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Abstract

:

In relatively cold environments, the combination of freeze–thaw and steel bar corrosion is a key factor affecting the durability of concrete. The adjustment of the stirrup ratio would change the mechanical performance of surrounding concrete, while the circumferential compressive stress can further improve the bonding performance. Hence, based on eccentrically tensioned specimens, the influence of corrosion of stirrups and freeze–thaw of concrete on bond properties is discussed in this paper. The monotonic pull-out test of reinforced concrete specimens is carried out to study the variation rules of bond strength and slip between steel bar and concrete under the coupling action of corrosion rate, freeze–thaw times and stirrup spacing. Based on the experimental data, the empirical formula for the ultimate bond strength is obtained, and a bond–slip constitutive model is established considering the stirrup spacing, stirrup corrosion rate and freeze–thaw times. Then, a refined finite element pull-out specimen model is established by ABAQUS simulation, and the numerical simulation results are compared with the real test ones, so as to make up for the deficiencies in the test and lay the foundation for further finite element analysis.
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1. Introduction


The degradation of reinforced concrete (RC) structures due to freeze–thaw cycles and reinforcement corrosion is a major problem that must be faced in infrastructure construction [1,2,3,4], causing the reduction of the service life of reinforced concrete structures and the increase in maintenance costs. The main hazard of freeze–thaw cycles is that they can reduce the basic mechanical and deformation properties of concrete, thus affecting the durability and bearing capacity of RC structures [5,6,7]. The corrosion of reinforcement consumes the original steel and produces expansive corrosion products, leading to a reduction in the area and deterioration of the mechanical properties of the reinforcement [8,9,10]. In addition, the corrosion of reinforcement would form a barrier layer at the interface between reinforcement and concrete, which can reduce the bonding properties between reinforcement and concrete [11,12,13]. In view of the importance of these factors, it is necessary to further study the bond behavior of RC structures considering freeze–thaw cycles and corrosion of stirrups.



At present, many scholars have conducted research on the durability of reinforced concrete after freeze–thaw cycles. Yu et al. [6] established the life prediction and cumulative model of concrete considering the effects of freeze–thaw cycles based on the experimental research to better predict the natural life of concrete under the actual freeze–thaw environment. Hamze et al. [14] made a concrete analysis of a dam in Canada that had been renovated three times due to freeze–thaw damage and assessed the key location where the structure was most vulnerable to frost damage. Ma et al. [15] conducted a series of freeze–thaw cycles and bond–slip tests and concluded that the bond performance of concrete with severe freeze–thaw damage deteriorated rapidly under the continuous load. According to the pull-out test data for three types of deformed rebars, Ji et al. [16] obtained the bond stress–slip curves after freeze–thaw and put forward the empirical formula of peak bond strength considering the effect of freeze–thaw cycles. On the basis of the existing bond–slip model, Wang et al. [17] proposed a new bond–slip model considering the freeze–thaw damage effect on concrete and applied it to the fiber model. These studies not only explore the effects of freeze–thaw cycles on bond–slip behavior but also further promote the application of reinforced concrete in the engineering field.



In addition, many researchers have conducted considerable studies on the corrosion of steel reinforcement and the durability of concrete. Bhargava et al. [3] proposed a simple empirical model to evaluate the reduction of bond strength under steel bar corrosion in RC structures. Bai et al. [18] proposed an empirical model of bond strength and a simplified bond–slip constitutive equation that considers the influence of reinforcement corrosion and temperature exposure. Almusalam et al. [19] prepared the calibration curve and established the relationship between the duration of current and the corrosive degree, they concluded that the ultimate bond strength between steel and concrete increased at the initial stage of corrosion. Fan et al. [20,21,22] applied distributed fiber optic sensors to investigate the corrosion-induced three-stage concrete cracking process. With the development of concrete cracks, the corrosion of the steel reinforcement becomes serious and the bond strength is greatly reduced. Sanz et al. [23] carried out push-out tests on concrete prisms reinforced with smooth steel tubes in order to study the bond loss caused by the corrosion of steel bar. Fang et al. [9] carried out the pull-out tests on smooth and deformed steel bars with stirrups or not, and found that corrosion had no substantial effect on the bond strength of constrained deformed steel bars. In terms of research on the effect of corrosion on reinforcement, in addition to main reinforcement corrosion receiving attention, stirrup corrosion has also received concern. Through the monotonic slip loading test, Zhou et al. [24] found that the bond strength of specimens with 15% mass loss of stirrups was lower than that of specimens without stirrups. Two more years passed, Zhou et al. [25] further investigated the effect of stirrup corrosion on the bond performance, and the results showed that the effect of stirrup corrosion on bond strength was less than main reinforcement corrosion. Lin et al. [26] discovered that compared to the case that merely main reinforcement was corroded, coupled corrosion of the main reinforcement and stirrups exacerbated bond deterioration. Moodi et al. [27] concluded that the stirrup corrosion had the greatest effect on the enhancement of the bond strength, ductility index and energy dissipation at 25% corrosion level by four-point bending test and response surface method.



In reality, the bond performance of RC structures is affected by many factors, and the coupling effect of freeze–thaw cycles and reinforcement corrosion is very common. However, most of the previous studies focused on the influence of a single factor, and less on the interaction of steel corrosion and freeze–thaw cycles. Therefore, it is necessary to study the coupling effect of freeze–thaw and steel corrosion. In addition, most tests adopt the center tensioned specimens, but the center tension approach tends to ignore the effect of stirrups, while the change of stirrup fitting rate can change the mechanical properties of the surrounding concrete, and the circumferential compressive stresses generated by the stirrups can enhance the bond performance. The eccentric pull-out test can fully consider the influence of stirrups, and this form of stress is very common in RC structures in actual engineering. However, up to now, there are few studies on eccentric tension tests, so it is necessary to conduct this form of test to make up for the lack of existing studies.



To solve the above problems, 21 reinforced concrete prismatic specimens were fabricated and subjected to freeze–thaw cycle tests for different periods. Then, the constant current corrosion method was used to corrode the stirrups, and finally, the eccentric tension test was carried out. Based on the experiment, the bond–slip behavior of RC prism specimens under the coupling action of three factors (steel bar corrosion, freeze–thaw cycle and stirrup ratio) was studied. At the same time, the bond–slip constitutive relationship between steel and concrete after freeze–thaw cycles and stirrup corrosion was explored. Moreover, the finite element analysis (FEA) was further performed, and the test results were analyzed and compared with the simulation data, verifying its rationality and applicability.




2. Test Setup and Procedure


2.1. Design and Fabrication of Specimens


At present, the research on bonding is mainly based on center tension and beam test. The test in this paper involves the freezing and thawing conditions of concrete. Due to the size limitation of the testing machine, the conditions of the testing machine could not meet the requirements of beam specimens, so the eccentric tension test is adopted.



According to ASTM C900-19 [28], the specimens were prisms with a size of 100 × 100 × 300 mm3, and the HRB400 longitudinal-ribbed steel bars with a diameter of 20 mm were embedded at the corresponding position. The configuration of the stirrup ring is a rectangular frame with a length and width of 70 mm formed by round steel bars with a diameter of 8 mm. In this test, parts without stirrups are marked as 0, and parts with a stirrup spacing of 100 mm and 150 mm are marked as 100 and 150 respectively. Moreover, two PVC pipes with a length of 50 mm are embedded at the stress measurement position and the beam end of the specimens, respectively. A foaming agent was filled between the steel bar and PVC to prevent cement intrusion during pouring and eliminate the local squeezing effect of the pressure-bearing steel plate at the end of the specimens. Moreover, the embedded pipes could prevent the stress concentration at the applied end which made the average bond strength of the specimens higher and avoided data distortion.



