based Mater. 1996, 4, 116–127. [Google Scholar] [CrossRef]

	



Bazant, Z.; Planas, J. Fracture and Size Effect in Concrete and Other Quasibrittle Materials; C.R.C. Press: Boca Raton, FL, USA, 1998. [Google Scholar]

	



Elices, M.; Guinea, G.V.; Gomez, J.; Planas, J. The cohesive zone model: Advantages, limitations and challenges. Eng. Fract. Mech. 2002, 69, 137–163. [Google Scholar] [CrossRef]

	



Molina, F.; Alonso, M.; Andrade, C. Cover cracking as a function of bar corrosion: Part II—Numerical model. Mater. Struct. 1993, 26, 532–548. [Google Scholar] [CrossRef]

	



Guzmán, S.; Gálvez, J.C.; Sancho, J.M.; Planas, J. Fisuración del hormigón por corrosión de las armaduras pasivas inducida por cloruros. An. Mecánica Fract. 2007, 2, 633–638. [Google Scholar]

	



Thoft-Christensen, P. Papers: Volume 6: 2001–2003; Department of Civil Engineering, Aalborg University: Aalborg, Denmark, 2007; Volume 116, pp. 1510–1511. ISBN 8791606152. Available online: https://vbn.aau.dk/en/publications/papers-volume-6-2001-2003 (accessed on 1 November 2023).

	



Herholdt, A.; Justesen, C.; Nepper-Christensen, P.; Nielsen, A. Beton Bogen; Aalborg Portland A/S: Aalborg, Denmark, 1985. [Google Scholar]

	



Mehta, P.K.; Monteiro, P.J.M. Concrete: Structure, Properties and Materials, 1st ed.; Prentice-Hall: Hoboken, NJ, USA; Indian Concrete Institute: Chennai, India, 1997. [Google Scholar]

	



Saura, P.; Zornoza, E.; Andrade, M.C.; Ferrándiz-Mas, V.; Garcés, P. Composition of Corroded Reinforcing Steel Surface in Solutions Simulating the Electrolytic Environments in the Micropores of Concrete in the Propagation Period. Materials 2022, 15, 2216. [Google Scholar] [CrossRef]

	



Guzmán, S.; Gálvez, J.C.; Sancho, J. Cover cracking of reinforced concrete due to rebar corrosion induced by chloride penetration. Cem. Concr. Res. 2011, 41, 893–902. [Google Scholar] [CrossRef]

	



Bhargava, K.; Ghosh, A.K.; Mori, Y.; Ramanujam, S. Model for cover cracking due to rebar corrosion in rc structures. Eng. Struct. 2006, 28, 1093–1109. [Google Scholar] [CrossRef]

	



Solgaard, A.; Michel, A.; Geiker, M.; Stang, H. Concrete cover cracking due to uniform reinforcement corrosion. Mater. Struct. 2013, 46, 1781–1799. [Google Scholar] [CrossRef]

	



Pease, B.J.; Michel, A.; Thybo, A.; Stang, H. Estimation of elastic modulus of reinforcement corrosion products using inverse analysis of digital image correlation measurements for input in corrosion-induced cracking model. In Proceedings of the 6th International Conference on Bridge Maintenance, Safety and Management (IAMBAS), Lake Como, Italy, 8–12 July 2012. [Google Scholar]

	



Michel, A.; Pease, B.J.; Peterová, A.; Geiker, M.R.; Stang, H.; Thybo, A.E.A. Penetration of corrosion products and corrosion-induced cracking in reinforced cementitious materials: Experimental investigations and numerical simulations. Cem. Concr. Compos. 2014, 47, 75–86. [Google Scholar] [CrossRef]

	



UNE-EN 12504-1; Testing Concrete in Structures. Part 1: Cored Specimens. Taking, Examining and Testing in Compression. Spanish Standardisation Association: Madrid, Spain, 2020.

	



UNE-EN 12390-3; Testing Hardened Concrete. Part 3: Compressive Strength of Test Specimens. Spanish Standardisation Association: Madrid, Spain, 2020.

	



UNE-EN 14630-2007; Determination of the Carbonation Depth in Hardened Concrete by the Phenolphthalein Method. Spanish Standardisation Association: Madrid, Spain, 2007.

