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Abstract

:

Based on the quasi-static tests of 12 corroded RC (reinforced concrete) shear walls, it was found that reinforcement corrosion has a great influence on the skeleton curve of RC shear walls. With an increase in the degree of corrosion, the bearing capacity of specimens decreases, and the deformation capacity worsens. Increasing the diameter of longitudinal reinforcements can significantly improve the bearing capacity of corroded RC shear walls, while the deformation capacity of corroded specimens can be improved by increasing the lateral distributed reinforcement or the transverse reinforcement in the embedded column. In order to accurately evaluate the seismic performance of corroded RC shear walls, we considered descent segments of four broken-line models to estimate the skeleton curve. After considering the influence of corrosion on the parameters of the characteristic point for the skeleton curve, the calculation formulas of the characteristic point parameters of the skeleton curve for the corroded RC shear wall were determined based on the test data fitting. It was proven that the formula for the characteristic point parameters for the skeleton curve of corroded RC shear walls has good applicability. This study lays a theoretical foundation for the seismic performance evaluation of an RC shear wall structure in a salt fog environment. It provides a theoretical basis for further improving the life-cycle seismic capacity evaluation system for RC structures.
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1. Introduction


In a marine environment (splash area, salt fog area, and tidal area) and deicing salt environment, the main load-bearing components of existing reinforced concrete buildings are cracked to varying degrees, which is mainly caused by chloride ion erosion of reinforcement [1]. RC shear walls are widely used in practical engineering because of their large lateral stiffness and high bearing capacity. For high-rise buildings in coastal areas and underground garages, RC shear wall components are vulnerable to corrosion by salt fog and deicing salt chloride, as reported in [2]. With an increase in the service age of structures, the continuous accumulation of corrosion leads to the degradation of the mechanical properties of RC shear walls, which reduces the overall seismic performance of the structures.



Many experiments by Mahadik et al. [3,4], have studied the seismic performance of intact RC shear walls, while there are relatively few studies on corroded RC shear walls. Yamakawa T. [5] corroded two squat RC shear walls with the galvanizing method and then carried out a pseudo-static loading test (low-frequency cyclic loading test). The results indicate that steel corrosion has a significant impact on the seismic performance of shear walls. Zhuang Y. [6] studied the seismic capacity of squat RC shear walls with different surface covering materials after corrosion, establishing a mechanical model to evaluate the seismic performance of corroded buildings. Zheng S. et al. [7] and Zheng Y. et al. [8] used the artificial climate simulation method to accelerate the corrosion of squat RC shear walls, focusing on the restoring force characteristics of corroded components. The results indicate that the artificial climate accelerated corrosion method causes pitting corrosion of steel bars, which is similar to the actual corrosion environment. Shen D. et al. [9] and Li M. et al. [10] used the electrochemical corrosion method to accelerate corrosion of shear walls, focusing on the seismic performance of corroded specimens and BFRP (basalt fiber-reinforced polymer)-repaired specimens. Yang L. et al. [11] and Liu X. et al. [12] studied the seismic performance of corroded T-shaped shear walls and considered the effects of axial compression ratio and corrosion rate. The above studies qualitatively evaluated the seismic performance of corroded RC shear walls but did not quantitatively analyze its degradation degree.



The simplified restoring force model can facilitate evaluation of the seismic performance of concrete components. The restoring force model is a mathematical model established based on regression and theoretical analysis of a large amount of experimental data. This model can accurately reflect the macroscopic dynamic characteristics of a structure through the analysis of elastic-plastic seismic response. Nowadays, there are many formulas for calculating the characteristic points parameters of an intact RC shear wall skeleton curve but few reports on corroded RC shear walls. In this paper, four broken-line models that consider the descent segment are adopted to estimate the skeleton curve. Furthermore, the relationship between the reduction coefficient of characteristic point parameters and the degree of corrosion is obtained by fitting the test data of corroded specimens; these data are based on the calculation formula of characteristic point parameters for intact RC shear walls. Finally, we established a calculation formula with good applicability for characteristic points of RC shear wall skeleton curves; this formula takes into account reinforcement corrosion. Calculation of characteristic point parameters for a restoring model of corroded short-pier RC shear walls of various ages can quickly evaluate the seismic performance of concrete components in harsh environments.




2. Skeleton Curves of Corroded RC Shear Walls Test


2.1. Test Description


In this paper, artificial climate environment simulation technology was used to simulate the offshore atmospheric environment to accelerate the corrosion of 12 RC shear walls with a shear span ratio of 2.14. After reaching the expected corrosion target, a pseudo-static loading test was carried out. All specimens were made of C30 fine aggregate concrete, and the thickness of the protective layer of the wall panel was 10 mm. For the walls, the mix proportion of the concrete was 320 kg/m3 of P.O32.5R cement, 870 kg/m3 of medium sand, 870 kg/m3 of fine stone, 135 kg/m3 of water, 11.07 kg/m3 of water-reducing admixture, and 90 kg/m3 of fly ash. The longitudinal reinforcements of the concealed columns were made of HRB335; its yield strength was between 310 MPa and 350 MPa, as measured through tensile tests. Simultaneously, the stirrups of the concealed columns and the distribution reinforcements of the walls were made of HPB235, the yield strength of which was 305 MPa. The detailed design parameters of the specimens are shown in Table 1, and the geometric dimensions and detailed reinforcements of the specimens are shown in Figure 1.



