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Abstract

:

The article presents experimental research on the corrosion of prestressing steel bars with denotation CKT (fully threaded anchor bars), which are composed of high-quality prestressing steel of the grade Y 1050 (1050 MPa). The experiment was performed using an electrochemical accelerated test. The aspects of the electric current value influence, time dependence on the degree of corrosion, and especially the influence of the prestressing level in the prestressing steel bars on the degree of corrosion were observed and examined. The results of the experiment showed that if the sample was in a stressed state, its degree of corrosion increased. Specifically, for the maximal stress equal to 90% of the tensile strength, the corrosion degree was increased by approximately 7.3%, in comparison to the unstressed specimen. In this case, a 7.3% corrosion degree corresponds to a weight loss of 350 g. The theoretical degree of corrosion was calculated using Faraday’s Law, which allowed the prediction of a rough estimate of the corrosion degree obtained with known input data. The experimental results showed that there was no apparent difference in the corrosion morphology of the sample during the same time-dependent corrosion influence at the same prestressing level in the sample with the same electric current value.
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1. Introduction


In practice, we distinguish various factors that can cause damage to structures and bridges, such as foundation shift, overloading of the structure, accidental mechanical damage, and others. However, damage to structures due to reinforcement corrosion is one of the significant factors that affect the reliability and remaining service life of structures and bridges, which can lead to failure and even loss of lives [1,2,3,4,5,6,7]. Almost all the materials used in construction undergo degradation. The most used materials in civil engineering are concrete, steel reinforcement, and prestressing steel. Reinforcement corrosion is one of the most common examples of the degradation of reinforced concrete (RC) members. The same applies to the corrosion of the prestressing steel and its effect on the prestressed concrete (PC) members.



Physical and chemical reactions, caused by corrosion, permanently change the chemical, physical, and mechanical properties of the material. The indications of corrosion are various and depend on the nature of the material (metal, glass, and polymers), the environment, and all the external and internal factors. In the case of reinforced concrete or prestressed concrete members, corrosion primarily causes a reduction of the cross-sectional area of reinforcement bars or prestressing steel, which negatively affects the load-carrying capacity of the member (ULS—ultimate limit state). Subsequently (secondarily), corrosion can also cause significant damage, such as cracking in the concrete, mainly in the cover layer, concrete crushing, corrosion staining, or other signs of damage to reinforced or prestressed concrete, or the degradation of the concrete itself. Consequently, corrosion affects the serviceability of the structure (SLS—serviceability limit state) [8,9,10].



Corrosion of reinforcement or prestressing steel (corrosion loss) is a relatively complicated process that can be observed either under accelerated conditions in a corrosion chamber, in situ on real samples, or through an accelerated laboratory test using electrochemical corrosion [11,12]. Generally, various types of aggressive environments can be found in different locations in the world that affect the final value of the corrosion rate (rcorr). Many studies have focused more on the corrosion of conventional reinforcement than on the corrosion of prestressing steel so far.



In [13], the authors focused on experimental research on the corrosion of stainless steel bars in the stressed state. Electrochemical accelerated corrosion tests were performed on S11203 stainless steel bars at different stress (strain) levels, and tensile tests were performed on corbared stainless steel bars. Consequently, the influence of the stress level on the corrosion of the stainless steel bar was investigated. The results of the experiment showed that the stainless steel stress level influences the degree of corrosion of the studied samples. Although Wu et al. [13] studied accelerated corrosion on stainless steel, they achieved a 9% higher corrosion at the maximum chosen strain of 1.0 × 10−3 than at zero strain. In the work [14], the research focused on the experimental research of the corrosion of wires in the stressed state. Electrochemical accelerated corrosion tests were performed on seven-wire strands with a diameter of 15.2 mm and a tensile strength of 1860 MPa at different stress levels and time periods. The results of the experiment showed that the stress level influenced the degree of wire corrosion. Li et al. [14] studied accelerated corrosion on prestressing wires and achieved a 7.5% higher corrosion at the maximum chosen prestressing of (0.7 × σs) than at the zero-prestressing level. Similarly, in [15], experimental research also studied the corrosion of reinforcement in the stressed state. Tests were performed in a corrosion chamber at different stress levels and with different time periods. As a result, the influence of stress level on the corrosion of the reinforcement, the change in strain level during corrosion, and the extension of the samples were investigated and the results of the experiment suggested the influence of stress level on the bars’ degree of corrosion. Li et al. [15] studied accelerated corrosion on reinforcement, and in the case of a maximum strain level of 1.0 × 10−3, the corrosion rate was higher by 6.5% than in the case of unstressed samples. In [16], the authors performed a numerical analysis of prestressed beams for the evaluation of crack initiation by the corrosion of prestressing steel in the form of strands. The study suggested that corrosion has a huge impact on crack initiation. The crack, as a result of the corrosion, was wider in the case of higher stress in prestressing steel. This effect is more visible in the case of the lower value of the concrete cover and tensile strength of concrete.



