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This paper performed compressive tests on corroded reinforced concrete (RC) columns with externally confined ultra-high performance concrete (UHPC) jacket. The studied parameters in this testing program was the corrosion ratio of specimens. The influences of this parameter on the compressive behavior of concrete columns confined by UHPC jacket was reported and discussed. The test results revealed that when the rust rate was less than 20%, axial cracking was the typical failure mode of unreinforced specimens, and the cracks in the rusted area gradually increased with the increase of the rust rate. When the corrosion rate reached 30%, the concrete of the protective layer fell off significantly, and the longitudinal reinforcement also yielded. The ultimate load and peak displacement of the specimens reinforced with UHPC were significantly improved, and the improvement rates of the two were more than 80% and 30%, respectively. The failure mode of the specimen with a corrosion rate of 30% also changed to longitudinal cracking of the UHPC layer. An analytical model was proposed to predict the ultimate load of RC columns with externally strengthening UHPC jacket. The validations of the predictions against the reported test results confirmed the accuracy of the analytical model.
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INTRODUCTION
Reinforced concrete (RC) columns are widely used in engineering structures, and their performance is inevitably degraded by factors such as dry-wet cycles, freeze-thaw cycles, and steel corrosion. Among these factors, the corrosion of steel bars is recognized as the main reason for the deterioration of the mechanical properties of reinforced concrete columns (Jiang et al., 2018; Hu et al., 2019; Zhou et al., 2020), because it will cause the degradation of the mechanical properties of the corroded steel bars, the corrosion-induced cracking of concrete and the deterioration of the interface bonding properties.
The rehabilitation of deteriorated RC column is becoming increasingly important due to the maintenance purpose. Several rehabilitation systems have been applied in RC columns. Steel plate is one of the traditional retrofit methods and used widely for strengthening RC columns (Wang et al., 2017; Hwang et al., 2020). However, steel plate suffers from low corrosion resistance, which raises another durability problem. Many research efforts have been focused on investigating the behavior of RC columns strengthened with fiber-reinforced polymer (FRP) (Estevan et al., 2020; Fallah Pour et al., 2020; Karimipour and Edalati, 2020). The strength and ductility of RC columns can be increased by FRP jackets, and the confinement efficiency increases with the lateral pressure. In order to be fully effective, the deteriorated RC column surface need to be appropriately prepared. Moreover, the confinement efficiency decreases when the column is subjected to an eccentric axial load (Hadi and Li, 2004; Hadi, 2009) and the diameter of the cylindrical concrete column increases (Lam and Teng, 2003). From a different perspective, an increasing number of FRP layers not only incurs additional cost but also causes bond failure (Wu et al., 2006).
In fact, concrete jacketing is the first method to strengthen damaged concrete columns with a new layer of reinforced concrete (Ma et al., 2017). It is reported that the bonding performance between damaged concrete and jacket is good if roughening and cleaning of concrete surface are adopted to ensure good compatibility between the jacket and column surface (Ma et al., 2017). The jacket can provide protection for the core concrete, and the bearing capacity of the reinforced columns can also be increased. However, the poor durability of reinforced concrete limits its application. In the past 10 years, many researchers have worked to develop a type of high-performance fiber-reinforced cementitious composites (also known as engineered cementitious composite, ECC), which are best known for their ultra-ductility and ultra-toughness. ECC has gained increasing popularity in the retrofitting of walls and beams for its excellent tensile properties (Qin et al., 2020; Zhang et al., 2020; Zhang et al., 2021), but it cannot exert its advantages for retrofitting RC columns mainly under compression. The applications of ultra-high performance concrete (UHPC) provides a new choice for this approach. UHPC is a fiber-reinforced material that disperses a certain volume of steel fibers in high strength mortar. It has excellent mechanical properties and durability (Song et al., 2020; Du et al., 2021) as well as good bonding ability (Feng et al., 2020; Guan et al., 2021; Hu et al., 2021), showing great prospects in the field of repair and reinforcement.