The yield strength of longitudinal reinforcement and smooth stirrups is 481 MPa and 334 MPa respectively, and the corresponding elastic modulus is 198 GPa and 213 GPa, respectively. The volume of concrete required for this test is about 0.1 m3, it was tested in the laboratory. The axial compressive strength of concrete used in specimens is 43.5 MPa, and the water–cement ratio is 0.37. The mix proportion of concrete is water:cement:sand:stone = 160:427:763:1014. The specimen label is uniformly expressed as Cs-ω-n, and the corresponding specific meaning is the stirrup spacing-corrosion percentage of the stirrups number of freeze–thaw cycles. Figure 1 shows the dimensions of specimens, and the different test cases are shown in Table 1.




2.2. Freeze–Thaw Scheme for Specimens


The concrete was cured for 28 days under standard conditions. Before freezing and thawing, the specimens were fully immersed for 3 days, and then they were frozen and thawed in a rapid freezing and thawing instrument. The test instrument could freeze and thaw up to 15 specimens at one time, and the test instrument is shown in Figure 2. The freezing liquid was injected into the quick freeze–thaw apparatus before the test started, and the water was prevented from being mixed into the freezing liquid. In this experiment, the time of a freeze–thaw cycle was controlled within 2–4 h, and the number of freeze–thaw cycles was 15 times and 30 times, respectively. The freezing and thawing temperatures were kept at (−20~−18) °C and (18~20) °C, respectively. After the end of 15 cycles, the relevant specimens were taken out, and the empty space was filled with non-test specimens to ensure the overall temperature balance in the testing machine.



In the freeze–thaw test, it is inevitable that the concrete would be damaged by freezing and thawing. Therefore, the appearance of the specimens taken out from the freeze–thaw machine reflects the degree of freeze–thaw damage to the specimens. Figure 3 shows the appearance of each batch of concrete specimens after experiencing 15 and 30 freeze–thaw cycles. As can be seen from Figure 3, the concrete surface did not change significantly after 15 freeze–thaw cycles, while some cracks and defects appeared on the concrete surface after 30 freeze–thaw cycles. The mass of the specimens before and after the freeze–thaw cycle was measured to further obtain the mass loss rate based on the ratio of the change value to the initial mass. Moreover, the relative dynamic elastic modulus of the specimens was measured by the ratio of the square of the transverse fundamental frequency of the specimens after and before the freeze–thaw cycles. It is found that after 15 and 30 freeze–thaw cycles, the average mass loss rates are 0.32% and 0.68%, respectively, and the average dynamic elastic modulus are reduced by 1.24% and 3.21%, respectively.




2.3. Corrosion Scheme for Specimens


Electrochemical corrosion and stray current corrosion are two common ways of steel corrosion in reinforced concrete structures. Stray current corrosion needs to meet certain specific conditions to cause steel corrosion, and the steel bars in actual projects are relatively prone to electrochemical corrosion, so electrochemical corrosion has become the main cause of steel corrosion in actual projects, as shown in Figure 4. The reaction formulas for electrochemical corrosion are as follows:


   4 Fe     (  OH  )   2     + O   2     + 2 H   2  O → 4 Fe    (  OH  )   3   



(1)







However, the dehydration of Fe(OH)3 produces loose and porous corrosion products (Fe2O3·H2O), and under the condition of insufficient oxygen, Fe(OH)2 become black Fe3O4 due to incomplete oxidation. The specific chemical reaction is as follows:


   6 Fe     (  OH  )   2     + O   2  →    2 Fe   3   O 4     + 6 H   2  O  



(2)







In this paper, the constant current acceleration method is adopted to carry out corrosion tests on stirrups. The specific corrosion process can be divided into two stages:



2.3.1. The Calculation of Conduction Time


Based on Faraday’s law of electrolysis, the magnitude of current and conduction time can be determined by Equation (3):


  Δ m = MI t / n F  



(3)




where Δm is the quality of corrosion products of stirrups; M represents the molar mass of material; I represents the magnitude of constant current; t expresses the conduction time; n is the number of electrons in the electrodes reflecting the metrological equation; F is Faraday constant of 96,500 C mol−1. The diameter of the stirrup is 8 mm and the length of the corroded section is 500 mm or 750 mm. Then, the weight of the stirrups in the corroded section can be calculated to be 197.19 g and 295.79 g, respectively.



For the stirrup with a corrosion rate of 5%, Δm1 is 9.86 g and Δm2 is 14.79 g. For the stirrup with a corrosion rate of 15%, Δm1 is 29.58 g and Δm2 is 44.37 g. The molar mass and electrovalence of Fe are 56 kg·mol−1 and +2, respectively. The relation of the magnitude of current and conduction time can be obtained through substituting the above parameters into Equation (4):


  I t = Δ m ⋅ n  F / M   



(4)







When the corrosion rate of stirrups is 5%, It1 = 33.98 A·h, It2 = 50.97 A·h. When the corrosion rate of stirrups is 15%, It3 = 101.95 A·h, It4 = 152.92 A·h.



The corrosion current density of stirrups used in this test is 200 μA/cm2 and the total surface area of stirrups is As1 = 125.6 mm2 and As2 = 188.4 mm2, respectively. Therefore, the corrosion current of stirrups is calculated to be 0.25 A and 0.38 A, respectively.



When the magnitude of the current is 0.25 A, the stirrups with the corrosion length of 50 mm need to be electrified for 135.9 h to achieve a corrosion rate of 5%, and 407.8 h to achieve a corrosion rate of 15%. When the current is 0.38 A, for a stirrup with a corrosion length of 75 mm, it takes 134 h to reach a corrosion rate of 5%, and 402.4 h to reach a corrosion rate of 15%.




2.3.2. The Procedure of the Corrosion Experiment


In the plastic box, the NaCl solution with a mass concentration of 5% is allocated according to the quality of water. Meanwhile, the rusted specimens need to be immersed in the solution for two days in advance. The stirrup is connected to the positive pole of the constant current source and the negative pole of the constant current source is connected to the copper sheet. The current was adjusted to the preset 0.25 A and 0.38 A, and it began to rust. In order to prevent corrosion of the main reinforcement, the surface of the main reinforcement was coated with paint and epoxy resin during the fabrication of the specimen. In addition, rubber mats were placed at the contact points to further prevent the main reinforcement from corrosion at the contact points with the stirrups [8]. For the prevention of water loss, NaCl solution with a mass concentration of 5% was poured into the vessel every day to ensure that the solution exceeded the specimen 5 cm and that the specimen was completely immersed. The corrosion schematic diagram and field picture of this test are shown in Figure 5.



After the final pull-out test, the corroded stirrups were taken out and put into the 5–8% HCl solution reaction to remove the rusting products on the outside surface of the stirrups, and then the corroded products on the outside of the stirrups were removed, wiped, dried, and weighed again. In order to avoid the wire falling off due to rust expansion, a roll of epoxy resin was applied at the connection. The quality of this section was ignored. Therefore, the actual corrosion rate of the stirrup was obtained after the weight of 50 mm length was removed from each stirrup, as shown in Table 2.





2.4. Loading Device and Measurement Scheme


As shown in Figure 6, waterproofing treatment was carried out on the surface of steel bars. Figure 7a,b show the layout of the pulling out test device and force sensor. Two high-precision LVDT displacement meters were used to measure the vertical displacement of the specimen. The slip between reinforcement and concrete is calculated by subtracting the elongation of reinforcement from the total displacement. The τ-s constitutive relation is obtained by measuring the relationship between the slip of steel bar and load (load–displacement curve) at the loaded end. Preloading is applied to 20 kN, and 60 N/s of force is used to control the speed. Later, in order to obtain the maximum bond stress, the displacement control is adopted with a speed of 0.1 mm/min.





3. Experimental Analysis of Bond–Slip Behavior of Reinforced Concrete


3.1. Failure Modes of Specimens and Test Data Processing


The equation for the ultimate bond stress (τu) is as follows [30]:


   τ u  =  P u  / π d l  



(5)




where Pu is the ultimate load of the specimen; d is the diameter of longitudinal reinforcement; l is the bond length of longitudinal reinforcement in concrete, which is 200 mm.



By observing the performance of 21 specimens in the failure process of this test, it is found that the ultimate failure mode of three groups of specimens without stirrups is splitting failure, while the other specimens with stirrups exhibited pull-out-splitting failure. The specific test data are shown in Table 3.



