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Abstract


This research evaluates the behavior corrosion of galvanized steel (GS) and AISI 1018 carbon steel (CS) embedded in conventional concrete (CC) made with 100% CPC 30R and two binary sustainable concretes (BSC1 and BSC2) made with sugar cane bagasse ash (SCBA) and silica fume (SF), respectively, after 300 days of exposure to 3.5 wt.% MgSO4 solution as aggressive medium. Electrochemical techniques were applied to monitor corrosion potential (Ecorr) according to ASTM C-876-15 and linear polarization resistance (LPR) according to ASTM G59 for determining corrosion current density (icorr). Ecorr and icorr results indicate after more than 300 days of exposure to the sulfate environment (3.5 wt.% MgSO4 solution), that the CS specimens embedded in BSC1 and BSC2 presented greater protection against corrosion in 3.5 wt.% MgSO4 than the specimens embedded in CC. It was also shown that this protection against sulfates is significantly increased when using GS reinforcements. The results indicate a higher resistance to corrosion by exposure to 3.5 wt.% magnesium sulfate two times greater for BSC1 and BSC2 specimens reinforced with GS than the specimens embedding CS. In summary, the combination of binary sustainable concrete with galvanized steel improves durability and lifetime in service, in addition to reducing the environmental impact of the civil engineering structures.
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1. Introduction


A wide variety of materials are used in the construction industry, the most utilized of which is ordinary Portland cement (OPC), an essential raw material for the manufacture of hydraulic concrete. Unfortunately, the massive energy consumption and carbon dioxide emission that is generated during its manufacturing process has negative impacts on the environment, such as climate change. For instance, the manufacturing of 1 ton of OPC releases around 0.87–1 ton of CO2, leading to a global contribution around 10% of the CO2 the anthropogenic and 2–3% (4–5 GJ/ton) of energy consumption. CO2 is emitted from the calcination process of limestone, the combustion of fuels in the furnace and from the generation of energy for electricity [1,2,3].



Although there is an impact on the environment generated by the manufacture of OPC, Hydraulic concrete is the most widely used construction material worldwide [4,5,6]. This is due to the great versatility it presents in its physical, mechanical and durability properties [7,8,9,10,11]. However, the problem of corrosion in reinforced concrete structures is a multimillion-dollar problem in India among other countries [12]. It is also of great interest because it is considered the main factor causing premature structure damage. Over time, significant damage might occur, compromising the structural integrity of civil works such as bridges, buildings, etc. [13,14,15,16].



Corrosion of steel in concrete consists of an electrochemical redox reaction in which the oxidation of iron takes place at the anode while oxygen reduction reaction takes place at the cathode. Corrosion of steel happens due to several factors that affect the passive layer formed by the steel in a high pH environment, compromising its stability. The main factors that promote this passivity breakdown are carbonation and the ingress of aggressive ions [17,18]. Chloride and sulfate ions are detrimental for reinforced concrete, deteriorating its structural integrity, reducing its lifetime and increasing the cost of maintenance of civil infrastructures [19,20,21,22]. These ions are considered the main cause of the corrosion initiation stage of reinforcing steel. They are present in the environment from sulphated soils or contaminated by agrochemicals, wastewater, de-icing salts and marine environment, among others [23,24,25]. Furthermore, they can also be found in elements of the concrete mix (aggregates, cement, water, additives) [26,27,28,29,30]. During the oxidation of the steel embedded in concrete, an increased internal pressure is promoted due to the increased volume of the corrosion products from steel. This generates internal stresses or forces on the surrounding concrete, causing cracking or fragmentation [31,32].