In the test, 5% NaCl liquor was mainly used to form salt spray through the “nozzle” of the salt spray device, and a dry–wet cycle was used to improve the chloride ion erosion rate. First, the temperature in the test chamber was raised to 45 °C, the humidity RH was set at 90%, and intermittent spray was used to keep the salt spray concentration in the salt spray chamber constant. The spray lasted for 20 min, and the intermission lasted for 40 min; the procedure lasted for 3 h in total. Subsequently, the test chamber was heated to 60 °C for drying for a total of 2 h. Finally, in the test chamber, fresh water was sprayed for 3 min to clean the crystal salt of the nozzle and ensure normal execution of the salt spray test. It was determined that completing a simulation dry–wet cycle required a total of 6 h (including time for heating and cooling). The corrosion degree of the specimen was controlled by the width of the rust expansion crack, which was same as the Ref. [14]. Subsequently, we entered the test chamber regularly, and a ZBL-F130 crack observer (accuracy 0.01 mm, range 0~10 mm) was used to measure the transverse and longitudinal crack width within the plastic-hinge height (700 mm) of the test piece. When the larger of the two mean values reached the design rust expansion crack width in Table 1, the test pieces were taken out of the test chamber in batches. Finally, the bottom beam and top beam of the specimen were poured twice, and the mixed load-displacement mode was used for loading. The exposed steel bars were sealed during the corrosion process with wrapped plastic film and epoxy resin to prevent corrosion. The test process is shown in Figure 2.




2.2. Corrosion Phenomenon







	(1)

	
Rust expansion crack width









Under the action of rust expansion force, cracks were produced along the reinforcement in the concrete protective layer of the shear wall specimen, as shown in Figure 3.



It can be seen from the figure that the width of the rust expansion cracks along the longitudinal reinforcements of the concealed column were wider and developed along the full length of the column, while the width of the rust expansion cracks in the distribution reinforcements and stirrups was smaller, and, in the latter, the radial micro-cracks were generated in the direction of the reinforcements. The initial corrosion rate required to cause concrete rust expansion cracking was directly proportional to the thickness c of the concrete cover and inversely proportional to the diameter d of the reinforcement. Since the c/d value of the longitudinal reinforcement (1.33) was less than that of the stirrup and distribution reinforcement (1.67), rust expansion cracks along the longitudinal reinforcement appeared earlier, resulting in a large crack width, as shown in Figure 3. In addition, due to less corrosion products produced by the distribution reinforcements and stirrups with large spacing, the width of the rust expansion cracks along the distribution reinforcements and stirrups were smaller: roughly in the range of 0.2~0.4 mm. The number of radial micro-cracks continued to increase with the increase in corrosion time, as shown in Figure 3.




	(2)

	
Corrosion rate of reinforcement









In order to further understand the internal reinforcement corrosion of the specimens, after a loading test was completed, a breaking test was carried out on the shear wall specimen. Six longitudinal bars (200 mm), stirrups (300 mm), and distribution bars (400 mm) of the same length were cut at different positions in the 700 mm area of the wall bottom for observation. It was found that the corrosion degree of the reinforcement became more and more serious with the increase in the rust expansion crack width, the black-brown corrosion products increased, the cross-sectional area of reinforcement decreased, and the surface pit corrosion phenomenon became more and more obvious. These findings were different from the uniform corrosion phenomenon observed in general electrochemical corrosion. On the contrary, these finding were more consistent with the corrosion phenomenon in the actual environment. The average corrosion rate ρ for different types of reinforcement for each specimen is shown in Table 2.




2.3. Discussion of Skeleton Curves


In this study, corrosion of reinforcements reduced the cross-sectional area of stressed reinforcements, and corrosion products reduced the bonding force of concrete. On the other hand, the corrosion of reinforcements led to rust expansion cracks in the concrete protective layer along the reinforcement. Therefore, reinforcement corrosion had a great impact on the loading failure process, hysteretic curve, skeleton curve, strength, stiffness, and energy consumption of RC shear wall. This paper focuses on the impact of corrosion reinforcement on the skeleton curves of RC shear walls. Figure 4 was created using the method specified in [15]. As can be seen in the figure, before cracking, the skeleton curve of each specimen basically remained linear, and the slope was approximately the same, indicating that different corrosion degrees and different design parameters had little effect on the initial stiffness of corroded specimens. With a further increase in load, the skeleton curve gradually deviated from a straight line, demonstrating the characteristics of elastic-plastic deformation. At this time, the corrosion degree and design parameters had a great impact on the skeleton curve of the corroded specimen, mainly as follows:




	(1)

	
With the increase in the width of the rust expansion crack, the longitudinal reinforcement and distribution reinforcement of the specimen were corroded more and more seriously, the bearing capacity of the specimen decreased continuously, and the deformation capacity became worse, but it still had high bearing capacity and deformation capacity. The main reason for this was that the rust expansion crack mainly caused the cracking of the protective layer of the concealed column along the longitudinal reinforcement of the specimen, and the impact of corrosion and protective layer cracking on the bearing and deformation capacity was limited. This was consistent with the references [2] described, as shown in Figure 4a;




	(2)

	
With a decrease in the spacing of the transverse distribution bars, the bearing capacity of the corroded specimens did not increase significantly, which mainly improved the deformation capacity of the specimens. The main reason for this was that reducing the spacing of the distribution bars improved the shear capacity of the corroded specimens and gradually changed the specimens from demonstrating bending shear failure to demonstrating bending failure, which was consistent with the references [8] described, as shown in Figure 4b;




	(3)

	
With an increase in the longitudinal bar diameter of the concealed column, the bearing capacity of the corroded specimen increased significantly, but this had little effect on the deformation capacity of the specimen, mainly because the final failure of the corroded specimen changed from bending failure to bending shear failure. However, due to the small diameter of the longitudinal bars in specimen SW-9, the deformation capacity of the bending failure was limited, so the deformation capacities of each specimen were relatively similar, as shown in Figure 4c;




	(4)

	
With a decrease in the stirrup spacing of the concealed column, the deformation capacity of the corroded specimen increased significantly, but this had little impact on the bearing capacity. The main reason for this was that the decrease in the stirrup spacing of the concealed column increased the restraint capacity of the edge members, which prevented the premature compression buckling of the longitudinal reinforcement and improved the deformation capacity of the corroded specimen, as shown in Figure 4d;




	(5)

	
With an increase in the test axial compression ratio, the bearing capacity of the corroded specimen increased more, but the deformation capacity of corroded specimens shown a trend of first increasing and then decreasing. This was mainly due to the significant second-order effect of the specimen, caused by the increase in the axial compression ratio. Due to the second-order effect, the additional bending moment of the specimen increased. Thus, the rapid decline of the bearing capacity and the sudden failure of the specimen occurred, as shown in Figure 4e.










2.4. The Load and Displacement of Characteristic Point


The new cracks observed with the naked eye in the concealed column were used as the cracking state of the corroded specimen. Furthermore, the yield reference point defined in the loading process was not used as the yield point of this test, and the “energy equivalence method” was used in [16] to determine the yield state. The maximum load of the skeleton curve was used as the peak state. Finally, the peak load when the load drops to 85% was defined as the ultimate failure state. Therefore, the cracking load Pcr, yield load Py, peak load Pm, and failure load Pu of the specimen, as well as the corresponding cracking displacement Δcr, yield displacement Δy, peak displacement Δm, and limit displacement Δu, could be determined. The load and displacement test values of each characteristic point are shown in Table 3.



It can be seen from Table 3 that corrosion had a serious impact on the bearing capacity (cracking load, yield load, and peak load) and ductility (cracking displacement, yield displacement, and ultimate displacement) of RC shear wall specimens with a shear span ratio of 2.14. Reducing the spacing of transverse distributed bars had little impact on the bearing capacity of corroded specimens, but it effectively improved the ductility. Moreover, increasing the diameter of the longitudinal reinforcement of concealed columns significantly improved the bearing capacity of corroded specimens, but the ductility of corroded specimens was reduced, and the corroded specimens with the same thickness of protective layer were seriously damaged. In addition, reducing the spacing of stirrups in concealed columns significantly improved the ductility of corroded specimens, but it had little effect on the bearing capacity because the length of the edge-restrained members was so short. Furthermore, the increase in axial compression ratio effectively improved the bearing capacity of corroded specimens, but the second-order effect had a great impact on the deformation of corroded specimens, resulting in the ductility of corroded specimens decreasing. Therefore, when evaluating the seismic performance of corroded shear wall structures, the axial compression ratio of shear wall components should be strictly controlled.





3. Calculation of Characteristic Point Parameters for Intact RC Shear Wall


According to the conclusions of the pseudo-static test on corroded RC shear wall described in Section 2, reinforcement corrosion had a great impact on the seismic performance index of RC shear wall, as shown in Figure 5, and changing the design parameters of RC shear wall can effectively improve the seismic performance of corroded RC shear wall. Therefore, the restoring force model needed to take into account not only the influence of reinforcement corrosion but also the change in the design parameters of corroded RC shear wall. Immediately, the load test data of corroded members were statistically analyzed to obtain the reduction coefficient of the skeleton curve characteristic point parameters, in terms of corrosion rate. Based on the existing calculation formulas of intact members (considering the change in design parameters) for characteristic point parameters, the corroded members were obtained. These parameters comprehensively took into account the interaction between corroded reinforcement and concrete.