Therefore, it is necessary to perform the accelerated corrosion test on prestressing steel bars at different levels of applied tensile stress. Since the corrosion rate of steel in atmospheric corrosion conditions is relatively slow [17,18,19,20,21,22,23,24,25,26,27,28,29,30,31], it is difficult to achieve the expected degree of corrosion in a short period of time. Therefore, electrochemical corrosion was used in the presented experimental measurements [32,33,34,35], which achieved a significant degree of corrosion in a relatively short time by analyzing the effect of corrosion on prestressing steel bars. External electrical current is commonly used in electrochemical accelerated corrosion to simulate corrosion damage to reinforcement or prestressing steel at a certain time. In the electrochemical corrosion test, the reinforcement corrosion process is accelerated with the support of an external electrical current. It should be noted that there is no standard procedure for electrochemical corrosion testing [36].



The extent of corrosion attack on prestressing bars after performing a corrosion resistance test can be evaluated from a macroscopic perspective, specifically through optical metallography. Optical metallography involves cutting a sample and analyzing its corrosion non-uniformity. Various types of corrosion attacks can occur, such as pitting and selective corrosion, which are among the most dangerous. Specifically, metallographic analysis can determine the extent and often also the cause of the corrosion. The primary assessment describes whether the corrosion attack exhibits signs of uniform or non-uniform (localized) corrosion [37,38,39]. Figure 1 shows the types of corrosion that can occur during the experimental measurement.



Uniform corrosion (see Figure 1b) occurs evenly over the entire surface of the material. The type of corrosion is determined by the profile changes before and after the corrosion. The non-uniform corrosions, which are displayed in Figure 1c–f, penetrate to different widths and depths at various points on the material. These types of corrosion have the same shapes as uniform corrosion, but some areas of the metal may remain completely unaffected. Point corrosion (see Figure 1c) is characterized by a small or large number of isolated points, with further corrosion significantly increasing the depth of attack with only a slight increase in width. It is necessary to monitor for selective corrosion attack, and it is typical of Cr–Ni stainless steel, aluminum, and other metals. The pitting corrosion, which can be seen in Figure 1d, is essentially non-uniform corrosion that occurs on small surface areas and penetrates deeply. It mainly occurs in carbon steel and steel equipment when the protective coating is damaged. Special-shaped corrosion (see Figure 1e) is described by a corrosion attack that extends over a large area below the surface but covers a small area on the surface of the sample. Spot corrosion depicted in Figure 1f requires the direct examination of the same sample or an uncorroded sample to determine any differences in grain size, phase distribution, inclusions, precipitates, etc., and to determine if their distribution corresponds to the distribution of corroded layers.



Gravimetric analysis of the corrosion rate using weight loss is one of the most widely used quantitative methods. During the corrosion resistance tests of metallic materials, weight losses of the tested samples occur in most cases, from which the rate of their corrosion can subsequently be determined using gravimetry.