Several investigations have been carried out from various approaches in order to mitigate corrosion of steel in concrete. For instance, some have proposed higher quality concrete mixes, as well as the effects of concrete containing corrosion inhibitors [33,34,35,36]. Additional approaches include microencapsulated corrosion inhibitors [37], application of epoxy coatings [38,39,40], alternative reinforcement steels such as stainless steels [41,42,43,44,45,46] and galvanized steel [47,48,49,50,51,52]. Furthermore, various investigations have been developed where agro-industrial and industrial residues have been used as partial substitutes for OPC, known as supplemental cementitious materials (SCMs). SCM, when incorporated into the concrete, improves the resistance to aggressive ions via promoting a more dense and less permeable concrete matrix. This is due to the pozzolanic characteristics of these residues [53,54] and allows the production of concretes that are more resistant to chloride and sulfate ion ingress. Among the main SCMs that have demonstrated the highest corrosion resistance are silica fume, granulated blast furnace slag, fly ash, metakaolin, rice husk ash, and sugar cane bagasse ash [55,56,57,58,59,60,61,62,63].



Sugar cane bagasse ash (SCBA) as a partial substitute for OPC has shown considerable benefits when used for the preparation of concrete mixtures, significantly increasing its durability. These concretes made with SCBA are known in the scientific community as ecological concretes, sustainable concrete, green concretes or eco-friendly concretes [64,65,66]. This is due to the incorporation of the SCBA in replacement percentages ranging from 5% to 30%. This replacement has a direct impact on caring for the environment, first for using an agro-industrial waste, that in Mexico still does not have a specific use, and second for reducing the use of OPC, which means a reduction in CO2 emissions. Although there are many works on the use of SCBA as a substitute for OPC to produce eco-friendly concretes, it is important to mention that work is being carried out for its application in the construction of sustainable roads [67,68]. This present a great opportunity in the countries where the highest production of this residue is generated.



This research evaluates the corrosion behavior of conventional concrete (CC) made with 100% CPC 30R and two binary sustainable concrete (BSC1 and BSC2) made with SCBA and SF, BSC1 made with 10% SCBA as a substitute for CPC 30R and the second made with 10% SF as a substitute. Reinforcing steel rebars of AISI 1018 carbon steel (CS) and galvanized steel (GS) were embedded and exposed for more than 300 days to a sulfated medium (3.5% solution of MgSO4). This concentration was used to simulate an aggressive environment that contains sulfates where civil works can be built based on reinforced concrete, such as the foundation soil, contact with wastewater and marine environments, among others. The results obtained from the corrosion current intensity (icorr) in CC, BSC1 and BSC2, have allowed us to understand the corrosion kinetics of GS used as a reinforcement in eco-friendly concrete exposed to a sulfated medium. Furthermore, the enhanced corrosion resistance of these concretes would promote the use of agro-industrial and industrial waste to manufacture sustainable and ecological concretes that contribute to a sustainable development of our society.




2. Materials and Methods


2.1. Materials Used for Made Binary Sustainable Concrete


In this research, OPC concrete was used CPC 30R (NMX C-414 standard of the ONNCCE) [69], BSC1 and BSC2 used SCBA and SF as partial substitutes for CPC 30R in percentages of 10%, respectively. The SCBA was sampled from one of the boilers where the combustion temperature reached 750 °C. The SF used was purchased from a commercial supplier. The aggregates used were from banks located in the Region of Xalapa, Veracruz (Mexico), and likewise the mixing water used was tap water.




2.2. Dosage of Binary Sustainable Concretes


The dosage of concrete mixtures was carried out according to the method of ACI 211.1 [70]. This method is based on the quality of the concrete required, mainly considering the resistance to simple compression (f’c) or w/c ratio, the settlement (workability or consistency), in addition to the characterization of the physical properties of the aggregates (sand and gravel). By knowing these parameters, it is possible to perform the necessary concrete dosage, which determines the quantity of materials (cement, water, gravel and sand). For the physical characterization of the aggregates, the tests are carried out according to ASTM standards [71,72,73,74]. Table 1 summarizes these characteristics of the aggregates.