In this study, a four-fold skeleton curve that took into account the descending section was adopted for the intact RC shear wall. It was assumed that the skeleton curves for forward and reverse were the same, as shown in Figure 5. The cracking state of the specimen was determined by observing new cracks in the hidden columns of the wall, and the yield state was determined using the “energy equivalence method”. Furthermore, the maximum load on the skeleton curve was used as the peak state. A load drop to 85% was considered as the ultimate failure state. A total of eight parameters needed to be determined, namely, cracking load Pcr and cracking displacement Δcr, yield load Py and yield displacement Δy, peak load Pm and peak displacement Δm, and ultimate load Pu and ultimate displacement Δu. The corresponding calculation formulas were as follows.



3.1. Calculation of Cracking Load and Displacement


When sliding micro-cracks appeared in the concrete aggregate section in the plastic-hinge area of the wall, the state corresponding to the stable crack development stage of the concrete was defined as the cracking state, as outlined in [17]. Because the RC shear wall was basically in an elastic stage before cracking, its corresponding cracking load Pcr and cracking displacement Δcr could be calculated, approximately, according to the cantilever beam or by fitting regression with a large number of test data. A formula was proposed in [18] which considered the influence of axial pressure P on cracking load. Therefore, the cracking load of the intact shear wall was calculated according to the following formula.


   P  cr   = 4     f c  ′       [  1 +    P /   A g      4     f c  ′       ]     1 / 2     A  cv    



(1)




where Ag is the cross-sectional area of the wall (in2), Acv is the net area of the wall web (in2), and fc′ is the axial compressive strength of the cylinder (PSI).



The crack displacement Δcr′ of the RC shear wall was calculated by the cantilever beam crack displacement calculation method in material mechanics described in [19], as follows:


    Δ  cr   ′   =     P  c r    H 3    3  E c   I w    + μ    P  c r   H    G c  A    



(2)




where H is the height of the shear wall (mm);     E   c     is the elastic modulus of the concrete (MPa);     I   w     is the section moment of inertia (mm4);   μ   is the non-uniform coefficient of the shear stress distribution (the rectangular section used was μ = 1.2);     G   c     is the shear modulus of concrete (MPa), where     G   c    =  0.4   E   c    ; and A is the cross-sectional area of the wall (mm2).



After comparison with the test data in the literature, as shown in Figure 6, the calculated value was smaller than the test value as a whole. The main reason for this was that the internal micro-cracks had been fully developed before the visible cracks appeared on the wall surface. By fitting the discrete points in Figure 6, the calculation formula of cracking displacement Δcr was modified in Formula (3):


   Δ  cr   = 1.7   Δ  cr   ′   



(3)








3.2. Calculation of Yield Load and Displacement


Since there was no obvious inflection point on the skeleton curve of the shear wall specimen, the yield of the longitudinal bar was generally defined as the yield of the specimen during the test loading process. During data processing, the yield state of the specimen was generally redefined by the equal energy method or the yield moment method, which increased the difficulty of determining the yield point. The yield load Py was mainly obtained by statistical regression using a large number of test data. The yield displacement Δy was mainly derived by calculating the section curvature. In this paper, the formula proposed in [25] was selected to calculate the yield load, as follows:


   P y  =    P m    2.05 − 0.31 n + 0.4  λ v  − 0.34 λ    



(4)




where Pm is the peak shear force of the shear wall (kN), n is the axial compression ratio of the shear wall, λv is the hooping characteristic value of the edge member, and λ is the shear span ratio of the shear wall.



In addition, the model outlined in Ref. [26] model was selected to calculate the yield displacement of the intact shear wall, as follows:


   Δ y  =  1 3     κ ϕ     l w     h w 2   



(5)




where κϕ = 1.8εy + 0.0045n, εy is the yield strain of the longitudinal reinforcement for the edge member, n is the axial compression ratio of the wall, hw is the effective height of the wall specimen (mm), and lw is the length of the wall section (mm).




3.3. Calculation of Peak Load and Displacement


Peak shear force is the load value corresponding to the highest point of the skeleton line, that is, the bearing capacity of the test specimen. Many studies have been carried out on the calculation formula of the bearing capacity for shear walls. These studies primarily used multi-parameter fitting for a large number of test data. In Ref. [27], it was determined that the shear capacity calculation formula of a shear wall, based on 313 shear wall test data collected in China, can be calculated using a calculation model with the following specifications:


   P m  =  1  λ − 0.5    (  1.1912  f t   b w   h   w 0    + 0.1447 N    A w   A   )  +  f  yh    h   w 0       A  sh      s h     



(6)




where λ is the shear span ratio, ft is the axial tensile strength of the concrete (MPa), bw is the thickness of the wall web (mm), hw0 is the effective height of the wall section (mm), N is the axial force (N), A is the full cross-sectional area of the wall (mm2), Aw is the area of the wall web, fyh is the tensile strength of the horizontally distributed reinforcement (MPa), Ash is the cross-sectional area of the horizontally distributed reinforcement (mm2), and sh is the spacing of the horizontally distributed reinforcement (mm).