This paper aimed to examine the corrosion process of fully threaded prestressing steel bars CKT composed of high-quality steel Y1050 (1050 MPa). The experiment was focused on an electrochemical accelerated corrosion test using direct current at different levels of tensile stresses, time, and electric current value, as in this field, only a few studies are available.



This issue is important considering numerous failures of existing prestressed concrete structures and bridges. Firstly, it is necessary to study the corrosion of prestressing steel without coating and subsequently enlarge the analysis to prestressing steel specimens embedded in the concrete.




2. Materials and Methods


2.1. Material


During the experimental measurements, the CKT prestressing steel bars, composed of high-quality Y 1050 (1050 MPa) steel, were analyzed. The entire length of the bar has a continuous right-hand thread, which is hot-rolled onto the bar. The nominal diameter of the tested bars was 18 mm (Ø18). Fully threaded prestressing bars are used in geotechnics and underground construction for the implementation of temporary or permanent prestressing bar anchors (in accordance with the EN 1537 standard execution of special geotechnical works—ground anchors [40,41,42,43]). The mentioned material was chosen for experimental measurements precisely because of its relatively frequent use in practice. Table 1 shows the chemical composition of high-quality Y 1050 steel. The chemical composition was provided by the manufacturer of the prestressing steel bar.




2.2. Calibration of Effective Uniform Corrosion


The first samples were placed in a copper cylinder, which acted as a cathode, and then in a plastic container. The samples were in a vertical position, as can be seen in Figure 2. Inspections during the running of the experiment revealed that very significant pitting corrosion was occurring near the top, where the cathode inlet was engaged and the rest of the sample was minimally corroded. This finding was also confirmed after the early disconnection of the samples, as one of the samples failed too early. Refinement and change of wiring were in progress for the other samples, where once optimum uniform corrosion was achieved, the results were considered irrelevant.




2.3. Sample Preparation and Electrical Current Connection


The corrosion process on the prestressing steel bars was accelerated using an electrochemical accelerated test. The Keysight Technologies N8739 equipment provided the source of electrical energy and precisely selected the value of the electrical current. It is a direct current (DC) power supply that provides constant output, built-in voltage and current measurement, and output voltage from 0 V to 600 V and electric current from 0 A to 400 A.



Corrosion tests were carried out in an accredited laboratory at the Faculty of Civil Engineering of the University of Žilina, Slovakia. The prestressing steel bars were placed in a plastic coupling filled with a 5% sodium chloride (NaCl) salt solution. Only a certain length of the sample was exposed to the corrosive attack, while the rest of the sample was protected with an epoxy coating (see Figure 3). The anode (positive) was connected to the prestressing bar on both sides, and the cathode (negative) was connected to a copper plate, which was vertically inserted into the salt solution to a depth of approximately 40 mm (see Figure 4). The test was carried out in the laboratory at a temperature of 20 °C, the temperature of the salt solution was 15 °C, and the potential of hydrogen (pH) range was between 6.3 and 7.4.




2.4. Theoretical Calculation Using Faraday’s Law


The theoretical degree of corrosion (change in mass) can be calculated using Equation (1) based on Faraday’s Law, which states that the mass of a substance deposited by an electrolyte is directly proportional to the electric charge transferred during electrolysis and the atomic weight of the substance, and inversely proportional to the valence of the ions involved:


  Δ m =   M × I × t   Z × F    



(1)







After modifying Equation (1), we obtain Equation (2), which describes the theoretical degree of corrosion ηfr in (%):


    η   f r   =   Δ m   m   =   M × I × t   m × Z × F   =   M × I × t   π ×   r   2   × ρ × l × Z × F   ,  



(2)




where M is the atomic weight of iron (56 g × mol−1); I is the electric current (A); t is time (s); Z is the ionic charge (6 for Cr → Cr6+ + 6e−); F is the Faraday Constant (96,320 A/s); r is the radius of the bar (cm); ρ is the density of iron (7.874 g/cm3); l is the length of the sample exposed to corrosion (cm).