In this experiment, the pull-out test results after freeze–thaw and stirrup corrosion were analyzed and the effect of freeze–thaw cycles, stirrup corrosion and stirrup spacing on bond performance was studied.




3.2. Analysis of Bond Performance Data of Reinforced Concrete


In order to study the effects of three factors on the ultimate slip and bond strength of specimens, the linear fitting of the test results of specimens with two factors consistent and one factor inconsistent is carried out according to the control variable method. The relationship between the ultimate bonding performance and three factors is analyzed. The factors include the corrosion rate of stirrups, the number of freeze-thaw cycles and the stirrup ratio ρsv. The ρsv of the specimen can be calculated through Equation (6):


   ρ  sv   = n  A  sv   / b s  



(6)




where Asv is the area of stirrup; the value of n is 2; b is the width of the specimen, and s is stirrup spacing.



Based on the experimental data in Table 4 and Table 5, the influence of stirrup corrosion rate on bonding properties can be revealed by studying the variation of coefficients in these formulas as follows:



When the corrosion rate of the stirrup is low, the corrosion product fills between reinforcement and concrete, and the longitudinal reinforcement is subjected to the annular compressive stress, which increases the friction force between reinforcement and concrete contact surface, thus improving the bonding force. In addition, the small corrosion rate would involve many rust pits on the stirrup surface. When the longitudinal reinforcement and stirrup work together, these rust pits can increase the friction coefficient of the overall concrete [18]. Table 4 and Table 5 reflect the effect of the corrosion rate of stirrups as a single variable on the ultimate bond strength and ultimate slip. When the corrosion rate is not more than 5%, the slope of the expression is positive, indicating that slight corrosion of stirrups can enhance the bond strength of reinforced concrete. When the corrosion rate exceeds 5%, the slopes of the expressions are all negative and the numerical value is large, indicating that as the stirrup corrosion further deepens, the bonding performance of reinforced concrete deteriorates significantly. This law is consistent with the one discovered by Zhou et al. [24], which to some extent validates the accuracy of the experiments conducted in this study.



When the stirrup spacing is set at 150 mm, slight corrosion can significantly improve the bonding performance of specimens frozen and thawed 15 times. However, when the stirrup spacing is set at 100 mm, slight corrosion promotes the bonding performance of specimens without freeze–thaw treatment more obviously. The intercept of the equation represents the original bond strength and the ultimate slip of uncorroded stirrups. By comparing the intercept distance of specimens with different stirrup spacing and freeze–thaw times, it can be found that the increase in the number of freeze–thaw cycles significantly affects the bond strength and ultimate slip between the reinforcement and the concrete, which can be explained by that freeze–thaw cycles can cause micro-cracks to expand within the structure and intersect with the reinforcement. Furthermore, the reduction of the stirrup spacing can increase the bond strength and ultimate slip [15]. This is mainly due to the fact that when the stirrup spacing is small, the densification of the stirrups inhibits the cracking of the concrete and the reduction of the bond strength between the reinforcement and the concrete [31].



Table 6 reflects the effect of freeze–thaw times as a single variable on ultimate bond strength and ultimate slip. It is obviously seen that the slopes of bond strength and slip are constantly negative, which indicates that the bond performance of reinforced concrete deteriorates gradually with the increase in freeze–thaw times. The ultimate bond stress of specimens with different freeze–thaw cycles is shown in Figure 8. It can be concluded that the ultimate bond strength decreases by 6.1% on average after 15 freeze–thaw cycles, and it decreases by 25.8% on average after 30 freeze–thaw cycles, meaning that when the freeze–thaw cycles are performed 15 times, the bond strength does not decrease significantly, while it decreases rapidly when the cycles are performed 30 times.



The reduction in bond strength can be explained by the following aspects. The bond strength between reinforcement and concrete is mainly composed of chemical adhesive force, machine bite force and friction force. Repeated freeze–thaw cycles would destroy the chemical adhesive force of the interface between steel bar and concrete. In addition, the repeated freeze–thaw process means that the pore structure in concrete bears repeated fatigue load, which not only leads to the appearance of micro-cracks, but also reduces the strength of concrete and the relative dynamic modulus of elasticity, further resulting in the decrease in bond strength. Furthermore, with the increase in freeze–thaw cycle numbers, micro-cracks continue to extend and eventually intersect with longitudinal reinforcement (e.g., C100-15-n shown in Figure 9), and the confinement effect of concrete on longitudinal reinforcement decreases. At the same time, as the strength of concrete decreases, the circumferential compressive stress of concrete and stirrup on core concrete decreases, which reduces the friction force and mechanical bite force, and further results in a reduction of ultimate bond strength [21].



The arrangement of stirrups would restrain the transverse deformation of concrete during the pull-out of steel bars and this binding force would increase the friction force of concrete on the longitudinal bars and offset the annular tensile stress of the longitudinal bars to the concrete during the tension, thus delaying the crack development. Moreover, the configurations of stirrups could change the constitutive properties of reinforced concrete and improve its tensile strength. According to the data analysis in Table 7, it can be observed that when the stirrup ratio is a single variable, the slopes of the expressions of ultimate bond strength and ultimate slip are positive, so both the ultimate bond strength and ultimate slip increase with the increase in stirrup ratio.



Finally, the range of the coefficients in these formulas with the different corrosion rates, number of freeze–thaw cycles and stirrup ratio are listed in Table 8, so as to sum up the variation of the coefficients and give a more simplified formula. The X in equations represents ω, N and ρsv, respectively. The equations fitted by the actual tested data of specimens could contribute to improving the model of the bond between the concrete and steel bar.




3.3. Empirical Formula of Ultimate Bond Strength


According to the discussion in the previous section, the thickness of the protective layer and the spacing of stirrups affect the bonding force without considering the external environmental impact. If the bond strength is affected by the external environment, such as chloride ion corrosion, corrosion rate and freeze–thaw cycle times, the empirical formula of bond strength could be referred to as the ultimate strength Equation (7) of steel mixtures proposed by Zhao and Ma [15]:


   τ u  =  τ  st   +  τ  con    



(7)




where τst is the bonding stress of the steel bar, and τcon is the bonding stress of concrete.



The data of the above tables are systematically integrated referring to the empirical formula of bond strength, and the deduced formula of bond strength is Equation (8):


   τ u  =  (   k  con   ⋅ N +  τ 0   )  +  (  A ⋅ N +  k 0   )   ρ  sv    



(8)







In this formula, kcon = −0.07, τ0 = 9.75, A = 0.94 − 1.84ω, k0 = 26.81 − 18.24ω, where ω is the corrosion rate, N is the number of freeze–thaw cycles, and ρsv is the stirrup ratio.



The comparison of the measured data of the experiment with the calculation results from the theoretical deduction Equation (8) is shown in Table 9. It can be found that the average error between them is 5.52%, showing that with the consideration of the influence of freeze–thaw cycles, corrosion of stirrups and stirrup ratio, the bond strength derived by the formula is in good agreement with the actual data.




3.4. Analysis of Constitutive Model of Bond–Slip Curve


It is found that when the degree of corrosion is low, the ultimate bond strength and ultimate slip slightly increases. As the degree of corrosion continues to increase, the concrete protective layer is cracked. When the corrosion rate is high, as the corrosion rate increases, the amount of slip decreases. First, when the corrosion rate of stirrups is low, the protective layer of concrete has no cracks. As the stirrups rust, their corrosion products fill in the gap between the steel bar and concrete, and as the gap is filled, the corrosion products apply hoop compressive stress to the longitudinal steel bar. The stress increases the friction between the steel bar and the concrete contact surface, thereby increasing the bonding force. Second, when the stirrup corrosion rate is low, there are many rust pits on the surface of the stirrup. When the longitudinal reinforcement and the stirrup work together, these rust pits can increase the coefficient of friction between the reinforcement and the concrete. When the corrosion rate continues to rise, the cracks on the concrete surface continue to develop, the damage to the protective layer is intensified, the hoop compressive stress of the stirrups to the longitudinal reinforcement continues to decrease, and the reduction of friction leads to the decrease in the final bond strength.



