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Corrosion of reinforced bars and the fatigue effect in concrete structures significantly impact the bond performance of reinforced bars. The current research mainly focuses on the effect of fatigue or corrosion on the bonding properties of steel bars, which is still quite different from the service environment of the structure. The degradation law of the bond performance, failure characteristics, and changing trend of bond stress along the anchorage length of reinforced concrete specimens were analyzed under the combined action of fatigue and corrosion in this test. Under the combined action of corrosion and fatigue, the specimens’ bond stress and slip limit are significantly reduced, and the steel bars may fracture during the loading process. There are two peaks in the longitudinal distribution curve of the combined stress of the specimen under the combined action of fatigue and corrosion.
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1 INTRODUCTION
Concrete has low tensile strength and is easy to crack due to shrinkage, hydration heat, and other reasons (Huang et al., 2021). The corrosive media, such as water, chloride, and oxygen, enter the concrete from the cracks to cause the corrosion of the reinforced bars in reinforced concrete (RC) structures, resulting in the degradation of the bond performance of the reinforced bars. The bond strength of the reinforced bars is also damaged under the fatigue load cycles. Furthermore, concrete structures’ bearing capacity and service life are affected (Luo et al., 2021). Most practical projects such as highway bridges and other reinforced concrete structures have long-term service in harsh environments, not only the corrosion of steel bars but also the fatigue problems caused by repeated loading such as vehicle loads (Guo et al., 2020).
The bond stress distribution along the length direction of reinforced bars depended on the cycle number of fatigue loading and was closely related to the loading amplitude (Morris et al., 2015). In the initial loading stage, the concrete in front of the cross ribs of the reinforced bars becomes dense with the loading cycles, and the bond strength could increase in some contexts (Ye et al., 2016). However, the bond strength will decrease when loading to a critical value (Murcia-Delso et al., 2013). If the bond stress exceeds its bond strength of monotonic loading during the first cycles of fatigue loading, the bond stress will degrade very seriously in the subsequent loading cycles. The bond strength is more sensitive to the degree of corrosion than the fatigue loading. Almusallam et al. (Almusallam et al., 1996) found that the bond strength of reinforced bars is increased when the corrosion loss of the reinforced bars in concrete is less than 5%. However, when the corrosion loss reaches 9%, the bond strength is only one-third of the uncorroded specimens (Feng et al., 2016). As the corrosion loss further increases, the bond strength of the reinforced bars will decrease rapidly (Cabrera, 1996; Yalciner et al., 2012). The slip value in the reinforced bars’ free end and loading end gradually decreases with the corrosion loss (Lin et al., 2017). Afterwards, the slip value no longer changes obviously with the corrosion loss.
In addition, the bond strength model has been established through the pull-out test (Auyeung et al., 2000; Chung et al., 2004; Bhargava et al., 2007; Tondolo, 2015) and the bending test (Stanish, 1999; Tondolo, 2015). Feng et al. (Feng et al., 2016) and Kivell (Kivell, 2012) obtained a three-segment curve related to the bond stress and slip by the regression analysis on the existing test database. Generally, the bond stress-slip relationship between the reinforced bar and concrete usually refers to the relationship between the average bond stress and the slip at the free end. Moreover, some researchers have studied bond stress distribution along the length direction in the anchorage zone of RC specimens (Jokūbaitis et al., 2014; Jokūbaitis et al., 2017). It is shown that the distribution curve of bond stress in the bond section gradually becomes flat with the corrosion of the reinforced bars (Zhao et al., 2013). In addition, Ma et al. (Ma et al., 2017) found that the peak value of bond stress appeared near the specimen end of free and pull-out. The peak value moved to the free end in the bond stress distribution as the load increased. Based on the test results, Blomfors et al. (Blomfors et al., 2018) established an evaluation model for the anchorage performance of corroded RC. The experimental results of Shang (Shang et al., 2022) showed that the bond strength of beam specimens under the coupled repeated loading and chloride ion attack was lower than that of the specimens under repeated loading or chloride ion attack alone.