2.5. Influence of Electric Current Value


The experiment was focused on several aspects of the influence of electrochemical corrosion using direct current. Firstly, the influence of electric current value on the prestressing steel bar was examined. The electric current value was within range from 0.25 A to 3.0 A. The corrosion behavior with respect to time (corrosion rate) was also verified using the same electric current value in different time intervals, for example, 10 days (240 h), 20 days (480 h), and 30 days (720 h).




2.6. Influence of Prestressing Level on Corrosion


During the tensile test of the bars, a maximum ultimate force of 235 kN was measured. Therefore, the three prestressing levels were chosen for the analyzed bars as follows: 0 kN; 85 kN; 170 kN; and 210 kN, which represent 0%; 35%; 75%; and 90% of the measured tensile strength (or stresses), respectively. The test was performed in the same time interval for each selected prestressing level, which was 20 days (480 h). The chosen value of the electric current was 0.25 A.



Figure 5 shows the device for the application of prestressing—two steel plates to which four L-profiles are welded. The prestressing steel bar was placed in the center of the end steel plates. The force sensor HBM C6B was installed on one end of the bar. The sensor is composed of stainless steel, hermetically sealed and has a high level of quality (IP68). The sensor contains an internal hole, which is mainly used for monitoring the stress in the case of anchors or strands. During the measurement, two strain gauges of type HBM 1-LY11-6/120 were used to record the change in strain. These strain gauges’ measuring grid length was 0.006 m. Using HBM’s Catman software (CatmanAP, version 3.2), the measured data from the sensors placed on the sample were obtained. The tensile stress at chosen prestressing level (35%; 75%; and 90%) was generated by an electric hydraulic pump and a hydraulic press. The tensile stress was applied until the required value was reached. The strain gauges were installed on the samples and after the chosen time for corrosion of the sample, the value of the tensile strength was measured again.




2.7. Evaluation Method Using Weight Loss


Before exposing the samples to the corrosion environment, they were thoroughly cleaned of impurities and their exact weight and surface area, which was in direct contact with the corrosion environment, were determined. After a specified exposure time to the corrosion environment, the corrosion products were removed from the surface of the samples mechanically.



Gravimetry, as a method for determining the corrosion rate of metallic materials, is not suitable if the test samples are subjected to intergranular or transgranular corrosion.



Based on the obtained appropriate values of the sample weight before and after the corrosion resistance test, it is possible to determine the corrosion rate using Equation (3):


    r   c o r r   =     M   0   −   M   1     ρ ×   S   c o r r   × t   × 8760 ,  



(3)




where “8760” is an empirical constant; rcorr is the corrosion rate (mm/year); M0 is the gravitational weight of the reinforcing steel before the test (g); M1 is the gravitational weight of the reinforcing steel after the test (g); ρ is the density of the sample (g/mm3); t is the time of exposure to the corrosive environment (h); and Scorr is the area of the sample exposed to the corrosive environment (mm2) [39].



The degree of corrosion of the sample can be represented by the average gravimetric weight loss, which is identical to the average loss of cross-sectional area. The experimental degree of corrosion is calculated using Equation (4), as follows:


    η   e x   =     M   0       M   1     × 100 % .  



(4)








2.8. Summary of All Experimental Samples


A total of 48 samples of prestressing bars were measured at different levels of the electric current, and tensile strength (various tensile forces), considering the various prestressing levels and different periods of exposure. The description of individual samples is listed in Table 2.





3. Discussion


3.1. Corrosion Morphology


The morphology of the sample corrosion at different times of corrosion is shown in Figure 6. The photographs show a uniform corrosion attack. Uniform corrosion is characterized by the balanced dissolution of the entire surface area of the material. In the case of the corrosion time of 10 days, the experimental weight loss was 3.22%, while in the case of the corrosion time of 20 days, the experimental weight loss was increased to 6.52%, and finally, the corrosion time of 30 days caused experimental weight loss of 10.12%. Moreover, the depth of the corrosion pits increased slightly, the corrosion areas gradually expanded, and the transverse and longitudinal ribs gradually disappeared. Overall, the depth of local corrosion pits was relatively small, so the morphology of corrosion was defined as uniform.