Dadvar et al. (Ali Dadvar et al., 2020) investigated the axial behavior of circular RC columns strengthened with 15-mm UHPC jackets. Surface preparation using the four techniques of longitudinal and horizontal grooving, sandblasting, and abrasion were discussed. The results showed that the novel longitudinal grooving surface treatment exhibited better than the common sand blasting technique in load-carrying capacity and energy absorption. Hadi et al. (Hadi et al., 2018) studied the behavior of 16 RC columns strengthened with UHPC under uniaxial compressive and eccentric compressive loads. Their results showed that the thin RPC jacket was able to produce significant increases in both axial and flexural load capacities of their circular columns. Moreover, confining the specimens with UHPC jackets was observed to increase both their ductility and energy absorption when compared with the reference columns.
Xie et al. (Xie et al., 20192019) subjected square and circular concrete columns strengthened with UHPC jackets to uniaxial compression loading. They found that increasing the thickness of confining UHPC jacket significantly improved the compressive behaviors of concrete stub columns for cylindrical shaped column. However, this influence on that of square shaped stub columns was less significant. Moreover, Shan et al. (Shan et al., 2020) conducted an experimental study to investigate the axial behavior of concrete-filled UHPC tubes, which is composed of a prefabricated UHPC thin-wall hollow tube with FRP hoops and concrete. Researchers also focused on the establishment of theoretical models. Models to predict the stress-strain relation of RC columns strengthened with UHPC jackets have been proposed (Algburi et al., 2019; Xie et al., 20192019; Ali Dadvar et al., 2020). The validations of the predictions against the reported test results confirmed the accuracy of the analytical models.
Despite the numerous studies in recent years conducted on RC columns strengthened with UHPC jackets, the reinforced objects are mainly intact RC columns rather than corroded ones. The present studies the axial behavior of corroded RC columns strengthened with 2 mm UHPC jacket and discusses the effect of corrosion rate on the bearing capacity, failure mode and deformation. An analytical model is proposed to predict the bearing capacity of corroded RC columns with externally strengthening. The model is finally verified against results reported.
TESTING PROGRAM
Specimen Design and Fabrication
A total of eight RC columns with different corrosion rates, including four corrosion rates of 0%, 10%, 20%, and 30%, were designed to explore the effect of UHPC jacket on the compressive behavior of corroded RC columns. Specimen were divided into two groups according to whether they were reinforced. All specimens were designed with square cross section and measured 150 and 900 mm in side length and height, respectively. Four steel bars with a diameter of 12 mm were arranged longitudinally. The diameter of the stirrups was 6mm, and one stirrup was set at an interval of 150 mm. Both ends of the specimen were welded with 10 mm thick steel plates as a leveling layer to avoid end damage. 400 mm central area of the specimen was selected as the study area, and electrical corrosion test was used to achieve different corrosion rates. The design of the specimens is shown in Figure 1, and the details of specimens is shown in Table 1.
[image: Figure 1]FIGURE 1 | Cross-section size and reinforcement layout of the specimen (Unit: mm). (A) Specimen elevation. (B) Specimen cross section (unreinforced). (C) Specimen cross section(UHPC reinforced).
TABLE 1 | Results and details of corroded RC columns confined by UHPC jacket.
[image: Table 1]The fabrication of the specimens was divided into three stages. The first stage was the production of the RC column. After the steel cage was bound, it was placed in a wooden mold and poured into a mold. The poured specimens were placed on a flat place and left for 48 h. After 2 days, the wooden formwork was removed, and then watered and cured for 28 days. Then electrical corrosion test was used to corrode the 400 mm long section in the middle of the RC columns. The RC group specimens were waiting for the test under natural curing conditions, while the URC group was chamfered and then reinforced by UHPC jacket. After the strengthening was completed, they were cured at room temperature for 28 days, and the axial compression test was carried out. Figure 2 shows the main process of specimen fabrication.
[image: Figure 2]FIGURE 2 | Main process of specimen fabrication.