The above research mainly involved the corrosion test of reinforcement. Namely, accelerated corrosion of the reinforced bars was carried on, and the pull-out test of the RC specimens was conducted. There are few studies on the effect of combined corrosion and fatigue on the bond properties of reinforced concrete. This study investigated the statics bond performance of reinforcement-concrete interface after the combined action of corrosion and fatigue. It has important practical meanings for the prediction of bridge life and the improvement of bridge assessment.
2 EXPERIMENTAL PROGRAM
2.1 Test specimens
Eccentric pull-out specimens with ten groups were tested in this study. The size of the pull-out specimens is designed to be 150 mm × 150 mm × 150 mm. The reinforced bar with Chinese grade HRB335 is selected in the pull-out test, and its diameter is 18 mm. The thickness of the protective layer of the reinforced bars is 30 mm. To avoid the concrete crack by local squeezing, a PVC pipe with an inner diameter of 22 mm and a length of 50 mm was set in the bond zone at the end of the loading end to achieve a reasonable bond length. The effective bond length is 100 mm, which belongs to the short anchorage specimens. The gap between the PVC pipe and concrete was filled with epoxy resin to prevent the concrete from entering the gap. The exposed part of the reinforced bars was coated with epoxy resin to prevent corrosion during the concrete curing process. The design of the specimens is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Dimension of pull-out specimens (unit: mm).
To accurately measure the change of bond stress along the anchorage zone of the reinforced bar, the reinforced bar was cut in half, and then a groove for a built-in strain gauge was cut with a size of 3 mm × 6 mm at the axis position, shown in Figure 2. After the inner surface of the groove was wiped with the alcohol, the strain gauges were evenly fixed in the groove and sealed with the epoxy resin to improve the accuracy of strain gauges. The strain gauges were arranged with a spacing of 15 mm along the length direction of the reinforced bar. The strain gauge at the loading end was 15 mm away from the PVC tube.
[image: Figure 2]FIGURE 2 | Interior strain gauge of test specimens.
2.2 Material properties
The concrete specimens were made of ordinary Portland cement, tap water, fine and coarse aggregates. The mix-proportion is Cement: Sand: Stone: Water = 1: 1.82: 3.16: 0.50. Three concrete test blocks with a side length of 150 mm were reserved. After curing for 28 days, the average compressive strength of concrete at 28 days is tested at 31.86 MPa. The HRB335 reinforced bar will be placed in the chuck of the universal testing machine, the specimen will be aligned with the center of the chuck, and then the tensile test will be performed to determine the yield strength and tensile strength. The yield strength of the HRB335 reinforced bar is 285.7 MPa, and its tensile strength is 397.1 MPa. The Young’s modulus of HRB335 reinforcement was 200 GPa.
2.3 Test set-up
This test designed ten groups related to fatigue, corrosion, and combined action, shown in Table 1. The preset damage of these groups is listed in Table 1.
TABLE 1 | Preset damage of specimens.
[image: Table 1]An MTS fatigue testing machine was conducted for the fatigue loading. Based on the ultimate load average value obtained from the pull-out test of the three CF-0 specimens is 51.4 kN. The loading range of the fatigue load is 10–30 kN, and the frequency of the fatigue load is selected as 1 Hz. According to the fatigue test result of the three CF-0 specimens in Table 2, the mean of ultimate fatigue life Nf was measured to be 936,413. This test study selected 0.15 Nf, 0.3 Nf, and 0.45 Nf as the preset fatigue times.
TABLE 2 | Fatigue test results.
[image: Table 2]The reinforced bar in the specimens of the corrosion group was corroded by energizing to accelerate corrosion, as shown in Figure 3. The specimens were immersed in a 5% sodium chloride solution for a week before test. The research (Ma et al., 2017) shows that, according to Faraday’s law, the loss of mass of reinforced bars can be well estimated to reach the design corrosion amount, which is expressed as
[image: image]
where [image: image]is the mass loss of reinforcing bar; [image: image]is the duration of exposure; [image: image]is the average magnitude of electrical current.
[image: Figure 3]FIGURE 3 | Accelerated corrosion test.