3.2. Influence of Electric Current Value


The influence of the electric current value on the prestressing bars’ corrosion was significant. At the location where the corrosion was initiated, pronounced pitting corrosion occurred at the beginning and the end of the designated area. The examined samples were measured in two positions according to Figure 7, every 50 mm in the designated area of the reinforcement for corrosion. The measurement was performed using a calibrated caliper. After a predetermined time period, which was the same for all the samples, the sample exposed to electrochemical corrosion was cleaned of corrosion. The measurements were taken again in two positions according to Figure 7, in the same positions as prior to corrosion. The percentage cross-section loss was calculated using Equation (5):


  S =     π ×     r   1     2   + π ×     r   2     2     2       π ×     r   1 . c o r r     2   + π ×     r   2 . c o r r     2     2     × 100 % .  



(5)







After evaluation, as can be seen in Figure 8 and Figure 9, in the case of an electric current of 0.25 A, the average cross-sectional loss at the edges was 86%, while in the middle area, the loss was 88%. For an electric current of 0.5 A, the average cross-sectional loss at the edges was 71% and in the middle 83%. In the case of an electric current of 0.75 A, the average cross-sectional loss at the edges was 55%, while in the middle it was 70%.




3.3. Electric Current Efficiency


The efficiency of electric current and the estimated percentage of corrosion loss ηfr were calculated using Equation (2) based on Faraday’s Law. The theoretical degree of corrosion was confirmed by the experimental degree of corrosion ηex, calculated using Equation (4). One parameter that can be used to compare the deviations is the current efficiency defined by Equation (6):


    E   f f i c i e n c y   =     η   e x       η   f r     × 100 % ,  



(6)




where     η   e x     is the experimental weight loss of the sample given by Equation (4), and     η   f r     is the theoretical weight loss of the sample given by Formula (2).



The results of electric current efficiencies are listed in Table 3.



The electric current efficiency ranged from 92.0% to 96.43%. The results suggest that the electric current efficiency is lower than 100%, which is a common phenomenon. This can be explained by the theory that in electrochemical-accelerated corrosion, only a portion of the external electric current oxidizes at the anode to form the corrosive products, while the remaining current is consumed in competitive reactions [44,45,46].



Experimental as well as theoretical corrosion results at different time dependencies are shown in Figure 10. The corrosion loss increased with the prolongation of the corrosion test time and the corrosion rate had a linear behavior in terms of time.




3.4. Effect of Prestressing Level on Corrosion


The average values of the corrosion degree of the samples at each selected prestressing levels in the prestressing bar during the uniform time of 20 days are listed in Table 4.



During corrosion, the degree of corrosion of the sample increased with increasing stresses (prestressing level) in the prestressing steel bar, indicating that the prestressing level affected the degree of corrosion of the prestressing steel bar. At the maximum selected prestressing level, the degree of corrosion increased by 7.3% compared to the zero-prestressing level (unstressed state), as shown in Figure 11.



The increased corrosion rate was confirmed using Equation (3), as well, where for the tensile stresses level of 35% tensile strength, the corrosion rate increased by 2.8%, for a tensile stresses level of 75% tensile strength, the corrosion rate increased by 4.6%, and for a tensile stresses level of 90% tensile strength, the corrosion rate increased by 7.3%, compared to the unstressed state (see Figure 12).



The tensile stress level decreased from f0 = 35%, 75%, and 90% of tensile strength to f1 = 32%, 71%, and 85% of measured tensile strength of the prestressing steel bar after the samples’ corrosion (see Figure 13).





4. Conclusions


The paper presented the results of an experimental study of corrosion of the prestressing steel bars of the CKT type, which are composed of high-quality prestressing steel of grade Y 1050 (1050 MPa) at different levels of stress (prestressing level).