Electrical Corrosion Test
It is time consuming to achieve the corrosion and deterioration of the RC columns in the real situation, the corrosion of the steel bars in the RC columns was achieved by electrical corrosion test. While there might be a certain gap between the accelerated corrosion by electrification and the actual natural corrosion, especially the corrosion induced crack patterns and rust distributions (Meng et al., 2022), it could greatly shorten the test time and was widely used in research (Xia et al., 2021). In the electrification accelerated corrosion test, the most commonly used theory was Faraday’s law, through which the current size and electrification time required to achieve the theoretical corrosion rate can be determined, and the relationship between the corrosion quality and them is as follows:
[image: image]
Where, [image: image] denotes corrosion quality of steel bar (g), I denotes corrosion current intensity (A), t denotes corrosion time (s). Z denotes the number of valence electrons lost by iron during the oxidation process. F is Faraday constant, taken as 96,485 C/mol.
Since the stirrups and the longitudinal bars were bound together, the stirrups would also corrode during the electrification process. Therefore, the following formula was used when calculating the total corrosion mass of the steel bars:
[image: image]
From the Eqs 1, 2, the energization time required for the steel bar under a specific corrosion rate could be calculated, and it was corroded according to the theoretical corrosion rate in the table. First, configure a 5% NaCl solution, completely soak the rag to wrap the test section of the specimen that needs to be corroded. In addition, it was necessary to use a catheter to set up a liquid guiding device to ensure that the rag was always in a wet state, so that the concrete in the corroded steel bar area fully moistened. In order to prevent the end of the specimen from being damaged, the outer rag was only set in the target rust range of 400 mm in the middle of the test piece. As shown in Figure 3, connect the positive pole of the power supply to the copper wire, and wrap the negative carbon rod in a wet rag to close to the surface of the test piece and check whether the connection is normal.
[image: Figure 3]FIGURE 3 | The rust condition of the specimen when electrified.
An external direct current was adopted during the accelerated corrosion test of steel bars. A power supply with adjustable current and voltage was used, the voltage adjustment range was between 0 and 30 V, and the current adjustment range was between 0 and 3A. During the corrosion, the current was stabilized at 2.1 A, which can be chosen according to experimental conditions. After turning on the power supply, the current should be slowly adjusted to the corresponding current value after the corrosion section was fully infiltrated. During the corrosion process, the current and energization time were observed in real time to ensure that the 5% NaCl solution kept the concrete in the corrosion section fully wet.
Material Test
Grade C50 normal weight concrete was selected for all of the stub concrete columns. Ordinary Portland cement PO 42.5, natural sand and crushed granite coarse aggregate with a maximum diameter of 20 mm were used. Table 2 lists the mixture proportions. The water-cement ratio of this NWC was 0.48. Concrete cube with 150 mm length were tested for the compressive strength, and the average 28-days compressive strength was 41.3 MPa. The UHPC dry mix is produced by Hunan Guli Engineering New Materials Co., Ltd., and the material mass ratio is cement: silica fume: quartz sand: quartz powder: water reducer: water = 1:0.25:1.1:0.3:0.019:0.225. In addition, flat steel fibers with a length of 8 mm and a diameter of 0.12 mm were mixed with a volume of 2%. According to the specification (China Building Materials, 2018), the material property test of UHPC was carried out. The average cubic compressive strength of UHPC was 135 MPa, and the average flexural strength was 38.4 MPa. Its elastic modulus was 4.45 × 104 N/mm2.
TABLE 2 | Mix proportion of C50 (kg/m3).
[image: Table 2]Measuring Point Layout and Loading Scheme
The test was carried out through the YAW-10000F electro-hydraulic servo pressure testing machine specimen to carry out the static axial compression performance test. The test was divided into two stages: preloading and formal loading. First, the tiny gap between the bearing plate and the specimen was eliminated by preloading, and the preload was 20% of the ultimate bearing capacity. In the formal loading, displacement control was used first, and the load was loaded to 50kN at a speed of 3 mm/min, and then the load was transferred to the force-controlled loading method, and the load was loaded at a speed of 50 kN/min. When the load on the component cannot continue to increase, it was considered that the component was damaged.