As shown in Figure 4, corrosion grooves are added around the specimen to achieve the combined action of corrosion and fatigue. By adjusting the current size, the corrosion loss and fatigue effects can reach the preset value almost simultaneously. A self-made anchorage was designed at the reinforced bar loading end for fatigue and pull-out tests. A displacement meter was placed on the loading end of the reinforced bar. When the preset conditions of the test group were reached, the method of single-end pulling and loading was used to measure the relative slip and bond stress between the steel bar and the concrete. When the specimen is loaded, the load of each stage is 5kN, and when obvious cracks appear, the load of each stage is changed to 1 kN. After maintaining the load for 3–5 min, the readings of the displacement sensor, and strain gauge, are collected. The bond stress can be calculated according to the literature (Ma et al., 2017) and the test results. Table 3 records the specimens’ failure mode, bond stress, and corrosion rate measurements.
[image: Figure 4]FIGURE 4 | Combined action loading device.
TABLE 3 | Pull-out test for different types of steel bar specimens.
[image: Table 3]3 RESULTS AND DISCUSSION
3.1 Failure modes
3.1.1 Action of fatigue
During the test, it was found that the failure modes of the reference specimen and the specimen after fatigue load were mostly splitting failure, and the bonding force gradually increased with the load. Cracks first appeared in the concrete protective layer at the loading end, as shown in Figure 5A. Then, with the gradual load increase, the cracks expanded steadily. Eventually, a bottom-up through the crack is formed on the concrete surface. Since there is no lateral restraint, the failure crack radiates from the steel bar to the surrounding, and the specimen is divided into 2–3 pieces after failure, which belongs to brittle failure, as shown in Figure 5B and Figure 5C. The splitting failure of the specimen is relatively sudden, and the failure is accompanied by a loud sound, which is a brittle failure.
[image: Figure 5]FIGURE 5 | Failure mode of fatigue specimens.
3.1.2 Action of corrosion
In the accelerated corrosion test, corrosion-induced microcracks can be observed. Next, the longitudinal cracks of the corroded specimens start at the loading end. As the loading level increases, the longitudinal cracks extend along the corrosion-induced microcracks to the free end. This phenomenon is particularly evident in C-9, which has the highest corrosion, as shown in Figure 6C. The main reason for the difference in failure modes between the corrosion and fatigue specimens is that the cyclic loading causes the concrete before the cross ribs of the reinforced bar to be crushed (Shen et al., 2020). However, the expansion effect of corrosion products in the corrosion specimens makes the concrete produce micro-cracks on the interface of the reinforced bar and the concrete. Moreover, the cross ribs of the reinforced bar were corroded and peeled, resulting in a decrease in the mechanical bite force (Choi et al., 2014). When the mechanical bite force of the bond interface was insufficient to resist the shear force transmitted from the loading end, the reinforced bar was pulled out with the maximum cracking width of about 1 mm.
[image: Figure 6]FIGURE 6 | Failure mode of corroded specimen.
3.1.3 Combined action of corrosion and fatigue
The failure cracks of the composite action specimens mostly develop along the oblique or longitudinal direction. After the failure of the specimen, it can be seen that there is broken concrete between the transverse ribs of the steel bar. Fatigue load and chloride ion corrosion cause the transverse ribs of the steel bar to gradually wear away, resulting in a decrease in the mechanical bite force. The steel bars were pulled off during the pull-out test for some specimens. At the beginning of the test, these specimens behaved the same as those in other failure modes mentioned above, but when the load reached a certain value, the steel bar fractured near the concrete surface. The reason was that the corrosion situation at the junction is more serious in the corrosion test, the steel bar and the concrete, as shown in Figure 7C. The cross-sectional area of the steel bar there is sharply reduced, and the stress distribution of the cross-section is uneven. This may be due to the joint action of fatigue and corrosion and more cracks near the loading end, resulting in serious chloride ion erosion.
[image: Figure 7]FIGURE 7 | Failure mode of the combined action specimens.
3.2 Bond stress-slip between the reinforced bar and concrete
Based on the assumption that the bond stress along the anchorage length is uniformly distributed in short anchorage, the bond stress can be calculated as follows:
[image: image]
Where [image: image] denotes the average bond stress; p is the pull-out force at the loading end; d is defined to the nominal diameter of the reinforced bar, and lb stands for the effective length of the bond.
The displacement value at the free end was selected as the slip value. The mean of the slip and bond stress of three specimens in each group was used to plot the bond stress-slip curve of specimens, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | Bond stress-slip curve.