The damage of concrete in the repeated freeze–thaw cycles belong to the scope of physical changes. The volume of the small gap in concrete increases when it is refrozen, and cracks begin to appear when reaching the limit of concrete. According to many research results, repeated freeze–thaw cycles are equivalent to the continuous loading and unloading in the concrete interior, and each cycle would cause damage to the durability of the material so that the tiny cracks continue to merge and expand into larger cracks. Taking the specimens with 100 mm stirrup spacing and 5% stirrup corrosion rate as an example, Figure 10 represents τu-Su diagrams of different freeze–thaw cycle control groups under the same stirrup distribution and stirrup corrosion rate. The initial slope of the rising part of the curve represents the bond stiffness. The steeper the slope of the curve, the greater the bonding stiffness. When the number of freeze–thaw cycles increases from 0 to 15 and further to 30, the diagram becomes smoother and the bond stiffness is smaller, which indicates that freeze–thaw cycles can cause a significant reduction in the durability of concrete.



Also, it can be seen in Figure 11 that with the same stirrup ratio and corrosion rate, the ultimate bond strength decreases with the increase in freeze-thaw cycle number. Additionally, it can also be seen that with the increase in the number, the coverage area under τ-S curve is smaller, indicating that the bonding performance deteriorates more, and the energy dissipation capacity and the ductility decrease.



This study combines empirical formulas with experimental results. Based on the model established by the existing scholars [32,33] and combined with the experimental data of this test, a segmented bond–slip model under monotonic loading is established, considering concrete freeze–thaw cycles, stirrup ratio and corrosion rate of stirrups. The entire bond–slip process is divided into three stages: ascending stage, descending stage and residual stress stage. With reference to Figure 11, specific stages are described as follows:



The first stage is the ascending stage, which is usually before the mass emergence of concrete through cracks. At the initial stage of test loading, concrete and longitudinal bars are in a tight bond stage, and the bond–slip curve generally increases linearly, and there is no slip at the free end. As the load continues to increase, the bond–slip curve presents a non-linear growth trend, and the slip increases rapidly. The peak value of bond stress is near the middle and rear parts of the steel bar, and the load will reach its peak soon.



The second stage is the descent stage. At this stage, the bond–slip curve decreases rapidly, and longitudinal cracks appear on the concrete surface. At the same time, the concrete around the longitudinal reinforcement is cracked, and the gripping force, friction force and mechanical bite force rapidly decrease, and the slip increases rapidly.



The third stage is the residual stress stage. Due to the restraint of stirrups, the steel bar pulls out slowly from the concrete, accompanied by a small amount of concrete residue on the surface of the steel bar. The load gradually stabilizes and the displacement slowly increases.



In summary, the three stages of the bond–slip curve of reinforced concrete are shown in Figure 12.



Ascending stage:


  τ =  τ u     (   S   S u     )    0.4    



(9)







Descent stage:


  τ =  τ u  −  (   τ u  −  τ r   )   (    S −  S u     S r  −  S u     )   



(10)







Residual stress stage:


  τ =  τ r   



(11)







According to Equations (9)–(11), it can be seen that four basic parameters can determine the slip constitutive model so that the process can be described as a whole. The four basic parameters are the ultimate bond stress (τu), the ultimate slip (Su), the residual bond stress (τr) and the residual slip (Sr).



The first is the ultimate bond stress (τu). τu is derived from the deduced formula of bond strength in Equation (8).



The second is the peak slip value (Su). According to the fitting results of test data, the ultimate slip of specimens can be calculated by Equation (12):


   S u  = 0.75    (   c d   )   2  + 0.3  ρ  sv    



(12)




where ρsv is the stirrup ratio, and c/d is the ratio of the thickness of the protective layer to the diameter of reinforcement



The third is residual bond stress (τr), the value of residual bond stress (τr) is proportional to the ultimate bond strength. When the material is fixed, the residual stress is generally a fixed value. Therefore, according to the research of domestic and foreign scholars [29,34,35,36], the functional relationship between the residual stress and the ultimate bond strength is studied. The peak bond stress and residual bond stress are listed in Table 10.



By analyzing the data in Table 10 and taking the average value of τr/τu as the reference basis, Equation (13) for calculating the bond strength of residual stress can be obtained:


   τ r  = 0.23  τ u   



(13)







The fourth is residual slip (Sr). According to the test data and the bond–slip curve of the specimens, the ratio of residual slip to ultimate slip is given in Equation (14):


   S r  /  S u  = a ⋅  ρ  sv   + b =  (  − 86.87 ω − 8.31  )   ρ  sv   + 3.94 ω + 1.85  



(14)







In the above, the three stages of the bond–slip constitutive model were analyzed, and the relation formulas of bond and slip were used.




3.5. Effect of Anchorage Position on Bond–Slip Constitutive Relation


In order to find a more accurate constitutive model describing the bond stress–strain relationship between reinforcement and concrete, it is necessary to find out the variation of bond strength and ultimate slip of reinforced concrete, caused by different anchorage positions of reinforcement. Methods for calculating different bond stress at different anchorage locations are shown in Figure 13. In the groove of the side ribs of the longitudinal reinforcements, a total of eight steel strain gauges are attached, and the distance between each two steel strain gauges is 25 mm.



Assuming that the strain values measured at points 1 and 2 are ε1 and ε2, then σ1 = Es∙ε1, σ2 = Es∙ε2. If the cross-sectional area of the reinforcing bar is equal, the calculation is carried out by Equation (15).


  τ A =  σ 2   A s  −  σ 1   A s   



(15)




where A is the side area of the selected element and As is the cross-section area of the longitudinal bar.



The accumulated total bond stress is different from the average bond stress. According to the principle of reverse distribution, the residual average bond stress is distributed to each section, then the bond stress at each anchorage position can be obtained and the bond stress curve can be drawn.



Since some specimens are in the repeated freeze–thaw cycles, the temperature is too low, which causes water to enter the specimens and leads to the failure of the strain gauge. Therefore, the bond–slip curve of the anchorage section is mainly composed of three specimens: C150-0-0, C150-5-0 and C150-5-15. According to Figure 13, bond stress and slip position have the following rules:




	
With the change of anchorage position, the bond stress on the longitudinal reinforcement can be regarded as a parabola. The bond stress in the middle is the largest, while the stress at the loading end and the free end is the smallest.



	
When the tension is 20 kN, the peak value of bond stress is near the loading end, and most of the stress is balanced at the loading end. Therefore, the bond stress near the free end gradually decreases.



	
As the load increases, the stress at each anchorage section increases. When the adhesion force at the loading end cannot be balanced, a local tension crack appears with local slip. It can be seen that the peak value of bonding force is generally 0.6la away from the loading end.



	
When the bonding force at the free end cannot offset the external load, cracks appear at the entire contact surface of the reinforcing steel and concrete simultaneously. The bond stress at each point decreases rapidly, and the steel bar is pulled out slowly.



	
Comparing Figure 14a,b, it can be observed that when the stirrup corrosion rate is low, the peak value is enhanced and the stirrup rusts slightly, increasing the restraint effect of concrete on the longitudinal reinforcement. Comparing Figure 14b,c, it can be found that with the increase in the number of freeze–thaw cycles, the curve becomes steeper and the peak value further decreases.