Because the ductility of the high shear wall was relatively good, the calculation formula for the peak displacement was not clearly provided. In this paper, we primarily calculated the peak displacement according to the method outlined in [28], in which the limit strain of the concrete in the constraint area in the calculation formula of limit displacement was replaced by the peak strain of the concrete. Section 2.4 describes this process in greater detail.




3.4. Calculation of Ultimate Load and Displacement


In the process of test loading, the ultimate failure state was designated as the point when the load drops to 85% of the peak load. Therefore, the ultimate shear force Pu, corresponding to the limit point on the skeleton curve, was designated as 0.85 Pm, and its accuracy and applicability were not repeated here. The ultimate displacement was calculated by the sum of the deformation in the elastic region and the plastic-hinge region of the shear wall in the ultimate state. In Ref. [29], five different ultimate strain models and four plastic-hinge-length models were combined, respectively. By comparing the calculation results of 20 combined calculation models with the test data, it could be seen that a combination of Ref. [30]’s stress–strain model and Ref. [31]’s plastic-hinge-length model was the most accurate of the 20 combined calculation models. Therefore, this combination was used to calculate the ultimate displacement of the shear wall in this paper. The specific algorithm was as follows:


   Δ u  = η    ε  cu    c   l p   H w   (  1 +    Δ s     Δ f     )   



(7)




where Δf is the displacement caused by bending deformation (mm), Δs is the displacement caused by shear deformation (mm), lp is the height of the plastic-hinge area (mm), Hw is the wall height (mm), εcu is the ultimate compressive strain of the concrete restrained by the concealed column, c is the height of the concrete compression area (mm), and η is the correction coefficient.





4. Calculation of Characteristic Point Parameters for Corroded RC Shear Wall


During the corrosion test on the specimen, the width of the rust expansion crack along the longitudinal reinforcement was used to control the corrosion degree of the RC shear wall. However, as there were many factors affecting the width of the rust expansion crack (reinforcement diameter, protective layer thickness, member type, etc.), it was difficult to establish a unified relationship between the width of the rust expansion crack and its age. On the contrary, there was a good time-varying model between the age and the corrosion rate of the reinforcement. At the same time, when the shear span ratio of the RC shear wall involved in this paper was greater than two, the specimens would undergo bending failure or bending shear failure, and the longitudinal reinforcement of the concealed column contributed greatly to its flexural capacity. To sum up, this paper selected the corrosion rate of the longitudinal reinforcement of the concealed column as the corrosion parameter to characterize the corrosion degree of the RC shear walls.



4.1. Calculation of the Characteristic Point Load


It can be seen from the test results that the bearing capacity of the specimens decreased continuously with the increase in the corrosion rate of the embedded column’s longitudinal reinforcement. Furthermore, the diameter of the embedded column’s longitudinal reinforcements and the axial compression ratio had a greater impact on the bearing capacity of the corroded specimens. On the contrary, the influence of the spacing of the transverse distributed reinforcements and the embedded column stirrups did not have a significant impact on the bearing capacity of the specimens. Therefore, it was assumed in this paper that the reduction factors of the load parameters at characteristic points of the corroded specimens were only related to the mass loss rate η of the embedded column’s longitudinal reinforcement, as well as the reinforcement ratio ρv of the embedded column’s longitudinal reinforcement and the axial compression ratio n. The load reduction coefficient function was defined as f(η,ρv,n), so the calculation formula of the characteristic point load of the skeleton curve for the corroded RC shear wall was as follows:


   P d  = f ( η ,  ρ v  , n )  P 0   



(8)




where P0 was the characteristic point load of intact RC shear wall’s skeleton curve, which was calculated as above.