Table 2 the shows the dosage used for each concrete mixture, the first from CC (100% CPC 30R), the second BSC1 (90% CPC 30R-10% SCBA) and third BSC2 (90% CPC 30R-10% SF). As indicated above, the concretes BSC1 and BSC2 were made with a 10% substitution of CPC 30R for 10% SCBA and 10% SF respectively, this substitution percentage has proven to be adequate to improve the physical, mechanical and durability properties of concrete in different studies [75,76,77]. Table 3 shows the chemical composition of both binder materials used as a substitute to the OPC obtained by X-ray fluorescence (XRF) analysis, which was provided by the supplier.




2.3. Test to the Fresh and Hardened Conventional Concrete and Binary Sustainable Concretes


The tests for the characterization of the concrete mixtures in a fresh state were performed in accordance with the ONNCCE and ASTM standards, the slump by NMX-C-156-ONNCCE-2010 [78], temperature by ASTM C 1064/C1064M–08 [79], density by NMX-C-162-ONNCCE-2014 [80], and the compressive strength in accordance with the NMX-C-083-ONNCCE-2014 standard [81]. The obtained results are shown in Table 4. Figure 1 shows the compressive strength test setup used in this study.




2.4. Nomenclature of the Studied Specimens CC, BSC1 and BSC2


For the test specimens and in accordance with the parameters for this research, the nomenclature of the specimens for evaluation of corrosion has the following definitions, as show in Table 5:




2.5. Characteristic of Test Specimens and Electrochemical Cell for the Monitoring of Corrosion


The reinforced concrete specimens were prisms with dimensions of 150 × 150 × 150 mm, as depicted in Figure 2. In each specimen were three bars of steel, two for the evaluation of the corrosion behavior (monitoring of Ecorr and icorr). The bars were of 3/8′′ of diameter, the first of GS and the second of CS, these bars were used as working electrodes (WE), and the third was an AISI 314 SS steel bar as auxiliary electrode (AE), according to the ASTM G-59 standard [82]. The composition for the AISI 1018 CS and GS rebars is included in Table 6 and Table 7, respectively. The galvanized process was performed according to ASTM A767, specifying a minimum thickness of 85–87 μm [83]. Typical coatings thickness for rebars is in the range of 110–120 μm [83]. The galvanizing process consists of the reaction of steel and molten zinc, producing a coating on top of the steel. This coating is composed of iron-zinc alloy layers such as gamma, delta and zeta that grow from the steel. The outermost layer is composed of pure zinc or eta phase. One advantage of galvanizing compared to typical coatings is that the bonding mechanism depends on the inter-alloying process between the steel and the molten zinc [84].



To evaluate the icorr, linear polarization resistance (LPR) technique was applied. A three-electrode configuration was used consisting of the above mentioned WE and AW, and a copper/copper sulfate (CSE) reference electrode (RE), as depicted in Figure 3 [85,86]. The curing stage of all specimens was carried out by immersion in water for 28 days, according to NMX-C-159 standard [87]. After the curing period, the specimens were placed in two environments, DI-water (control medium) and 3.5 wt.% MgSO4 solution (aggressive medium), the exposure time was for more than 300 days.



A galvanostat/potentiostat Gill AC (ACM instruments) was used for corrosion monitoring (LPR), with a standard copper-copper sulfate (Cu/CuSO4) as reference electrode. The parameters used to perform the LPR test were the same as those used by other researchers [88,89,90], the sweep potential was ±20 mV with respect to the corrosion potential and the sweep rate was 10 mV/minute, the IR drop potential was considered. The corrosion current density (icorr) values were estimated from the polarization resistance (Rp) data using Stern and Geary equation (see Equation (1)):


   i  corr   =  B   R p     



(1)




where B is Stern-Geary constant (B = 26 mV for carbon steel in active state) [91].





3. Results and Discussion


3.1. Corrosion Potential (Ecorr)


The Ecorr of the specimens was monitored in accordance with ASTM C876-15 [92] and interpreted by the criteria presented in Table 8.