4. Simulation of Reinforced Concrete Pull-Out Specimen


4.1. Establishment of Finite Element Model and Selection of Elements


The purpose of this simulation is to analyze the parameters, quality standards and mechanical properties of the eccentrically drawn specimens. Based on the actual conditions, an accurate three-dimensional model is constructed in ABAQUS to simulate the whole process of steel bar pulling out from concrete step by step. The uniaxial tensile stress and compressive stress constitutive models of concrete [37] are used in three-dimensional modeling. Since the freeze–thaw cycles are considered in this experiment, the damage constitutive relationship of concrete under freeze–thaw cycles is quoted from Guangcheng Long [38]. Figure 15 shows the finite element model of bond–slip in reinforced concrete established by ABAQUS software. In this paper, the solid element is used to simulate the stress conditions in the extraction process. Because the longitudinal reinforcement is completely wrapped by concrete, the longitudinal reinforcement element adopts the C3D10 type. The stirrups have little influence on the strength and the protective layer is thin. In order to reduce the amount of calculation, the stirrups are simplified as truss elements, and the element is T3D2 type. The concrete element within 50 mm before and after stirrup is C3D10 type, and the element beyond this range is C3D8R type. Spring2 double-spring coupling unit is employed to simulate the bond–slip between the reinforcement and concrete. Specifically, the vertical spring simulates the normal compression of the reinforcement by the concrete and can be treated as a rigid coupling. The horizontal spring simulates the tangential bond between the reinforcement and the concrete, and its value is determined by the bond–slip curve shown in Figure 12.




4.2. Verification of the FEA Model


The ABAQUS data of 21 eccentrically tensioned specimens were analyzed, and the simulated values were compared with the bond strength of the test. The comparison data are shown in Table 11. As shown in Table 11, the average error between the ultimate pulling load obtained from the calculation of ABAQUS and the actual value obtained from the test is only 4.32%, so the two results are very close. The average error between the test data and results based on the formula is only 5.52%, which just verifies the rationality and correctness of the experimental data in this study. Therefore, the ABAQUS finite element analysis method proposed in this section is accurate and reliable.




4.3. Finite Element Stress Distribution Analysis


Finite element analysis can be used to get the stress visualization for steel reinforcement, stirrup and concrete at any position during the pull-out test, as well as the development process of concrete crack, thus making up for the defect of the actual test. There are 21 groups of control experiments in this simulation. The stress contours of two key components of a representative specimen are listed. The von Mises stress cloud diagram of the concrete under the ultimate load is shown in Figure 16. It can be seen from Figure 16 that in the process of pull-out, the stress concentration is at the loading end of the specimen, where the concrete will quickly crack and break. Cracks occur when the bond tensile stress between concrete and steel bar exceeds the tensile strength of concrete.



Figure 17 displays the von Mises stress cloud diagram of the reinforcement under the ultimate load. The meaning for red in the figure is that the steel bar has reached the ultimate tensile strength. In the simulation process, only the elastic part is selected. The maximum stress of reinforcing bar usually appears at 10–12 stirrup casing, that is, in the middle and back of anchorage position, which is consistent with the anchorage position measured by strain gauges.




4.4. Comparative Analysis of Simulated Bond–Slip Diagrams


The comparison of the experimental and simulation results of the bond–slip diagrams for specimens with different numbers of freeze–thaw cycles is shown in Figure 18. It can be found that the accurate calculation through simulation coincides with the rising section of the measured data, but a certain gap is reflected in the downward trend. It can also be seen that the simulated τ-S diagram has only a rising section, while the measured curve has both ascending and descending segments. This is mainly due to that the ascending segment of the curve is of more research interest, while the simulation of the descending segment is not of much significance. In the later stage, the true force and displacement relationship can also be brought in, and the descending section can be drawn, but it is of little significance. The ultimate bond strength mainly guides most of the experimental research.





5. Conclusions


In this paper, the effects of concrete freeze–thaw cycles, stirrup corrosion and stirrup spacing on structural bond strength are investigated based on the eccentric pull-out test of reinforced concrete. A special model is established by using ABAQUS finite element software. The main conclusions are as follows:




	
Comparing the failure modes of different specimens, it can be seen that stirrup spacing, corrosion rate, and the number of freeze–thaw cycles have an effect on the failure mode of the structure in the monotonic pull-out test. When the stirrups are not deployed, the mode of concrete destruction is splitting, and when the stirrups are placed, the mode of concrete destruction is pull-out.



	
Slight corrosion of the stirrups will increase the circumferential compressive stresses, which increases the bonding force and slip. The bond strength and ultimate slip increase linearly with the decrease in stirrup spacing. The freeze–thaw cycles reduce the ultimate bond strength and slip, and the larger the number of freeze–thaw cycles, the more obvious the strength decrease. The stress at the anchorage position increases with the increase in external load and presents a parabolic distribution. The peak value of bond stress at the initial stage of loading is close to the loading end, and 0.6la from the free end at the final stage.



	
The empirical formula of ultimate bond strength under the coupling action of stirrup corrosion rate, freeze–thaw cycles and stirrup ratio was established. The average error between the calculation results of the formula and the experimental data is 5.52%, which proves the reliability of the empirical formula of ultimate bond strength. In addition, a bond–slip constitute model was established and the coefficients in the formulas were determined.



	
An accurate three-dimensional model was established based on ABAQUS, which took into account the freeze–thaw cycles and stirrups and progressively simulated the whole process of the reinforcement pulling out of the concrete. The actual value of the test was compared with the ultimate pull-out load obtained by the simulation, and the average error is 4.32%, which verifies the rationality and correctness of the test data. Therefore, the bond–slip constitutive model established in this paper is generalizable and could provide a reference for further finite element analysis.












Author Contributions


Conceptualization, S.L. and X.W.; methodology, S.L., X.W. and G.S.; software, S.L.; validation, M.D., Y.T. and G.S.; formal analysis, S.L. and X.W.; investigation, M.D. and G.S.; resources, Y.T. and X.W.; data curation, G.S.; writing—original draft preparation, S.L.; writing—review and editing, S.L. and X.W.; visualization, M.D. and X.W.; supervision, M.D. and G.S.; project administration, Y.T.; funding acquisition, Y.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China, grant number 51608069.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Acknowledgments


The authors would like to express their gratitude to Xuanang Wang for carrying out the excellent experiment of RC specimens and giving the complete experimental data. The authors would also like to thank the members of the HIT 504 office for their selfless help and useful suggestions.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mak, M.; Desnerck, P.; Lees, J.M. Corrosion-induced cracking and bond strength in reinforced concrete. Constr. Build. Mater. 2019, 208, 228–241. [Google Scholar] [CrossRef]

	



Ren, G.; Shang, H.; Zhang, P.; Zhao, T. Bond behaviour of reinforced recycled concrete after rapid freezing-thawing cycles. Cold Reg. Sci. Technol. 2019, 157, 133–138. [Google Scholar] [CrossRef]

	



Bhargava, K.; Ghosh, A.K.; Mori, Y.; Ramanujam, S. Suggested Empirical Models for Corrosion-Induced Bond Degradation in Reinforced Concrete. J. Struct. Eng. 2008, 134, 221–230. [Google Scholar] [CrossRef]

	



Hanjari, K.Z.; Utgenannt, P.; Lundgren, K. Experimental study of the material and bond properties of frost-damaged concrete. Cem. Concr. Res. 2011, 41, 244–254. [Google Scholar] [CrossRef]

	



Smith, S.H.; Qiao, C.; Suraneni, P.; Kurtis, K.E.; Weiss, W.J. Service-life of concrete in freeze-thaw environments: Critical degree of saturation and calcium oxychloride formation. Cem. Concr. Res. 2019, 122, 93–106. [Google Scholar] [CrossRef]

	



Yu, H.; Ma, H.; Yan, K. An equation for determining freeze-thaw fatigue damage in concrete and a model for predicting the service life. Constr. Build. Mater. 2017, 137, 104–116. [Google Scholar] [CrossRef]

	



Kosior-Kazberuk, M.; Berkowski, P. Surface scaling resistance of concrete subjected to freeze-thaw cycles and sustained load. Pro. Eng. 2017, 172, 513–520. [Google Scholar] [CrossRef]

	



Lin, H.; Zhao, Y.; Ožbolt, J.; Reinhardt, H.W. Bond strength evaluation of corroded steel bars via the surface crack width induced by reinforcement corrosion. Eng. Struct. 2017, 152, 506–522. [Google Scholar] [CrossRef]

	