Figure 4 shows the layout of strain gauges and displacement gauges on the surface of the specimen. In this test, two strain gauges were arranged in the middle of the adjacent surfaces of the corroded RC column, one for measuring the horizontal strain and one for measuring the vertical strain. For the corroded column reinforced by UHPC, the same strain arrangement is adopted on the surface of UHPC. In addition, since the test section is only 400 mm in the middle of the rusted column, L-shaped steel sheets are pasted at both ends of the test section, and displacement gauges D1 and D2 with a range of 30 mm are installed at both ends of the steel sheet, and the bases of the two displacement gauges are placed on the backing plate, the vertical displacement of the test section can be obtained by subtracting the readings of the two displacement meters during the loading process. At the same time, two displacement gauges D3 and D4 are arranged on the other two sides to measure the lateral deformation of the corroded RC column.
[image: Figure 4]FIGURE 4 | Loading set-up of the axial compression test.
ANALYSIS OF TEST RESULTS
Test Phenomenon and Destruction Characteristics
The failure morphology of the unreinforced specimen is shown in Figure 5. The cracks of the specimen RC00 are concentrated in the end area, and this area presents a V-shaped main crack when the specimen is damaged. The failure patterns of the specimens RC10 and RC20 are significantly different from those of the RC00 specimen, mainly because the two specimens are mainly vertical cracks when they are damaged. with the increase of the corrosion rate, the vertical cracks in the corroded area gradually increase, but the spalling of the surface concrete is not significant. The RC30 specimen is not the same. Large areas of concrete spalling occurred in the corroded area, the longitudinal bars of the column are buckled by compression, and the concrete in the uncorroded area remains intact. Obviously, with the increase of the corrosion rate, the bonding force between the steel bar and the concrete, and the restraint ability of the stirrup to the longitudinal bar are greatly reduced.
[image: Figure 5]FIGURE 5 | Failure mode of the unreinforced specimen.
The failure patterns of the specimens reinforced with UHPC are basically similar shown in Figure 6, and have nothing to do with the degree of corrosion. The typical failure pattern is a longitudinal crack that does not penetrate the specimen. There are some small cracks on both sides of the main crack, and UHPC debris falls during the loading process. But no UHPC peeling occurred. Obviously, UHPC greatly constrains the corrosion column and changes the failure morphology of the specimen.
[image: Figure 6]FIGURE 6 | Failure mode of the strengthened specimen.
Load-Displacement Curve
Figure 7 is the load-displacement curve of the test column. It can be seen from the figure that the load-displacement curve can be roughly divided into two stages, one is the elastic stage, where the load and displacement show a linear relationship, and the other is the plastic stage, where the displacement increases faster than the load. The bearing capacity of the specimen decreased with the increase of the corrosion rate. RC00 and URC00 were not affected by corrosion, and their bearing capacity was the largest among similar specimens. RC30 and URC30 were most affected by corrosion and had the smallest bearing capacity. In the RC group, the slopes of the curves of the specimens with corrosion rates of 0%, 10%, and 20% are all close, indicating that the difference in the stiffness of the structure is small, but when the corrosion rate of the components reaches 30%, the stiffness of the structure decreases significantly. When the corrosion rate of the steel bar is high, the surface of the original specimen will have rust expansion cracks, and the adhesion between the steel bar and the original structure will become poor, which may be the main reason for this phenomenon. Compared with the RC group, the average peak load of the specimen in the URC group increased from 1000 to 1900 kN, and the average peak displacement increased from 0.85 to 1.2 mm, which indicates that the bearing capacity and ductility of corroded columns have been significantly improved after UHPC retrofitting. In addition, the slope of URC30 is close to that of other specimens in this group, and there is no significant decrease in stiffness, indicating that UHPC has a good retrofitting effect on RC columns with high corrosion rates.
[image: Figure 7]FIGURE 7 | Load-displacement of the specimen. (A) RC. (B) URC.