It can be seen from Figure 8 that the bond stress of the F-14 specimens with smaller preset loading cycles is significantly greater than that of the F-28 and F-42 specimens when the initial slip occurs. The smaller the preset fatigue loading times, the greater the ultimate bond strength of the specimens, consistent with most scholars’ research (Al-Hammoud et al., 2010; Zhang et al., 2020). Compared with those of the CF-0 specimens, the ultimate bond stress and slip value of the F-14 specimens is not obvious. However, the ultimate bond stress of the F-42 specimens is only 65.6% of the CF-0 specimens, and the reinforced bar is pulled out when its slip value is 0.79 mm. The bond stress-slip curve of the F-42 specimens changes more significantly than that of the F-14 and F-28 specimens.
Moreover, the ultimate bond stress of the C-3 specimens is slightly higher than that of the CF-0 specimens. It is because the corrosion products of the reinforced bar will cause its volume expansion in concrete. Hence, the friction and radial force of the interface between concrete and reinforced bar are increased (Fang et al., 2004). However, the further volume expansion of reinforced bars will cause the rust-expansion cracks of concrete with corrosion loss, which significantly reduces the bond force between the reinforced bar and concrete. When the corrosion loss of the C-9 specimens reaches 9%, its bond strength is only 55.8% of the CF-0 specimens. By comparing the results of ultimate bond stress, it can be found that the effect of corrosion on the bond performance of the specimens is far more significant than that of fatigue.
In addition, it is found that the bond stress curve of the specimens under the combined action is different from that under a single factor. Compared with the CF-0 specimens, the ultimate bond stress of the CF-3, CF-6, and CF-9 specimens decreased by 33.8%, 53.5%, and 73.8%, respectively. The decrease in the bond strength of the CF-9 group is the largest. The reinforced bar of certain specimens in the CF-9 group is broken due to uneven corrosion. Compared to the reduction amplitudes of bond stress in the three groups, it can be seen that the effect of corrosion and fatigue are not simply superimposed. Compared with cf-0 specimens, the free end slip values of CF-3, CF-6, and CF-9 specimens decreased by 22.3%, 35.6%, and 46.8%, respectively. Compared with cf-0, the maximum decrease in the other two groups was only 28.6%. The decrease of the free end slip values of CF-3, CF-6, and CF-9 is more intuitively reflected in the fact that the reinforcement is pulled out quickly when the specimen reaches the bond strength only. Under the simultaneous action of fatigue and corrosion, the bond-slip constitutive relationship of specimens is gradually shortened from the elastic stage, strengthening stage, and falling stage to two stages. The descending stage of the CF-9 test group almost completely disappeared. However, this phenomenon has not been found in previous corrosion (Lee et al., 2002; Fang et al., 2004; Tondolo, 2015; Ma et al., 2017) or fatigue (Rehm and Eligehausen, 1979; Koch and Balazs, 1993; Rteil et al., 2011) test research and corrosion fatigue asynchronous test (Fang et al., 2006; Lin et al., 2017), even if the corrosion degree exceeds 9%. The corrosion and fatigue can mutually promote bond failure and accelerate bond strength degradation. Fatigue load causes crack development and shorten the time for chloride ions to reach the reinforcement surface. The corrosion products make the concrete expand, and the concrete cracks are further expanded. This interaction decreases gradually with the increase of damage. Because the chloride ion concentration on the reinforcement surface gradually reaches the critical chloride ion concentration required for reinforcement corrosion. The combined action mechanism of corrosion and fatigue is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Mechanism of combined action
In the existing research, due to different test parameters and different test environments, the applicability of the results is limited (Yalciner et al., 2012; Feng et al., 2016). The empirical formula proposed by Cabrera (Cabrera, 1996) shows that the bond strength decreases linearly with the increase of corrosion degree. Subsequently, Lee et al. (Lee et al., 2002) and Chung et al. (Chung et al., 2008) proposed that the prediction of bond strength by an exponential function and power function is relatively more accurate. Ma et al. (Ma et al., 2017) believe that the power function can better describe the correlation between corrosion degree and bond strength. A large number of test results are collected to fit the empirical formula of the relationship between bond strength and corrosion degree (Almusallam et al., 1996; Cabrera, 1996; Amleh and Mirza, 1999; Auyeung et al., 2000; Chung et al., 2004; Fang et al., 2006; Yalciner et al., 2012; Zhao et al., 2013; Tondolo, 2015; Feng et al., 2016; Ma et al., 2017). Test results and fitted curves are shown in Figure 10. The standard bond strength (the ratio of the maximum bond strength of the preset damage sample to the maximum bond strength of the original sample) is used to eliminate the influence of test parameters such as concrete strength or reinforcement type. This can eliminate the one-sidedness of the test results and enhance the application scope of the empirical formula, as shown in :
[image: image]
[image: Figure 10]FIGURE 10 | Normalized bond strength versus corrosion loss.