3.1.1. Ecorr Galvanized Steel and AISI 1018 Carbon Steel in Concrete Exposed to Control Medium (DI-Water)


In Figure 4, the behavior of corrosion potentials can be observed. Ecorr of all study specimens when they were exposed to the control medium (water), both reinforced with galvanized steel, CC-W-GS, BSC1-W-GS and BSC2-W-GS as well as those reinforced with AISI 1018, CC-W-CS, BSC1-W-CS and BSC2-W-CS.



The difference in corrosion potentials according to the type of reinforcing steel is perfectly observed, the specimens with AISI 1018 CS present the most noble potentials, from the curing stage, with Ecorr values ranging from –260 to –330 mV on day 7, reaching values lower than –200 mV after 28 days of curing, and afterwards displaying their most noble Ecorr values at –110 mV until the end of the monitoring. This indicates, according to the ASTM C-876-15 standard, a 10% of risk corrosion in all specimens [92]. However, the specimen that presented the most positive or noble values was the BSC2-W-CS specimen, followed by BSC1-W-CS and CC-W-CS. In the case of specimens reinforced with galvanized steel, a similar behavior occurs, with Ecorr values in the curing stage ranging from –800 to –1125 mV on day 7, and day 28 to Ecorr values more positive, in a range from –680 to –880 mV, to continue with a passivation trend with values around –500 mV by day 98 and observing a slight increase in performance for the BSC2-W-GS and CC-W-GS specimens compared to that reported by the BSC1-W-GS specimen. The behavior of the Ecorr values remains constant, indicating a 90% of risk corrosion until the end of the monitoring, with Ecorr values between −500 to −350 mV for the three specimens. The results of the Ecorr values of galvanized steel in the three concretes exposed to the control medium, agree with investigations where the corrosion efficiency of galvanized steel as reinforcement in concrete specimens was evaluated. In a study, initial corrosion potential values were recorded around −650mV, with differences of up to 100 mV between the study mixtures, associated with the difference in pH of the study mixtures as well as their water/cement ratio [93].




3.1.2. Ecorr Galvanized Steel and AISI 1018 Carbon Steel in Concrete Exposed to 3.5 wt.% MgSO4 Solution


In Figure 5, the Ecorr behavior of the studied specimens can be observed when exposed to the aggressive medium (3.5 wt.% MgSO4 solution) for more than 300 days. In the curing stage, they present a behavior similar to that reported in the specimens exposed to the control medium, with a passivation behavior on the three studied mixtures, presenting Ecorr values in a range of −280 and −400 mV on day 7 for CC-MS-CS, BSC1-MS-CS and BSC2-MS-CS specimens. On the last day of the curing stage, day 28, Ecorr values were found in the range of −240 and −290 mV. A passivation behavior of the corrosion potentials was observed towards more positive values until day 126 reaching values of −150 mV for the BSC1-MS-CS specimen, −170 mV for the BSC2-MS-CS and −210 mV for CC-MS-CS specimen. Later, a decreasing tendency is observed over time, reaching, at the end of the monitoring, values that indicate intermediate corrosion risk according to the ASTM C-876-15 standard with values of −348 mV for the CC-MS-CS specimen, −300 mV for the BSC1-MS-CS specimen and −280 mV for the BSC2-MS-CS specimen. A benefit from the use of binary sustainable concretes is observed, presenting a better performance against the corrosion in the presence of magnesium sulfate. Specifically, the specimen made with 10% Silica Fume (BSC2) showed enhanced corrosion resistance, followed by 10% SCBA (BSC1).