The main conclusions of this study can be presented as follows:




	
The distance of the copper (as a cathode) from the sample has a significant effect on the course and outcomes of the experiment. If the copper is very close, the sample cannot corrode evenly, but primary corrosion occurs in the vicinity of the copper. In addition, for uniform corrosion of the sample, it has a better effect if the sample is placed horizontally during the experiment.



	
Experimental results have shown that there is no obvious difference in the sample morphology corrosion during the same time of corrosion exposure and the same value of electric current at the different levels of prestressing.



	
The electric current value significantly affects the corrosion of prestressing bars. The optimal electric current value for the selected sample’s diameter is 0.25 A, which does not create significant pitting corrosion at the beginning and end of the corrosion area of the sample. This pitting corrosion could lead to the premature failure or rupture of the sample.



	
The efficiency of the electric current was slightly lower than the theoretical calculation using Faraday’s Law. This could have been caused by the loss of current in competing reactions, so only a part of the external current oxidizes the anode to form corrosion products. Although Faraday’s Law does not apply exactly, it is possible to predict a rough estimate of the corrosion degree with known input data.



	
Experimental, as well as the theoretical results of corrosion at different time dependencies, show that the degree of corrosion increased with the prolongation of the corrosion test time, and the degree of corrosion with time had a linear progression.



	
The prestressing level affected the corrosion degree of the prestressing steel bar. The higher the level of prestressing, the higher the degree of corrosion. The degree of corrosion of the sample at the maximum selected stresses of 90% of measured tensile strength increased by 7.3% compared to the unstressed state.



	
The prestressing force during the electrochemical test decreased. This may have been caused by the corrosion of the sample and the reduction of the surface area of the prestressing steel bar, resulting in a decrease in the stresses of the prestressing steel bar.



	
The results obtained during the experimental campaign are affected by the coating and quality of the chemical composition. If the coating and chemical composition of the CKT bar differs, the results can significantly vary. In this basic experiment, which is the crucial base for future detailed analysis, the specimens with the same coating and chemical composition were studied. In the future, it is important to enlarge the number of experimental specimens and observe the corrosion of different types of prestressing steel, material properties, and diameters. Moreover, the study would benefit from the observation of the corrosion of prestressing steel embedded in the surrounding concrete with different classes and compositions. This way, the study would describe the real behavior of the corrosion losses in more detail.








Due to time and budget constraints, the experiment was conducted without the tensile tests and an examination of the effect of corrosion on the mechanical properties of the prestressing steel bars. It would also be appropriate to perform a precise chemical analysis of the prestressing steel bar and process a Pourbaix diagram to correctly determine whether the sample is in the passive, active, or immunity region during the test.
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Figure 1. Example of corrosion: (a) Corrosion scheme; (b) Uniform corrosion; (c) Non-uniform point corrosion; (d) Non-uniform pitting corrosion; (e) Non-uniform corrosion of a special-shape; (f) Non-uniform spot corrosion. 
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Figure 2. Photographs from calibration of the effective uniform corrosion: (a) running experiment for vertical samples; (b) photographs of samples at the top where the cathode feed to the copper tube was connected; (c) close-up of the top of the sample where there was significant pitting corrosion; (d) close-up of the bottom of the sample where there was minimal pitting corrosion. 
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Figure 3. Scheme and dimensions of the tested sample (unit: mm). 
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Figure 4. Samples circuit connection diagram and illustration: (a) circuit diagram; (b) photography of the actual circuit connection. 






Figure 4. Samples circuit connection diagram and illustration: (a) circuit diagram; (b) photography of the actual circuit connection.