The cracking load of the RC specimens was only related to the strength of the concrete and the size of the members, and the corrosion of the reinforcement had little influence on it. Therefore, we did not reduce the cracking load in this study. Setting f(η,ρv,n) = kηkρvkn, where, kη, kρv, and kn were, respectively, the load correction factors of the corroded specimens, including the mass loss rate η of the embedded column’s longitudinal reinforcement; the embedded column’s longitudinal reinforcement ratio ρv; and the axial compression ratio n under single-factor conditions. According to the test data in this paper, the characteristic point loads of corroded RC shear walls were normalized based on the intact RC shear wall specimens with η = 0, ρv = 4.52%, and n = 0.2 and the corroded specimens with η = 5.63%, ρv = 4.52%, and n = 0.2. The calculation formulas of the load correction coefficient of each characteristic point were fitted by 1stOpt7.0 software, as follows:




	(1)

	
Yield point:











   k η  = 1 − 0.55 η  



(9)






   k   ρ v    = 0.776 + 4.82  ρ v  .    (  ρ v  >  ρ min  )   



(10)






    k n  = 0.699 + 1.46 n  .    ( n <  n t  )   



(11)








	(2)

	
Peak point:










    k η  = 1 − 1.06 η   



(12)






     k   ρ v    = 0.799 + 4.42  ρ v   .    (  ρ v  >  ρ  min   )    



(13)






     k n  = 0.694 + 1.49 n  .    ( n <  n t  )    



(14)





In Equations (10), (11), (13), and (14), ρmin was the minimum reinforcement ratio of the longitudinal reinforcement for edge restraint members, and nt was the limit value of the axial compression ratio for the RC shear walls. The characteristic point load values of the 12 corroded RC shear wall specimens involved in this paper were calculated using Equations (9)–(14), respectively. Comparison with the test values is shown in Table 4. The errors of the calculated and experimental values are shown in Figure 7. It can be seen that the calculated values of the cracking point, yield point, and peak point loads were close to the test values.




4.2. Calculation of Characteristic Point Displacement


It can be seen from the test results that the displacement of the characteristic points on the skeleton curve of the specimen changed greatly due to the corrosion, and the axial compression ratio had a more obvious influence than other design parameters on the displacement of characteristic points for the corroded specimens. Therefore, it was assumed in this paper that the displacement influence coefficient of the characteristic point for the corroded RC shear wall was only related to the mass loss rate η of the embedded column’s longitudinal reinforcement and axial compression ratio n. The displacement influence coefficient function was defined as g(η,n), so the calculation formula of the characteristic point displacement for the corroded RC shear wall was as follows:


   Δ d  = g ( η , n )  Δ 0   



(15)




where Δ0 was the characteristic point displacement of the intact RC shear wall, which was calculated as above.



The cracking displacement of the RC members was only related to the strength of the concrete and the size of the members, and the corrosion of the reinforcement had little influence on it. Therefore, this paper did not consider correcting the cracking displacement. We used the following settings: g(η,n) = lηln, where lη and ln are the displacement correction coefficients of corroded specimens for the mass loss rate η and the axial compression ratio n, respectively. According to the test data in this paper, the characteristic point displacement of the corroded RC shear walls was normalized based on the intact RC shear wall specimens with η = 0 and n = 0.2 and the corroded specimens with η = 5.63% and n = 0.2. The calculation formulas of the displacement correction coefficient of each characteristic point were fitted using the 1stOpt software, as follows:




	(1)

	
Yield point:











   l η  = 1 − 0.7  η  0.5    



(16)






    l n  = 0.93 + 0.335 n  .    ( n <  n t  )   



(17)








	(2)

	
Peak point:










    l η  = 1 − 0.43  η  0.5     



(18)






     l n  = 17.6 n  e  − 6.3 n    .    ( n <  n t  )    



(19)





	(3)

	
Limit point:








    l η  = 1 −  η  0.5     



(20)






     l n  = 17.5 n  e  − 6.23 n    .    ( n <  n t  )    



(21)





In Formulas (17), (19), and (21), nt was the limit value of the axial compression ratio for the RC shear wall. The characteristic point displacement values of the 12 corroded specimens involved in this paper were calculated according to Equations (16)–(21), respectively. Furthermore, a comparison with the test values is shown in Table 5, and the errors of calculated and experimental values are shown in Figure 8. It can be seen that the calculated values of crack point and peak point displacement were close to the test values; however, there was a significant error in the calculated values of SW-7, SW-8, SW-9, and SW-10, mainly due to the fact that the displacement formula did not adequately consider the influence of changes in the reinforcements in the shear walls. The calculated values of yield point and limit point displacement were about 25% less than the test values, mainly due to the error in the original displacement formula for the intact specimen. In summary, the accuracy of the displacement formula still needs further improvement.





5. Conclusions







	(1)

	
The corrosion had a great influence on the skeleton curve of the RC shear walls. With an increase in the corrosion degree, the bearing capacity of the specimen decreased, and the deformation capacity worsened. The reduction in the transverse distributed reinforcement and the stirrup spacing of the embedded column had little effect on the bearing capacity of the corroded specimens. However, the bearing capacity of the corroded specimens decreased significantly with a decrease in the diameter of the embedded column’s longitudinal reinforcement. With an increase in axial compression ratio, the bearing capacity of the corroded specimens increased. On the contrary, the deformation decreased.




	(2)

	
The calculation formula for the characteristic point parameters of the intact RC shear walls was analyzed based on the existing literature, and the calculation formula with the best accuracy was selected as the calculation formula for characteristic point parameters for the intact RC shear walls.