In the case of specimens with galvanized steel in the curing stage, a behavior similar to that reported in the specimens exposed to the control medium is presented. Ecorr values in the range of −1150 mV to −750 mV are observed on day 7, increasing towards more positive values in the range of −580 mV to −730 mV on day 28, at the end of the curing stage. A passivation stage is also observed when exposed to the aggressive environment (3.5 wt.% MgSO4 solution), according to the literature [94,95], said passivation period lasts until day 126, reaching values up to −355 mV for the CC-MS-GS specimen and −400 mV for the BSC1-MS-GS and BSC2-MS-GS specimens, to later present a trend towards more negative Ecorr values, which remain stable from day 154 to 252 in a range between −400 and −440 mV, indicating 90% risk corrosion according to the ASTM C-876-15 standard [92]. Later, a pronounced tendency to more negative values is observed, associated with the depassivation or activation of the steel-concrete system, reaching values of −620 mV for the CC-MS-GS specimen, followed by the BSC1-MS-GS with an Ecorr of −590 mV and the BSC2-MS-GS specimen with the best performance, with a corrosion potential of –510 mV at the end of the monitoring. The behavior indicates a better performance, evaluated according to what is indicated in the ASTM C-876-15 standard, of the binary sustainable concretes made with 10% SF, BSC2-MS-GS, followed by the one made with 10% SCBA, BSC1-MS-GS and finally the specimen made with 100% CPC 30R, CC-MS-GS [92].





3.2. Corrosion Current Density (icorr)


The criteria used to analyze the icorr results are based on the state of corrosion of carbon steel in OPC reported in the literature [96], as shown in Table 9.



3.2.1. Behavior icorr Galvanized Steel and AISI 1018 Carbon Steel in Concrete Exposed to Control Medium


Figure 6 shows the behavior of the corrosion rate or corrosion current intensity (icorr) of the CC and binary sustainable concrete specimens immersed in a control medium (DI-Water), reinforced with CS and GS. All specimens with AISI 1018 CS present values of icorr between 0.4 to 0.3 µA/cm2 on day 7, progressively decreasing to values between 0.16 to 0.12 µA/cm2 on day 28. This agrees with various works reported in the literature, associated with the progressive formation of a passivation layer in the steel rebars embedded in concrete during this period of time or curing stage [97,98]. As exposure time increases, a tendency of CC-W-CS, BSC1-W-CS and BSC2-W-CS to more noble values of icorr is observed. BSC2-W-CS, which is made with binary sustainable concrete, shows the least active values. This specimen presents icorr values below 0.10 µA/cm2 since day 112, indicating a negligible level of corrosion according to Table 9. This trend maintains until the end of monitoring, when values of 0.04 µA/cm2 are observed. The CC-W-CS and BSC1-W-CS specimens, which after day 182 present values of icorr lower than 0.10 µA/cm2, displayed very similar values, reaching icorr values of 0.05 and 0.06 µA/cm2 at the end of the monitoring, indicating a negligible level of corrosion.



For the specimens reinforced with GS, CC-W-GS, BSC1-W-GS and BSC2-W-GS the behavior is very similar, with high icorr values at the beginning of the curing stage ranging from 0.28 and 0.23 µA/cm2 on day 7, decreasing to values below 0.10 µA/cm2 on day 28. This behavior is associated with protection offered by the zinc layer of said steels, observed during the 300 days of monitoring. This is observed in the GS specimens that present lower values of icorr than the specimens with AISI 1018 CS. It is also found that the specimen made with binary sustainable concrete, using 10% silica fume, BSC2-W-GS specimen, presents the noblest icorr values than those reported by the CC-W-GS and BSC1-W-GS specimens. However, it is observed that all the specimens with GS, CC-W-GS, BSC1-W-GS and BSC2-W-GS presented icorr values that indicate a negligible level of corrosion according to the Table 9, behavior that agrees with the results of other investigations [99,100], when evaluating corrosion in control media or media without aggressive agents such as sulfates or chlorides.