	



Andrade, C.; Izquierdo, D. Durability and Cover Depth Provisions in Next Eurocode 2. Background Modelling and Calculations. Hormigón Acero 2023, 74, 19–40. [Google Scholar] [CrossRef]

	



Saura, P.; Sánchez, J.; Torres, J.; Chinchón, S.; Rebolledo, N.; Galao, O. Carbonation-Induced Corrosion of Reinforced Concrete Elements according to Their Positions in the Buildings. Corros. Mater. Degrad. 2023, 4, 345–363. [Google Scholar] [CrossRef]

	



Saura, P.; Sánchez, J.; Torres, J.; Chinchón, S.; Rebolledo, N. Decreased useful life in air chamber reinforced concrete elements under sanitary floors by carbonation corrosion. Case Stud. Constr. Mater. 2023, 19, e02390. [Google Scholar]








[image: Materials 17 00101 g001] 





Figure 1. Schematic representation of corner reinforcement with corrosion (appearance of oxides and oxyhydroxides), cracking (volume increase), and loss of section. 
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Figure 2. Geographic identification of the 25 buildings studied. 
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Figure 5. In situ corrosion rate measurement (building 24) using portable tester (a). Connection diagram with corrosimeter Gecor8 (b). 
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Figure 6. Graphic representation on a concrete section of the different corrosion periods: corrosion initiation (0); propagation until cracking (1); and propagation until an unacceptable loss of diameter (2). 
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Scheme 1. Carbonation coefficient KCO2 and characteristic compressive strength fck. 
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Scheme 2. Carbonation coefficient KCO2 and corrosion initiation period tinit. 
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Scheme 3. Carbonation coefficient KCO2 and propagation period of corrosion until the cracking of the cover ttcrack,corr, and the period until an unacceptable loss of cross-section tsect,corr. 
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Scheme 4. Relationship between corrosion rate Vcorr and carbonation coefficient KCO2 during propagation periods. 
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Scheme 5. Corrosion rate Vcorr during the propagation period until cracking of the cover tcrack,corr and until the unacceptable loss of cross-section tsect,corr. 
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Scheme 6. Relationship between corrosion rate Vcorr and initiation period (0) tinit. 
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Scheme 7. Relationship between corrosion rate Vcorr and propagation period until cracking (1) tcrack,corr and until unacceptable loss of cross-section (2) tsect,corr. 
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Scheme 8. Relationship between corrosion rate Vcorr and characteristic compressive strength fck. 
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Scheme 9. Relationship between carbonation coefficient KCO2 and characteristic compressive strength fck. 
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Scheme 10. Comparison of estimated corrosion rates Vcorr according to formulas and measured in situ. 
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Scheme 11. Diagram of section loss (Pcorr) vs. time (t) in different periods and service states. 
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Table 1. Statistical analysis of all variables studied (fck, KCO2, age, Vorr, tinit, and tprop) in the 143 elements of the 25 buildings and in the three considered periods (0 corrosion initiation, 1 corrosion propagation until cracking, and 2 corrosion propagation until an unacceptable loss of diameter).
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Statistical Indicators




	
Variable

	
N

	
M

	
    X ¯    

	
σ






	
fck (N/mm2)




	
0

	
50

	
24.00

	
28.94

	
11.64




	
1

	
64

	
16.25

	
18.15

	
9.05




	
2

	
29

	
18.90

	
20.73

	
5.07




	
KCO2(  mm /  y e a r   )




	
0

	
50

	
2.76

	
2.46

	
1.36




	
1

	
64

	
9.06

	
9.93

	
4.42




	
2

	
29

	
5.60

	
5.70

	
1.11




	
Age (year)




	
0

	
50

	
38.00

	
29.58

	
17.24




	
1

	
64

	
41.00

	
41.13

	
14.40




	
2

	
29

	
60.00

	
65.10

	
28.22




	
Vcorr (µm/year)




	
0

	
50

	
0

	
0

	
0




	
1

	
64

	
3.86

	
5.97

	
5.98




	
2

	
29

	
39.57

	
45.43

	
37.87




	
tinit (year)




	
0

	
50

	
88.91

	
706.19

	
2420.59




	
1

	
64

	
8.24

	
11.06

	
9.33




	
2

	
29

	
14.07

	
19.41

	
12.61




	
tprop (year)




	
0

	
50

	
0.00

	
13.66

	
0.00




	
1

	
64

	
29.57

	
30.06

	
15.46




	
2

	
29

	
45.71

	
45.70

	
31.39











 





Table 2. Measurements of Vcorr using the reinforcement diameter loss (formulas) and in situ measurements taken with a portable corrosion tester.
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	Building element (number)
	24.06
	24.01
	24.05
	25.10
	24.02
	25.04
	24.03
	24.04
	25.09
	25.07
	25.06
	M median
	   X ¯    average



	Vcorr-estimated (μm/year)
	11.89
	26.26
	33.23
	39.57
	40.47
	40.60
	40.75
	48.90
	49.74
	54.99
	59.28
	40.60
	40.52



	Vcorr (in situ) (μm/year)
	5.03
	24.57
	4.33
	60.84
	28.67
	48.79
	38.03
	33.11
	84.94
	14.39
	24.57
	28.67
	33.39
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