Fang, C.; Lundgren, K.; Chen, L.; Zhu, C. Corrosion influence on bond in reinforced concrete. Cem. Concr. Res. 2004, 34, 2159–2167. [Google Scholar] [CrossRef]

	



Lu, Z.H.; Ou, Y.B.; Zhao, Y.G.; Li, C.Q. Investigation of corrosion of steel stirrups in reinforced concrete structures. Constr. Build. Mater. 2016, 127, 293–305. [Google Scholar] [CrossRef]

	



Vidal, T.; Castel, A.; Franois, R. Corrosion process and structural performance of a 17 years old reinforced concrete beam stored in chloride environment. Cem. Concr. Res. 2007, 37, 1551–1561. [Google Scholar] [CrossRef]

	



Fang, C.; Gylltoft, K.; Lundgren, K.; Plos, M. Effect of corrosion on bond in reinforced concrete under cyclic loading. Cem. Concr. Res. 2006, 36, 548–555. [Google Scholar] [CrossRef]

	



Choi, Y.S.; Yi, S.T.; Kim, M.Y.; Jung, W.Y.; Yang, E.I. Effect of corrosion method of the reinforcing bar on bond characteristics in reinforced concrete specimens. Constr. Build. Mater. 2014, 54, 180–189. [Google Scholar] [CrossRef]

	



Hamze, Y. Concrete durability in harsh environmental conditions exposed to freeze thaw cycles. Phys. Proced. 2014, 55, 265–270. [Google Scholar] [CrossRef]

	



Ma, Z.; Zhu, F.; Ba, G. Effects of freeze-thaw damage on the bond behavior of concrete and enhancing measures. Constr. Build. Mater. 2019, 196, 375–385. [Google Scholar] [CrossRef]

	



Xiaodong, J.I.; Song, Y.; Liu, Y. Effect of freeze-thaw cycles on bond strength between steel bars and concrete. J. Wuhan Univ. Technol.-Mater. Sci. 2019, 23, 584–588. [Google Scholar]

	



Wang, Z.H.; Li, L.; Zhang, Y.X.; Wang, W.T. Bond-slip model considering freeze-thaw damage effect of concrete and its application. Eng. Struct. 2019, 201, 109831. [Google Scholar] [CrossRef]

	



Zhang, B.; Zhu, H.; Chen, J.; Yang, O. Evaluation of bond performance of corroded steel bars in concrete after high temperature exposure. Eng. Struct. 2019, 198, 109479. [Google Scholar] [CrossRef]

	



Almusallam, A.A.; Al-Gahtani, A.S.; Aziz, A.R.; Rasheeduzzafar. Effect of reinforcement corrosion on bond strength. Constr. Build. Mater. 1994, 10, 123–129. [Google Scholar] [CrossRef]

	



Fan, L.; Bao, Y.; Chen, G. Feasibility of distributed fiber optic sensor for corrosion monitoring of steel bars in reinforced concrete. Sensors 2018, 18, 3722. [Google Scholar] [CrossRef]

	



Fan, L.; Bao, Y.; Meng, W.; Chen, G. In-situ monitoring of corrosion-induced expansion and mass loss of steel bar in steel fiber reinforced concrete using a distributed fiber optic sensor. Compos. Part B Eng. 2019, 165, 679–689. [Google Scholar] [CrossRef]

	



Fan, L.; Tan, X.; Zhang, Q.; Meng, W.; Bao, Y. Monitoring corrosion of steel bars in reinforced concrete based on helix strains measured from a distributed fiber optic sensor. Eng. Struct. 2020, 204, 110039. [Google Scholar] [CrossRef]

	



Sanz, B.; Planas, J.; Sancho, J.M. Study of the loss of bond in reinforced concrete specimens with accelerated corrosion by means of push-out tests. Constr. Build. Mater. 2018, 160, 598–609. [Google Scholar] [CrossRef]

	



Zhou, H.J.; Lu, J.L.; Xv, X.; Dong, B.Q.; Xing, F. Effects of stirrup corrosion on bond-slip performance of reinforcing steel in concrete: An experimental study. Constr. Build. Mater. 2015, 93, 257–266. [Google Scholar] [CrossRef]

	



Zhou, H.J.; Liang, X.B.; Zhang, X.L.; Lu, J.L.; Xing, F.; Mei, L. Variation and degradation of steel and concrete bond performance with corroded stirrups. Constr. Build. Mater. 2017, 138, 56–68. [Google Scholar] [CrossRef]

	



Lin, H.; Zhao, Y.; Yang, J.Q.; Feng, P.; Ozbolt, J.; Ye, H. Effects of the corrosion of main bar and stirrups on the bond behavior of reinforcing steel bar. Constr. Build. Mater. 2019, 225, 13–28. [Google Scholar] [CrossRef]

	



Moodi, Y.; Sohrabi, M.R.; Mousavi, S.R. Corrosion effect of the main rebar and stirrups on the bond strength of RC beams. Structures 2021, 32, 1444–1454. [Google Scholar] [CrossRef]

	



ASTM C900-19. Standard Test Method for Pull out Strength of Hardened Concrete; American Society for Testing and Materials West Conshohocken: West Conshohocken, PA, USA, 2013. [Google Scholar]

	



Tian, Y.; Liu, J.; Xiao, H.; Zhang, Y.; Shi, J. Experimental Study on Bond Performance and Damage Detection of Corroded Reinforced Concrete Specimen. Adv. Civ. Eng. 2020, 2020, 1–15. [Google Scholar] [CrossRef]

	



Wu, K.; Zheng, H.; Zhao, J.; Li, H.; Lin, J. Experimental study on interfacial bond behavior and analysis of bond stress of steel and steel fiber reinforced concrete composite structure. Structures 2021, 30, 156–165. [Google Scholar] [CrossRef]

	



Koulouris, K.; Apostolopoulos, C. Study of the Residual Bond Strength between Corroded Steel Bars and Concrete—A Comparison with the Recommendations of Fib Model Code 2010. Metals 2021, 11, 757. [Google Scholar] [CrossRef]

	



Beton, E. CEB-FIP Model Code 1990; Thomas Telford Services Ltd.: Wiltshire, UK, 1990. [Google Scholar]

	



Uijl, J.A.D.; Bigaj, A.J. A bond model for ribbed bars based on concrete confinement. Heron 1996, 41, 201–226. [Google Scholar]

	



Qi, A.; Liu, X.; Xu, R.; Huang, Y. Bond behavior of steel reinforcement in concrete containing ferronickel slag and blast furnace slag powder. Constr. Build. Mater. 2020, 262, 120884. [Google Scholar] [CrossRef]

	



Ožbolt, J.; Oršanić, F.; Balabanić, G. Modeling pull-out resistance of corroded reinforcement in concrete: Coupled three-dimensional finite element model. Cem. Concr. Compos. 2014, 46, 41–55. [Google Scholar] [CrossRef]

	



Lin, H.; Zhao, Y.; Ozbolt, J.; Hans-Wolf, R. The bond behavior between concrete and corroded steel bar under repeated loading. Eng. Struct. 2017, 140, 390–405. [Google Scholar] [CrossRef]

	



GB 50010-2010. Code for Design of Concrete Structure; China Architecture and Building Press: Beijing, China, 2015. [Google Scholar]

	



Long, G.; Liu, H.; Ma, K.; Xie, Y. Uniaxial compression damage constitutive model of concrete subjected to freezing and thawing. J. Cent. South Univ. Sci. Technol. 2018, 49, 1884–1892. [Google Scholar]








[image: Materials 14 04732 g001 550] 





Figure 1. Test specimen (mm): (a) Different stirrup arrangement; (b) Cross-section front. 
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Figure 2. Freeze–thaw method: (a) Instrument; (b) Internal configuration. 
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Figure 3. A freeze–thaw specimen: (a) After 15 freeze–thaw cycles; (b) After 30 freeze–thaw cycles. 






Figure 3. A freeze–thaw specimen: (a) After 15 freeze–thaw cycles; (b) After 30 freeze–thaw cycles.