3.2.2. icorr Galvanized Steel and AISI 1018 Carbon Steel in Concrete Exposed to 3.5 wt.% MgSO4 Solution


Figure 7 shows the icorr transient response of the CS and GS reinforcements embedded in CC, BSC1 and BSC2 exposed to 3.5 wt.% MgSO4 solution. Specimens reinforced with CS, CC-MS-CS, BSC1-MS-CS and BSC2-MS-CS, present a behavior very similar to those reported in the reference specimens exposed to the control media during the curing stage, with icorr values between 0.38 and 0.34 µA/cm2, reaching values of icorr between 0.32 and 0.25 µA/cm2 on day 28. This is associated with the formation of the passive layer. When the specimen is exposed to the aggressive environment, the icorr values show a decreasing tendency, with values below 0.10 µA/cm2 on day 84, indicating a negligible level of corrosion in this moment. This behavior agrees with the literature, where a favorable behavior against corrosion occurs in the first months of exposure to sulfated media [101]. However, after day 126 of exposure, there is an increasing trend in the icorr values for the three specimens, CC-MS-CS, BSC1-MS-CS and BSC2-MS-CS, which agrees with the Ecorr values reported for specimens, which can be associated with the activation of the system. This activation is achieved on day 168 when the three specimens presented values greater than 0.10 µA/cm2, remaining between 0.13 and 0.09 µA/cm2, until day 252, where there is a greater increase in corrosion rate, reaching values of icorr at the end of the monitoring of 0.24, 0.22 and 0.18 µA/cm2, respectively. This indicates that in the exposure conditions of the present study, the CS reinforced BSC1 and BSC2 specimens impart a higher corrosion protection than CC, this favorable behavior coinciding with the use of SCBA and SF in sulfate media as reported in the literature [102].



The specimens with GS, CC-MS-GS, BSC1-MS-GS and BSC2-MS-GS also presented a behavior very similar to that analyzed in the specimens exposed to the control medium (DI-water) in the curing stage. Showing icorr values between 0.28 and 0.22 µA/cm2, at the beginning of the curing stage and reaching values of icorr between 0.16 and 0.11 µA/cm2 on day 28. A decreasing tendency is observed in the corrosion kinetics, maintaining values of icorr between 0.07 and 0.04 µA/cm2, from day 56 to day 168. Thus indicating a better performance than the specimens reinforced with AISI 1018 CS, whose passivity breakdown occurred after day 126.



The activation of steel for the specimens with GS is observed on day 182 with a constant increase, although still with icorr values below 0.10 µA/cm2, which indicates according to Table 9 that the level of corrosion is negligible. However, for the CC-MS-GS specimen, made with conventional concrete (100% CPC), an icorr value above the passivation threshold is observed, showing an icorr value of 0.12 µA/cm2, associated with a moderate level of corrosion. An increasing trend in the icorr values is observed, with an icorr value of 0.16 µA/cm2. In the case of specimens made with BSC1 and BSC2, there is a greater resistance to corrosion induced by sulfates, presenting the specimen BSC1-MS-GS made with SCBA values until day 294 below 0.10 µA/cm2. However, in the last monitoring, it reached a value slightly higher than 0.10 µA/cm2, indicating the activation of the system but higher resistance than the CC-MS-GS specimen. Likewise, the specimen that presented the best performance is the BSC2-MS-GS specimen, which at the end of the monitoring presented an increased trend, but without reaching values greater than 0.10 µA/cm2, presenting a negligible level of corrosion throughout the exposure time. The benefit of the use of galvanized steel observed in the present investigation is greater, due to the exposure medium, but it has been shown that its anticorrosive efficiency decreases in the presence of chlorides, recommending its use in harsh environments that have up to a concentration of 1% of NaCl as reported in the literature [103]. Other studies evaluated the effect of carbonation on the corrosion of galvanized steel [104], where a protection period was also reported, the same was observed in an investigation where they used corrosion inhibitors applied to galvanized steel exposed in pore solution [105]. All of the above indicates that although galvanized steel protects against corrosion when used as reinforcing steel in concrete structures. The multiple possibilities of means of contact and life in service allow us to continue researching on the subject to increase its resistance to corrosion due to aggressive agents such as sulfates and chlorides, which are the most aggressive and main cause of corrosion in reinforced concrete structures, the most widely used construction system in the world. According to the results obtained in the present investigation, the use of agro-industrial and industrial residues (SCBA and SF), as partial substitutes for cement in the preparation of binary sustainable concretes, are an excellent option to increase resistance to corrosion by sulfates in addition to contribute to the decrease in CO2 emissions due to the manufacture of OPC.