Load-Strain Curve
Unreinforced Specimen
Figure 8 shows the load-strain curve of the unreinforced column. “A” and “B” denote adjacent two sides, and “V” and “H” represent vertical and horizontal strain, respectively. It can be seen that the difference between the same strains on the adjacent two sides is very small, indicating that the test column basically maintains a good axial compression state under the vertical load. Similar to the load-displacement curve, the load-strain curve can be roughly divided into two stages. The first stage is the linear elastic stage. The load and strain increase in equal proportions, and the integrity of the structure is good. The second stage is the plastic stage. The growth rate slows down, the strain increases more significantly. The surface begins to produce micro-cracks and begins to develop, and the overall stiffness of the structure gradually decreases. Cracks appears on the surface of the structure, indicating that the specimens entered the second stage. The cracking loads of the four specimens are 1,080, 900, 950, and 600 kN in turn. Obviously, when the corrosion rate increases significantly, the cracking load of the structure is smaller. In addition, the longitudinal strain is significantly larger than the transverse strain during the loading process, and the Poisson coefficient of the test columns with the design corrosion rate of 0%, 10%, and 20% is about 0.25, but the test column with the design corrosion rate of 30% increases to 0.65.
[image: Figure 8]FIGURE 8 | Load-strain curve of unreinforced columns.
Figure 9 is a comparison diagram of the four specimens, from which it can be seen that the slope of the load-strain curve decreases with the increase of the corrosion rate. The transverse strain and longitudinal strain of the test columns with the corrosion rate of 0%, 10%, and 20% are relatively close, indicating that when the corrosion rate is not high, the stiffness of the structure does not decrease significantly, but when the corrosion rate reaches 30%, the stiffness of the specimen is significantly weakened. This is because with the increase of the corrosion rate, the restraint of the stirrups on the core concrete and the supporting effect of the longitudinal bars are greatly reduced, and even the stirrups are rusted, which leads to the buckling of the longitudinal bars. Under the vertical action, the specimen has a large deformation in the horizontal direction.
[image: Figure 9]FIGURE 9 | Load-strain curve comparison of unreinforced columns.
Ultra-High Performance Concrete Reinforced Specimen
Figure 10 is the load-strain curve of the reinforced column. It can be seen that with the increase of the load, the mechanical performance of the reinforced column shows two stages: in the first stage, whether the reinforced column is the core concrete or the retrofitting layer, it is in the completely linear elastic stage, the longitudinal and transverse strains are small and basically synchronous, and the restraint effect of the retrofitting layer is not yet obvious; in the second stage, the specimen enters the elastic-plastic working stage, the UHPC surface strain and the core concrete strain development are no longer synchronized, the UHPC surface begins to generate micro-cracks and begins to develop, the steel fibers in the UHPC material begin to provide tensile strength, and the retrofitting layer begins to core concrete provides restraint.
[image: Figure 10]FIGURE 10 | Load-strain curve of reinforced column.
In addition, it can be seen that when the corrosion rate is low, the strain of the UHPC reinforced layer is not completely consistent with the original structure, and the strain growth will be lower than that of the original structure, but it can basically work together until failure. With the increase of the corrosion rate, the retrofitting layer is more prone to relative slippage with the original structure, which leads to the phenomenon of peeling and failure of the retrofitting layer, so that the longitudinal and transverse strains of the reinforcement layer are small. However, in general, compared with the corroded column, the ultimate load, peak strain and ductility of the reinforced column have been significantly improved, indicating that the UHPC retrofitting layer can effectively share a certain axial load of the original structure. Compared with the corroded column, the strain of the core concrete increases significantly, indicating that the retrofitting layer has a certain lateral restraint effect on the original structure. Further analysis of the curve shows that the ratio of the strain when the strain of the retrofitting layer begins to lag behind the original structure and the ultimate strain of the original structure is in the range of 0.46–0.61, which is also consistent with the theoretically derived strength utilization coefficient of the retrofitting layer in the range of 0.4–0.7. It can also be seen that the strength utilization coefficient of the UHPC retrofitting layer tends to be lower in practical applications, which can also ensure a greater safety reserve.
ANALYTICAL MODEL
Corroded Reinforced Concrete Columns
When the RC column is subjected to the axial load, the longitudinal bars and stirrups have different constraints on the concrete at different positions, resulting in different stress states of the concrete at different positions. According to the study of Sheikh et al.(Sheikh and Uzumeri, 1982), in the direction of the axis and the cross section of the column, the concrete at the intersection of the longitudinal bars and stirrups is the most constrained and its confinement decays outward in a parabolic fashion, as shown in Figure 11. For the convenience of calculation, it is considered that the intersection angle between the parabola and the stirrup is 45°, the ultimate bearing capacity of the corroded RC column can be expressed with Eq. 3.