[image: Materials 14 04732 g003]







[image: Materials 14 04732 g004 550] 





Figure 4. The schematic diagram of electrochemical principle. Adapted with permission from [29]. 
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Figure 5. Corrosion method: (a) The corrosion system with constant current in laboratory. Adapted with permission from [29]; (b) Field experiment; (c) Stirrup corrosion. 
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Figure 6. Steel reinforcement: Waterproofing treatment of steel bars. Adapted with permission from [29]. 
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Figure 7. Test loading system: (a) The schematic view of loading apparatus Adapted with permission from [29]; (b) The loading test in site. 
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Figure 8. The ultimate bond strength of specimens with different freeze–thaw cycles. 






Figure 8. The ultimate bond strength of specimens with different freeze–thaw cycles.



[image: Materials 14 04732 g008]







[image: Materials 14 04732 g009 550] 





Figure 9. Micro-cracks near steel bars in concrete. 
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Figure 10. The law of ultimate bond strength changing with rust rate: (a) C150-ω-0; (b) C150-ω-15; (c) C150-ω-30. 
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Figure 11. Bond stress–slip curves of reinforcing bars for 0, 15 and 30 freeze–thaw cycles. 
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Figure 12. Bond–slip constitutive diagram for reinforced concrete under monotonic load after freeze–thaw cycles. 
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Figure 13. Stress diagram of reinforcement anchorage section. 






Figure 13. Stress diagram of reinforcement anchorage section.



[image: Materials 14 04732 g013]







[image: Materials 14 04732 g014 550] 





Figure 14. Bond stress-anchorage position relationship: (a) C150-0-0; (b) C150-5-0; (c) C150-5-15. 
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Figure 15. Schematic diagram of three-dimensional model of finite element analysis. 
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Figure 16. Von Mises stress distribution in concrete simulated by finite element method. 
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Figure 17. Von Mises stress distribution in reinforcement simulated by finite element method (MPa): (a) C100-0-15; (b) C100-5-15; (c) C100-0-0; (d) C150-0-0. 
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Figure 18. Comparison of bond–slip diagrams for the experiment and simulation: (a) C100-5-0; (b) C100-5-15; (c) C100-5-30; (d) C150-5-0. 
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Table 1. Corrosion grade of stirrups, stirrup spacing and freeze–thaw cycles of tested specimens.
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	Specimen Label
	Stirrup Spacing (mm)
	Stirrup Corrosion Rate (%)
	Freeze–Thaw Cycle Number
	Specimen Label
	Stirrup Spacing

(mm)
	Stirrup Corrosion Rate (%)
	Freeze–Thaw Cycle Number





	C0-0-0
	0
	0
	0
	C100-15-30
	100
	15
	30



	C0-0-15
	0
	0
	15
	C150-0-0
	150
	0
	0



	C0-0-30
	0
	0
	30
	C150-0-15
	150
	0
	15



	C100-0-0
	100
	0
	0
	C150-0-30
	150
	0
	30



	C100-0-15
	100
	0
	15
	C150-5-0
	150
	5
	0



	C100-0-30
	100
	0
	30
	C150-5-15
	150
	5
	15



	C100-5-0
	100
	5
	0
	C150-5-30
	150
	5
	30



	C100-5-15
	100
	5
	15
	C150-15-0
	150
	15
	0



	C100-5-30
	100
	5
	30
	C150-15-15
	150
	15
	15



	C100-15-0
	100
	15
	0
	C150-15-30
	150
	15
	30



	C100-15-15
	100
	15
	15
	/
	/
	/
	/
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Table 2. The measured corrosion rate of steel bar.






Table 2. The measured corrosion rate of steel bar.





	
Conduction Time (h)

	
Original Weight (g)

	
Post Reaction Weight (g)

	
Target Corrosion Rate

	
Actual Corrosion Rate

	
Average Corrosion Rate






	
135.92

	
169

	
161.01

	
5%

	
4.73%

	
5.09%




	
134.13

	
253.5

	
239.71

	
5%

	
5.44%




	
407.8

	
169

	
142.25

	
15%

	
15.83%

	
15.94%




	
402.42

	
253.5

	
212.84

	
15%

	
16.04%
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Table 3. Test data of ultimate bond strength τu and ultimate slip Su.
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	Specimen Label
	Pu (kN)
	Su (mm)
	τu (MPa)
	Specimen Label
	Pu (kN)
	Su (mm)
	τu (MPa)





	C0-0-0
	120.19
	11.80
	9.56
	C150-15-30
	75.67
	8.77
	6.02



	C0-0-15
	113.35
	10.00
	9.02
	C100-0-0
	128.64
	13.40
	10.24



	C0-0-30
	92.55
	10.05
	7.36
	C100-0-15
	126.52
	12.80
	10.07



	C150-0-0
	125.73
	12.70
	10.01
	C100-0-30
	92.39
	10.03
	7.35



	C150-0-15
	113.2
	11.41
	9.01
	C100-5-0
	130.82
	14.40
	10.41



	C150-0-30
	95.71
	9.43
	7.62
	C100-5-15
	127.97
	13.20
	10.18



	C150-5-0
	126.7
	13.20
	10.08
	C100-5-30
	91.98
	9.95
	7.32



	C150-5-15
	122.85
	12.54
	9.78
	C100-15-0
	107.15
	12.10
	8.53



	C150-5-30
	98.09
	10.01
	7.81
	C100-15-15
	96.93
	11.03
	7.71



	C150-15-0
	112.62
	11.60
	8.96
	C100-15-30
	85.27
	9.16
	6.79



	C150-15-15
	100.52
	10.80
	8.00
	/
	/
	/
	/
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Table 4. The ultimate bond strength as a function of stirrup corrosion rate ω.
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First Stage (0 ≤ ω ≤ 5%)

	
Second Stage (5 < ω ≤ 15%)




	
Equation

	
     τ   u 1    =  a   r 1    ⋅ ω +  b   r 1       

	
Equation

	
     τ   u 2    =  a   r 2    ⋅ ω +  b   r 2       




	
Specimen Label

	
ar1

	
br1

	
Specimen Label

	
ar2

	
br2






	
C150-ω-0

	
1.54

	
10.01

	
C150-ω-0

	
−10.35

	
10.60




	
C150-ω-15

	
16.31

	
9.01

	
C150-ω-15

	
−17.72

	
10.71




	
C150-ω-30

	
4.63

	
7.62

	
C150-ω-30

	
−18.26

	
8.76




	
C100-ω-0

	
3.47

	
10.24

	
C100-ω-0

	
−17.89

	
11.30




	
C100-ω-15

	
2.31

	
10.07

	
C100-ω-15

	
−24.70

	
11.42




	
C100-ω-30

	
8.96

	
7.35

	
C100-ω-30

	
−10.15

	
8.31
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Table 5. The ultimate slip as a function of stirrup corrosion rate ω.
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First Stage (0 ≤ ω ≤ 5%)

	
Second Stage (5% < ω ≤ 15%)




	
Equation

	
     S   u 1    =  a   s 1    ⋅ ω +  b   s 1       

	
Equation

	
     S   u 2    =  a   s 2    ⋅ ω +  b   s 2       




	
Specimen Label

	
as1

	
bs1

	
Specimen Label

	
as2

	
bs2






	
C150-ω-0

	
10.00

	
12.70

	
C150-ω-0

	
−16

	
14




	
C150-ω-15

	
22.6

	
11.41

	
C150-ω-15

	
−17.4

	
13.41




	
C150-ω-30

	
11.6

	
9.43

	
C150-ω-30

	
−12.4

	
10.63




	
C100-ω-0

	
20

	
13.4

	
C100-ω-0

	
−23

	
15.55




	
C100-ω-15

	
8

	
12.8

	
C100-ω-15

	
−21.7

	
14.29




	
C100-ω-30

	
1.61

	
9.85

	
C100-ω-30

	
−8.72

	
10.47
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Table 6. The ultimate bond strength and ultimate slip as a function of freeze–thaw cycle number N.






Table 6. The ultimate bond strength and ultimate slip as a function of freeze–thaw cycle number N.