[image: Buildings 13 01592 g004]







[image: Buildings 13 01592 g005 550] 





Figure 5. Scheme of prestressing and circuit connection display: (a) circuit diagram in a prestressed state; (b) photograph of the actual connection of prestressing bar samples. 
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Figure 6. Corrosion morphology, samples at different corrosion times: (a) corroded sample after 10 days; (b) corroded sample after 20 days; (c) corroded sample after 30 days. 
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Figure 7. Schematic cross-section and longitudinal view on the prestressing bar: (a) uncorroded prestressing bar; (b) corroded prestressing bar. 
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Figure 8. Influence of electric current value on the cross-sectional loss of the prestressing steel bar. 
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Figure 9. The influence of the electric current value on the prestressing steel bar cross-section after 30 days: (a) electric current value of 0.25 A; (b) electric current value of 0.5 A; (c) electric current value of 0.75 A. 
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Figure 10. Corrosion behavior over time with an electric current of 0.25 A. 
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Figure 11. The influence of the prestressing level in the prestressing steel bar on the level of experimental corrosion after 20 days. 
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Figure 12. Increased corrosion rate due to increasing tensile stresses (prestressing level) in the prestressing steel bar after 20 days. 






Figure 12. Increased corrosion rate due to increasing tensile stresses (prestressing level) in the prestressing steel bar after 20 days.



[image: Buildings 13 01592 g012]







[image: Buildings 13 01592 g013 550] 





Figure 13. The effect of corrosion on decrease in the stresses’ level (prestressing level) of the samples, where f0—the level of stresses in the samples before the effect of corrosion, f1—the level of stresses in the samples after the effect of corrosion. 
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Table 1. Chemical composition of high-quality Y 1050 steel, wt%.
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	C
	Mn
	Si
	Pmax
	Smax





	0.70
	0.70
	0.30
	0.035
	0.035
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Table 2. Summary of all experimental samples.
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	Sample No.
	Time (Days)
	Electric Current (A)
	Tensile Strength (kN)





	1
	15
	2.00
	0



	2
	15
	2.00
	0



	3
	15
	3.00
	0



	4
	15
	3.00
	0



	5
	15
	4.00
	0



	6
	15
	4.00
	0



	7
	10
	3.00
	0



	8
	10
	3.00
	0



	9
	10
	3.00
	0



	10
	10
	3.00
	0



	11
	10
	3.00
	0



	12
	10
	3.00
	0



	13
	10
	1.50
	0



	14
	10
	1.50
	0



	15
	20
	2.00
	0



	16
	20
	2.00
	0



	17
	30
	2.50
	0



	18
	30
	2.50
	0



	19
	10
	0.25
	0



	20
	10
	0.25
	0



	21
	10
	0.50
	0



	22
	10
	0.50
	0



	23
	10
	0.75
	0



	24
	10
	0.75
	0



	25
	20
	0.25
	0



	26
	20
	0.25
	0



	27
	20
	0.50
	0



	28
	20
	0.50
	0



	29
	20
	0.75
	0



	30
	20
	0.75
	0



	31
	30
	0.25
	0



	32
	30
	0.25
	0



	33
	30
	0.50
	0



	34
	30
	0.50
	0



	35
	30
	0.75
	0



	36
	30
	0.75
	0



	37
	20
	0.25
	85



	38
	20
	0.25
	85



	39
	20
	0.25
	170



	40
	20
	0.25
	170



	41
	20
	0.25
	210



	42
	20
	0.25
	210



	43
	20
	0.25
	85



	44
	20
	0.25
	85



	45
	20
	0.25
	170



	46
	20
	0.25
	170



	47
	20
	0.25
	210



	48
	20
	0.25
	210
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Table 3. Electric current efficiency.
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	Electric Current Value (A)
	Time (Days)
	Theorical Corrosion      η   f r      (%)
	Experimental Corrosion      η   e x      (%)
	Electric Current Efficiency (%)





	
	10
	3.50
	3.22
	92.00



	0.25
	20
	7.00
	6.54
	93.42



	
	30
	10.50
	9.78
	93.14



	
	10
	7.00
	6.52
	93.14



	0.5
	20
	14.00
	13.37
	95.50



	
	30
	21.00
	20.07
	95.57



	
	10
	10.50
	10.12
	96.38



	0.75
	20
	21.00
	20.25
	96.43



	
	30
	31.50
	29.74
	94.41
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Table 4. Degree of corrosion of samples as a function of prestressing level at a uniform time of 20 days.
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	Prestressing Level (%)
	Time (Days)
	Theorical Corrosion      η   f r      (%)
	Experimental Corrosion      η   e x      (%)
	Electric Current Efficiency (%)