4. Conclusions


A greater corrosion resistance of the AISI 1018 carbon steel reinforcement was observed for specimens made with binary sustainable concretes based on SCBA and SF as a 10% replacement for OPC when exposed to sulfates compared to conventional concrete specimens.



The AISI 1018 CS reinforcements present an excellent corrosion performance in 3.5 wt.% MgSO4 solution, showing Ecorr values comprised between −200 mVCSE and −350 mVCSE after 300 days of exposure, indicating an intermediate probability of corrosion. GS reinforce samples showed a more active Ecorr values around the −400 mVCSE. Both binary sustainable concrete mixtures presented lower corrosion risk compare to conventional Portland cement matrices.



The corrosion current density values (icorr) obtained for all reinforced samples after exposure to water for 300 days were below the corrosion threshold icorr of 0.1 μA/cm2. In addition, GS reinforced BSC1 and BSC2 samples exposed to 3.5 wt.% of MgSO4 solution showed a higher corrosion resistance during the same period of 300 days with icorr values lower that 0.1 μA/cm2, thus indicating a low corrosion risk.



A higher corrosion resistance to sulfate containing medium was observed with the combined use of binary sustainable concrete reinforced with GS compare to CS reinforcements, 0.1 and 0.2 μA/cm2, respectively. Passivity along all the monitoring was observed for the galvanized steel specimens in the sustainable binary concretes, thus indicating an enhanced service lifetime in sulfated medium.



Future work is needed to better determine the corrosion mechanisms of these novel green concrete cementitious materials to promote the transition towards more eco-friendly binders. The enhanced performance against corrosion showed for these binary concrete mixtures justifies the need for further research, where the agro-industrial and industrial waste with pozzolanic properties can be used as substitutes for OPC for the elaboration of concrete mixtures that comply with mechanical properties and durability. This new trend in corrosion protection of reinforced concrete structures will allow for a reduction in CO2 emissions caused by the cement industry.
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Figure 1. Experimental tests setup of compressive strength test of concrete. 
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Figure 2. Dimensions of reinforced concrete specimens for electrochemical tests. 






Figure 2. Dimensions of reinforced concrete specimens for electrochemical tests.



[image: Applsci 11 02133 g002]







[image: Applsci 11 02133 g003] 





Figure 3. Electrochemical cell for the monitoring of corrosion. 
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Figure 4. Ecorr monitoring of GS and CS reinforced concrete exposed to control medium (DI-water). 
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Figure 5. Ecorr monitoring of GS and CS reinforced concrete exposed to 3.5 wt.% MgSO4 solution. 
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Figure 6. icorr monitoring of GS and CS reinforced concrete exposed to control medium (DI-water). 
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Figure 7. icorr monitoring of GS and CS reinforced concrete exposed to 3.5 wt.% MgSO4 solution. 
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Table 1. Results of the characterization of the aggregates.
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Physical Properties of Materials

	
Aggregate




	
Coarse

	
Fine






	
Maximum Aggregate Size (mm)

	
19.05

	
-




	
Bulk Density (Unit Weight) (kg/m3)

	
1372

	
-




	
Relative Density (Specific Gravity)

	
2.4

	
2.6




	
Absorption (%)

	
3.1

	
1.6




	
Fineness Modulus

	
-

	
2.8











 





Table 2. Dosage of conventional concrete and binary sustainable concrete, (kg/m3 of concrete, ratio w/c = 0.65).
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	Materials
	CC

(100% CPC 30R)
	BSC-1

(90% CPC 30R-10% SCBA)
	BSC-2

(90% CPC 30R-10%SF)