	(3)

	
Considering the influence of corrosion on the seismic performance for the test specimens, the characteristic-point reduction coefficient functions, taking into account axial compression ratio, longitudinal reinforcement ratio, and reinforcement corrosion rate, were obtained by fitting. Combined with the calculation formulas of the characteristic points for the intact RC shear walls, the calculation formulas of the characteristic points for the corroded RC shear wall were finally determined. Compared with the test results, it was found that the proposed formula demonstrated good accuracy.
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Figure 1. Geometric size and reinforcement detail drawings. 
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Figure 2. Test flow. 






Figure 2. Test flow.
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Figure 3. Rust expansion crack of concrete cover. (a) Longitudinal cracks; (b) horizontal cracks; (c) lateral cracks. 
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Figure 4. Comparison of the skeleton curves. (a) Rust expansion crack width. (b) Spacing of the transverse distributed reinforcements. (c) Diameter of the longitudinal reinforcement for concealed column. (d) Spacing of concealed column stirrups. (e) Axial compression ratio. 
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Figure 5. Comparison of skeleton curves for corroded members. 
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Figure 6. Comparison of calculation of test value [20,21,22,23,24]. 
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Figure 7. Error diagram of calculated and experimental load values. 
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Figure 8. The error diagram of calculated and experimental displacement values. 
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Table 1. RC shear wall design parameters.






Table 1. RC shear wall design parameters.





	Specimen No.
	Axial Compression Ratio
	Transversely Distributed Reinforcement
	Longitudinal Reinforcement of Concealed Column
	Concealed Column Stirrup
	Design Corrosion Crack Width
	Flexural Shear Ratio





	SW-1
	0.1
	A6@200
	4B12
	A6@150
	0.8 mm
	0.938



	SW-2
	0.2
	A6@200
	4B12
	A6@150
	0 mm
	1.002



	SW-3
	0.2
	A6@200
	4B12
	A6@150
	0.3 mm
	1.002



	SW-4
	0.2
	A6@200
	4B12
	A6@150
	0.8 mm
	1.002



	SW-5
	0.2
	A6@200
	4B12
	A6@150
	1.2 mm
	1.002



	SW-6
	0.2
	A6@150
	4B12
	A6@150
	0.8 mm
	0.874



	SW-7
	0.2
	A6@100
	4B12
	A6@150
	0.8 mm
	0.695



	SW-8
	0.2
	A6@200
	4B14
	A6@150
	0.8 mm
	1.196



	SW-9
	0.2
	A6@200
	4B8
	A6@150
	0.8 mm
	0.703



	SW-10
	0.2
	A6@200
	4B12
	A6@100
	0.8 mm
	1.002



	SW-11
	0.2
	A6@200
	4B12
	A6@200
	0.8 mm
	1.002



	SW-12
	0.3
	A6@200
	4B12
	A6@150
	0.8 mm
	1.002







Note: the axial compression ratio n in this paper refers to the test axial compression ratio, which is calculated according to n = N/(fcA), where fc is the average value of axial compressive strength of concrete, N is the vertical axial force of the wall, and A is the cross-sectional area of the wall. The flexural shear ratio m refers to the ratio of flexural capacity Mu and shear capacity Vu calculated according to the actual reinforcement of shear wall specimens, which is calculated according to m = Mu/(VuH), where Mu and Vu can be calculated according to relevant formulas in [13], and H is the height of the wall.













 





Table 2. Corrosion degree of specimens.
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	Specimen No.
	Distributed Reinforcement

ρd,average/%
	Stirrup

ρs,average/%
	Longitudinal Reinforcement

ρl,average/%
	Average Width of Rust Expansion Crack/mm





	SW-1
	19.36
	16.33
	5.31
	0.78



	SW-2
	0
	0
	0
	0



	SW-3
	8.55
	7.87
	2.24
	0.29



	SW-4
	18.73
	17.13
	5.63
	0.81



	SW-5
	23.37
	24.39
	8.42
	1.18



	SW-6
	20.66
	16.69
	5.33
	0.77



	SW-7
	17.38
	15.12
	5.51
	0.79



	SW-8
	18.54
	17.05
	4.38
	0.83



	SW-9
	20.13
	18.47
	6.25
	0.77



	SW-10
	19.87
	18.19
	5.92
	0.77



	SW-11
	18.17
	16.88
	4.86
	0.82



	SW-12
	16.33
	15.22
	5.27
	0.78










 





Table 3. The value of the characteristic point.
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	Specimen No.
	    P  cr     /kN
	    P y    /kN
	    P m    /kN
	    P u    /kN
	    Δ  cr     /mm
	    Δ y    /mm
	    Δ m    /mm
	    Δ u    /mm