The predicted results of are compared with the test results in this paper, as shown in Table 4.
TABLE 4 | Comparison of nominal bond stress.
[image: Table 4]3.3 Effect of the combined action on the bond stress distribution
The bond stress distribution under the action of corrosion or fatigue in the existing studies shows a single-peak distribution (Perry and Jundi, 1969; Zhao and Jin, 2002). This research studies the effect of the fatigue-corrosion combined action on bond stress distribution along the anchorage length. According to the finite difference method, the bond stress with different positions in the pull-out test can be calculated:
[image: image]
Where [image: image] is the strain of each measuring point, [image: image]; Es is the elastic modulus of the reinforced bar, and h denotes the spacing of strain gauges.
The distribution curve of bond stress is drawn in Figure 11. It is worth noting that point A is the first peak point of the stress curve from the free end, point B is the second peak point, and point C is the minimum value between the two peaks.
[image: Figure 11]FIGURE 11 | Bond stress distribution.
It can be seen from Figure 11 that the distribution curve of the bonding stress under the action of a single factor is almost a single peak. But the bond stress distribution curve of the specimen after the combined action of corrosion and fatigue has a double peak. The bond stress curve of the specimens has a peak at the place 20–30 mm away from the two ends, especially the CF-3 specimens with a lower degree of corrosion. The reason is that the corrosion products between the reinforced bar and concrete are gathered to form a rust layer composed of loose flakes or powders. This rust layer has damaged the chemical adhesion and mechanical bite force between the reinforced bar and concrete, resulting in a decrease in the bond stiffness of the specimens. However, the concrete around the reinforced bars cracks along the reinforced bars under cyclic loading. The corrosion products enter these cracks and mix with the crushed concrete, increasing the chemical adhesion and radial force and decreasing the loss of bond stiffness to a certain extent. The uneven distribution of bond stiffness along the anchorage direction makes the two peaks in the bond stress curve. As the loading grade increases, the enhancement part of bond stiffness caused by the accumulation of corrosion products is further damaged. The bond stress distribution gradually flatten. Namely, the bond stress in point C of the curve was approximately close to the peak value of the curve with the damage level.
As the level of corrosion and fatigue increases, the peak of the bond stress curve tends to move to the free end. When the loss of bond stiffness between the reinforced bar and concrete becomes more significant, the bond stress in the anchorage zone is relatively more minor. The first peak of bond stress in the CF-9 group is only 45% of that in the CF-3 group.
4 CONCLUSION
In this study, the effect of corrosion and fatigue on the bond performance of RC specimens was explored. The degradation of bond strength, bond stress distribution, and failure modes were analyzed. Some conclusions were drawn as follows.
1) The corrosion effect is dominant in the degradation of the bond performance. The fatigue effect will accelerate the corrosion loss, resulting in the degradation of the bond performance. When the level of corrosion of reinforced bars in the RC specimens is low, the failure mode of the specimens under the combined action of corrosion and fatigue is mainly a pull-out failure. When the level of corrosion loss is high, the reinforced bars maybe break.
2) An empirical bond strength prediction model between steel bars and concrete is proposed. When the corrosion loss is less than 1.77, the corrosion has little effect on the bond strength. The bond strength of the CF-9 specimen is close to that of specimens with a corrosion degree of about 15%.
3) Under the combined action of corrosion and fatigue, the distribution curve of bond stress along the anchorage length is a double-peak curve. The peak position of the bond stress curve gradually moves to the free end with the increase of the fatigue corrosion degree.
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