	0
	20
	7.00
	6.54
	93.42



	35
	20
	7.00
	6.72
	96.00



	75
	20
	7.00
	6.84
	97.71



	90
	20
	7.00
	7.02
	100.29
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png





media/file18.png
(b)






media/file21.jpg
Experimental corrosion [%]

7.10%

7.00%

6.90%

6.80%

6.70%

6.60%

6.50%

y = 5E-05x +0.0654
R =0.9507

20 40 60 80 100
The magnitude of the prestressing level [%]





media/file26.png
o |«
— G
¢ (B
N
L d
4
LN LN LN LN g2 . A
5) 00 N~ © o = «

[9%] 22404 2A3ORI3 BY3 JO BpnYUSEW BY |

LN
(@)

Sample





media/file3.jpg
)

d;

(






media/file22.png
Experimental corrosion [%]

7.10%

7.00%

6.90%

6.80%

6.70%

6.60%

6.50%

y = 5E-05x + 0.0654
R? =0.9507

20 40 60 80 100
The magnitude of the prestressing level [%]





media/file19.jpg
Corrosion [%]

1

10

15x-0.05

9999

© Experimental corrosion

@ Theoretical corrosion  ——{

20
Time [days]

2

30 35





media/file7.jpg
coper.

[cathode
e  sewage coupling
[ poveer

5% NaCl slution
{anode






media/file10.png
strain gauge
/

sewage coupling

5% NaCl solution
steel frame

/






media/file14.png
(b)

2.corr .2.co
.
)






media/file11.jpg
@)

(b)

(c)





media/file6.png
100 | 250 | 300 | 250 _100

epoxid epoxid
\ \ \ -

b‘lon-corroded section‘ corroded section &uon—corroded section
| 1






media/file15.jpg
S - Area of reinforcement [%]

100 ¢

90

—
80
70 — —
60 \
50

0 50 100 150 200 250 300

Length of sample [mm]

—+—A0-0.0A
——A1-0.25A
—e—A2-0.25A
——A30.5A
——A4-05A
- AS-0.75A
S AG0.75A






nav.xhtml


  buildings-13-01592


  
    		
      buildings-13-01592
    


  




  





media/file16.png
100 ¢

@
o
&
@
&

90

P—’Mﬁ —&— A0-0.0A
30 /:"f | ;————M = A1-0.25A

/ —o—A2-0.25A
— 7 ——A3-0.5A

S - Area of reinforcement [%]

70 - — 4 9 . &
/ A4 -0.5A
. A5-0.75A
60
¢/ \ - AG-0.75A
50
0 50 100 150 200 250 300

Length of sample [mm)]






media/file2.png
before corrosion
after corrosion






media/file20.png
Corrosion [%]

11

10

y = 0.3445x - 0.05
R?=0.9999
'.ﬁ ..
® Experimental corrosion
@ Theoretical corrosion ]
®
10 15 20 25 30

Time [days]

35





media/file23.jpg
reorr - The corrosion rate [mm/year)

225

220
215 -
y=0.0152x+20.547
. R?=0.9507
210
205 ¢
o 20 0 60 80

The magnitude of the prestressing level (%]

100





media/file5.jpg
250 300 L 250 100

non-corroded section|, corroded section |non-corroded section





media/file24.png
reorr - The corrosion rate [mm/year]

225

22.0
21.5 8
i y =0.0152x +20.547
e R? =0.9507
21.0 X
205 &

The magnitude of the prestressing level [%]

100





media/file1.jpg
before corrosion
aftr corrosion

(a) (b) ()

(d) (e) )





media/file25.jpg
*f0

8 ®” 8

%) 22104 anex 31 J0 BpNYUSews a1

il

Sample





media/file12.png
il

o

’

4

(b)

()





media/file9.jpg





media/file0.png





media/file8.png
sewage coupling

5% NaCl solution






media/file17.jpg
(c)