	SW-1
	80.38
	106.25
	123.06
	104.60
	2.48
	4.43
	12.10
	20.10



	SW-2
	99.91
	132.42
	161.66
	137.41
	2.68
	5.76
	14.56
	28.62



	SW-3
	100.02
	131.86
	158.65
	134.85
	2.58
	5.22
	13.08
	23.79



	SW-4
	99.46
	130.92
	152.41
	129.55
	2.57
	4.63
	13.50
	21.32



	SW-5
	79.68
	124.28
	146.79
	124.77
	1.74
	4.69
	12.68
	20.47



	SW-6
	99.46
	132.60
	153.59
	130.55
	2.80
	5.12
	14.40
	24.31



	SW-7
	90.03
	134.29
	155.61
	132.27
	2.70
	5.26
	14.25
	24.89



	SW-8
	80.00
	139.96
	162.98
	138.53
	1.78
	5.19
	14.80
	22.24



	SW-9
	99.72
	114.00
	135.17
	114.90
	3.43
	4.60
	11.28
	21.28



	SW-10
	79.98
	133.50
	156.12
	132.70
	1.72
	4.80
	11.61
	24.30



	SW-11
	79.80
	132.35
	155.29
	132.00
	1.63
	4.60
	10.54
	20.10



	SW-12
	109.74
	142.55
	165.50
	140.68
	2.75
	4.74
	10.01
	17.38










 





Table 4. Comparison of calculated and experimental load values of characteristic points for skeleton curves.
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Specimen No.

	
Cracking Load

	
Yield Load

	
Peak Load




	
Test/kN

	
Calculation/kN

	
Test/kN

	
Calculation/kN

	
Test/kN

	
Calculation/kN






	
SW-1

	
80.38

	
76.85

	
106.25

	
109.23

	
123.06

	
125.05




	
SW-2

	
99.91

	
76.87

	
132.42

	
120.05

	
161.66

	
171.99




	
SW-3

	
100.02

	
76.87

	
131.86

	
118.57

	
158.65

	
167.91




	
SW-4

	
99.46

	
76.87

	
130.92

	
116.33

	
152.41

	
161.73




	
SW-5

	
79.68

	
76.87

	
124.28

	
114.49

	
146.79

	
156.64




	
SW-6

	
99.46

	
76.87

	
132.6

	
116.53

	
153.59

	
173.91




	
SW-7

	
90.03

	
76.87

	
134.29

	
116.41

	
155.61

	
195.33




	
SW-8

	
80

	
76.87

	
139.96

	
126.42

	
162.98

	
175.83




	
SW-9

	
99.72

	
76.87

	
114

	
101.76

	
135.17

	
142.69




	
SW-10

	
79.98

	
76.87

	
133.5

	
114.65

	
156.12

	
161.20




	
SW-11

	
79.8

	
76.87

	
132.35

	
117.87

	
155.29

	
163.13




	
SW-12

	
109.74

	
76.89

	
142.55

	
136.60

	
165.5

	
204.32











 





Table 5. Comparison of calculated and experimental displacement values of characteristic points for skeleton curves.
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Specimen No.

	
Cracking Disp.

	
Yield Disp.

	
Peak Disp.

	
Ultimate Disp.




	
Test/mm

	
Calculation/mm

	
Test/mm

	
Calculation/mm

	
Test/mm

	
Calculation/mm

	
Test/mm

	
Calculation/mm






	
SW-1

	
2.48

	
2.70

	
4.43

	
3.11

	
12.1

	
15.69

	
20.1

	
20.82




	
SW-2

	
2.68

	
2.70

	
5.76

	
4.31

	
14.56

	
14.18

	
28.62

	
20.15




	
SW-3

	
2.58

	
2.70

	
5.22

	
3.86

	
13.08

	
13.27

	
23.79

	
17.13




	
SW-4

	
2.57

	
2.70

	
4.63

	
3.60

	
13.5

	
12.73

	
21.32

	
15.37




	
SW-5

	
1.74

	
2.70

	
4.69

	
3.44

	
12.68

	
12.41

	
20.47

	
14.30




	
SW-6

	
2.8

	
2.70

	
5.12

	
3.62

	
14.4

	
12.77

	
24.31

	
15.40




	
SW-7

	
2.7

	
2.70

	
5.26

	
3.61

	
14.25

	
12.75

	
24.89

	
15.17




	
SW-8

	
1.78

	
2.70

	
5.19

	
3.68

	
14.8

	
16.30

	
22.24

	
17.26




	
SW-9

	
3.43

	
2.70

	
4.6

	
3.56

	
11.28

	
12.66

	
21.28

	
15.11




	
SW-10

	
1.72

	
2.70

	
4.8

	
3.58

	
11.61

	
7.54

	
24.3

	
12.98




	
SW-11

	
1.63

	
2.70

	
4.6

	
3.65

	
10.54

	
12.84

	
20.1

	
15.70




	
SW-12

	
2.75

	
2.70

	
4.74

	
4.16

	
10.01

	
8.27

	
17.38

	
10.20
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