	
Ultimate Bond Strength (N = 0, 15, 30)

	
Ultimate Slip (N = 0, 15, 30)




	
Equation

	
     τ u  =  a r  ⋅ N +  b r     

	
Equation

	
     S u  =  a s  ⋅ N +  b s     




	
Specimen Label

	
ar

	
br

	
Specimen Label

	
as

	
bs






	
C150-0-N

	
−0.080

	
10.07

	
C150-0-N

	
−0.110

	
12.82




	
C150-5-N

	
−0.074

	
10.37

	
C150-5-N

	
−0.110

	
13.51




	
C150-15-N

	
−0.100

	
9.20

	
C150-15-N

	
−0.090

	
11.81




	
C100-0-N

	
−0.096

	
10.66

	
C100-0-N

	
−0.120

	
13.78




	
C100-5-N

	
−0.087

	
10.77

	
C100-5-N

	
−0.150

	
14.73




	
C100-15-N

	
−0.060

	
8.62

	
C100-15-N

	
−0.100

	
12.23
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Table 7. The ultimate bond strength and ultimate slip as a function of stirrup ratio ρsv.






Table 7. The ultimate bond strength and ultimate slip as a function of stirrup ratio ρsv.





	
Ultimate Bond Strength

	
Ultimate Slip




	
Equation

	
     τ u  =  a r  ⋅  ρ  sv   +  b r     

	
Equation

	
     S u  =  a s  ⋅  ρ  sv   +  b s     




	
Specimen Label

	
ar

	
br

	
Specimen Label

	
as

	
bs






	
   C  ρ  sv   − 0 − 0   

	
16.69

	
9.56

	
   C  ρ  sv   − 0 − 0   

	
38.91

	
11.76




	
   C  ρ  sv   − 0 − 15   

	
23.11

	
8.90

	
   C  ρ  sv   − 0 − 15   

	
67.22

	
9.90




	
   C  ρ  sv   − 0 − 30   

	
22.39

	
7.28

	
   C  ρ  sv   − 0 − 30   

	
32.94

	
9.36
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Table 8. The unified empirical formula.






Table 8. The unified empirical formula.





	
Equation

	
     τ u  =  a τ  ⋅ X +  b τ     

	
     S u  =  a s  ⋅ X +  b s     




	
X

	
aτ

	
bτ

	
as

	
bs






	
Corrosion rate (ω)

	
   1.54 ≤  a  τ 1   ≤ 16.31   

	
   7.35 ≤  b  τ 1   ≤ 10.24   

	
   1.61 ≤  a   s 1    ≤ 22.6   

	
   9.43 ≤  b  s 1   ≤ 13.4   




	
   − 24.70 ≤  a  τ 2   ≤ − 10.15   

	
   8.31 ≤  b  τ 2   ≤ 10.42   

	
   − 21.7 ≤  a   s 2    ≤ − 8.72   

	
   10.47 ≤  b  s 2   ≤ 15.55   




	
Freeze–thaw cycles (N)

	
   − 0.100 ≤  a τ  ≤ − 0.060   

	
   8.62 ≤  b τ  ≤ 10.77   

	
   − 0.150 ≤  a s  ≤ 0.090   

	
   11.81 ≤  b s  ≤ 14.73   




	
Stirrup ratio (ρsv)

	
   16.69 ≤  a τ  ≤ 23.11   

	
   7.28 ≤  b τ  ≤ 9.56   

	
   32.94 ≤  a s  ≤ 67.22   

	
   9.36 ≤  b s  ≤ 11.76   
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Table 9. Comparison of ultimate bond strength between experimental measurement and formula derivation.






Table 9. Comparison of ultimate bond strength between experimental measurement and formula derivation.





	Specimen Label
	Test Values (MPa)
	Predicted Value (MPa)
	Error
	Specimen Label
	Test Values (MPa)
	Predicted Value (MPa)
	Error





	C0-0-0
	9.56
	9.75
	1.99%
	C150-15-30
	6.02
	6.52
	8.31%



	C0-0-15
	9.02
	8.7
	3.55%
	C100-0-0
	10.24
	10.83
	5.76%



	C0-0-30
	7.36
	7.65
	3.94%
	C100-0-15
	10.07
	10.34
	2.68%



	C150-0-0
	10.01
	10.47
	4.60%
	C100-0-30
	7.35
	7.86
	6.94%



	C150-0-15
	9.01
	9.8
	8.77%
	C100-5-0
	10.41
	10.83
	4.03%



	C150-0-30
	7.62
	8.12
	6.56%
	C100-5-15
	10.18
	9.73
	4.42%



	C150-5-0
	10.08
	10.47
	3.87%
	C100-5-30
	7.32
	8.11
	10.79%



	C150-5-15
	9.78
	9.42
	3.68%
	C100-15-0
	8.53
	9.41
	10.32%



	C150-5-30
	7.81
	8.02
	2.69%
	C100-15-15
	7.71
	8.01
	3.89%



	C150-15-0
	8.96
	9.4
	4.91%
	C100-15-30
	6.79
	7.24
	6.63%



	C150-15-15
	8.00
	8.61
	7.62%
	/
	/
	/
	/
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Table 10. The peak bond stress and residual bond stress.






Table 10. The peak bond stress and residual bond stress.





	Specimen Label
	τu (MPa)
	τr (MPa)
	τr/τu
	Specimen Label
	τu (MPa)
	τr (MPa)
	τr/τu





	C100-0-0
	10.24
	2.15
	0.21
	C150-0-0
	10.01
	2.01
	0.20



	C100-0-15
	10.07
	2.14
	0.21
	C150-0-15
	9.01
	1.78
	0.20



	C100-0-30
	7.35
	1.80
	0.24
	C150-0-30
	7.62
	1.64
	0.22



	C100-5-0
	10.41
	2.25
	0.22
	C150-5-0
	10.08
	2.02
	0.20



	C100-5-15
	10.18
	2.10
	0.21
	C150-5-15
	9.78
	1.80
	0.18



	C100-5-30
	7.32
	1.63
	0.22
	C150-5-30
	7.81
	1.62
	0.21



	C100-15-0
	8.53
	1.97
	0.23
	C150-15-0
	8.96
	1.78
	0.20



	C100-15-15
	7.71
	1.71
	0.22
	C150-15-15
	8.00
	1.73
	0.22



	C100-15-30
	6.79
	1.54
	0.23
	C150-15-30
	6.02
	1.50
	0.25
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Table 11. Comparison of simulation and test results.






Table 11. Comparison of simulation and test results.





	Specimen Label
	Test Values (MPa)
	Simulation Values (MPa)
	Error
	Specimen Label
	Test Values (MPa)
	Simulation Values (MPa)
	Error





	C0-0-0
	9.56
	9.98
	4.39%
	C150-15-30
	6.02
	5.83
	3.16%



	C0-0-15
	9.02
	9.34
	3.55%
	C100-0-0
	10.24
	10.73
	4.79%



	C0-0-30
	7.36
	8.03
	9.10%
	C100-0-15
	10.07
	10.35
	2.78%



	C150-0-0
	10.01
	10.29
	2.80%
	C100-0-30
	7.35
	7.12
	3.13%



	C150-0-15
	9.01
	9.57
	6.22%
	C100-5-0
	10.41
	10.66
	2.40%



	C150-0-30
	7.62
	7.02
	7.87%
	C100-5-15
	10.18
	10.48
	2.95%



	C150-5-0
	10.08
	10.31
	2.28%
	C100-5-30
	7.32
	7.51
	2.60%



	C150-5-15
	9.78
	10.11
	3.37%
	C100-15-0
	8.53
	8.42
	1.29%



	C150-5-30
	7.81
	7.41
	5.12%
	C100-15-15
	7.71
	7.15
	7.26%



	C150-15-0
	8.96
	9.62
	7.37%
	C100-15-30
	6.79
	6.52
	3.98%



	C150-15-15
	8.00
	8.34
	4.25%
	/
	/
	/
	/
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