	Water
	205
	205
	205



	Cement
	315
	283.5
	283.5



	SCBA
	0
	31.5
	0



	SF
	0
	0
	31.5



	Coarse aggregate
	928
	928
	928



	Fine aggregate
	762
	762
	762










 





Table 3. Chemical composition of SCBA and SF obtained by XRF.
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Material

	
Concentration (wt.%)




	
SO3

	
MgO

	
SiO2

	
Fe2O3

	
Al2O3

	
CaO

	
K2O

	
Na2O

	
Others

	
LOI






	
SCBA

	
0.4

	
−4.3

	
77.14

	
3.87

	
5.17

	
3.9

	
0.83

	
0.2

	
1.39

	
2.8




	
SF

	
0.33

	
0.40

	
92.26

	
1.57

	
0.79

	
0.43

	
1.31

	
0.38

	
−

	
−











 





Table 4. Physical properties conventional concrete and binary sustainable concretes.
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	Test
	CC

(100% CPC 30R)
	BSC1

(90% CPC 30R-10% SCBA)
	BSC2

(90% CPC 30R-10% SF)





	Slump, mm
	20
	15
	10



	Temperature, °C
	23.0
	22.0
	21.0



	Density, kg/m3
	1896
	1892
	1916



	Compressive strength, MPa
	21.18
	20.69
	25.20










 





Table 5. Nomenclature of specimens for evaluation of corrosion.
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Test Environments




	
Conventional Concrete /

Binary Sustainable Concretes

	
DI-Water

	
MgSO4




	

	
CS

	
GS

	
CS

	
GS






	
CC (100% CPC 30R)

	
CC-W-CS

	
CC-W-GS

	
CC-MS- CS

	
CC-MS-GS




	
BSC1 (90% CPC 30R-10% SCBA)

	
BSC1-W-CS

	
BSC1-W-GS

	
BSC1-MS- CS

	
BSC1-MS-GS




	
BSC2 (90% CPC 30R-10% SF)

	
BSC2 -W-CS

	
BSC2-W-GS

	
BSC2-MS- CS

	
BSC2-MS-GS













	
CC = Conventional concrete



	
BSC1 = Binary sustainable concrete 1



	
BSC2 = Binary sustainable concrete 2



	
W = deionized water (DI-water) (control medium)



	
MS = 3.5 wt.% MgSO4 solution (aggressive medium)



	
CS = AISI 1018 carbon steel



	
GS = Galvanized steel


















 





Table 6. Elemental composition (wt.%) of the AISI 1018 CS reinforcement tested.
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Material

	
Element, wt.%




	
C

	
Si

	
Mn

	
P

	
S

	
Cr

	
Ni

	
Mo

	
Cu

	
Fe






	
AISI 1018

	
0.20

	
0.22

	
0.72

	
0.02

	
0.02

	
0.13

	
0.06

	
0.02

	
0.18

	
Balance











 





Table 7. Elemental composition (wt.%) of the zinc bath for the galvanizing process.
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	Al
	Bi
	Cd
	Cu
	Fe
	Ni
	Pb
	Zn





	0.003
	0.007
	0.0002
	0.01
	0.03
	0.06
	0.48
	Balance










 





Table 8. Corrosion condition according to the measured corrosion potential (Ecorr) versus a Cu/CuSO4 (CSE) in reinforced concrete [92].
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	Ecorr (mV vs. CSE)
	Corrosion Condition





	Ecorr > −200
	Low (10% of risk corrosion)



	−200 > Ecorr > −350
	Intermediate corrosion risk



	−350 > Ecorr > −500
	High (<90% of risk corrosion)



	Ecorr < −500
	Severe Corrosion










 





Table 9. Level of corrosion in accordance with the corrosion current density (icorr) [96].
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	icorr (µA/cm2)
	Corrosion Level





	icorr ≤ 0.1
	Negligible (Passivity)



	0.1 < icorr < 0.5
	Low Corrosion



	0.5 < icorr < 1
	Moderate Corrosion



	icorr > 1
	High Corrosion
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