[image: image]
Where N is the ultimate bearing capacity of the corroded RC columns, fcc, fca are the strength of the concrete in the strong restraint area and weak restraint area respectively. fc is the strength of the protective layer concrete, [image: image] is the yield strength of the longitudinal reinforcement. A1, A2 and [image: image] represent the concrete area of the strong and weak restraint areas and the cross-sectional area of the longitudinal reinforcement after corrosion, respectively. A3 is the area of the concrete protective layer. When the corrosion-induced cracking occurs, the area of the protective layer within the range of the crack length is no longer considered in the calculation of the area of the concrete protective layer.
[image: Figure 11]FIGURE 11 | Schematic diagram of restraint partition of RC column.
Since the concrete in the strong restraint area is under triaxial compression, the dual effects of the section where the stirrup is located and the vertical section of the stirrup needs to be comprehensively considered. The strong restraint area of the square RC column (A1) can be expressed with Eq. 4. Acor represents the concrete area of the core area.
[image: image]
The damage coefficient [image: image] is introduced to evaluate the effective thickness of the concrete protective layer of the corroded RC column. Its value is related to the crack width and Table 3 lists values in different crack widths. The concrete protective layer considering the section damage for corrosion can be calculated by Eq. 5.
[image: image]
TABLE 3 | The damage coefficient of the RC column subjected to axial compression corrosion.
[image: Table 3]In order to calculate the constraining effect of corroded steel bars on the core concrete, the constrained concrete strength model established in reference (Qian et al., 2002) is used to obtain the concrete strength expression in the strongly constrained area.
[image: image]
where [image: image] denotes the characteristic value of the stirrups calculated according to the measured values of the stirrup and concrete strength, [image: image] denotes volume hoop ratio without considering stirrup corrosion; [image: image] denotes yield strength of uncorroded stirrups, [image: image] denotes standard value of concrete axial compressive strength.
Since the improvement of the strength of the concrete in the weakly constrained area is limited, for the convenience of calculation, the increase of the strength of the concrete in the weakly constrained area is not considered, its strength can be expressed as Eq. 7.
[image: image]
Electrical corrosion test was adopted to achieve different corrosion rates, the relationship between the yield strength of the steel bar and the corrosion rate can be expressed as Eq. 8 (Xia et al., 2021). The cross-sectional area of the steel bar after corrosion is calculated according to the maximum damaged cross-section, and the steel bar is considered to be uniformly corroded based on the maximum corrosion rate. The cross-sectional relationship before and after corrosion is shown in Eq. 7.
[image: image]
[image: image]
where, [image: image] denotes the nominal yield strength of the steel bar after corrosion; [image: image] denotes the maximum corrosion rate of the section; [image: image] denotes the yield strength of the corroded steel bar. [image: image] and [image: image] denote the cross-sectional areas before and after the steel bar is corroded.
Corroded Reinforced Concrete Columns With Ultra-High Performance Concrete Jackets
Based on the axial compressive performance of the corroded RC column, considering the retrofitting methods and theoretical researches such as normal concrete enlarged section method, steel hoop retrofitting and FRP retrofitting, the model of the corroded RC column reinforced around the plain UHPC is preliminarily drawn up.
[image: image]
where [image: image] denotes the combined value of the axial force of the reinforced column, [image: image] denotes the stability coefficient of the axial compression member, [image: image] denotes the compressive strength value of the corroded RC member concrete axial center, [image: image] denotes the strength improvement factor of original structure concrete, and [image: image] denotes the UHPC intensity utilization degree coefficient.
The restraint effect of the retrofitting layers on the original structure is actually a passive restraint caused by the original structure’s deformation, and the restraint effect depends on the deformation of the original structure concrete and retrofitting layers’ hoop stiffness. Due to the improvement factor of the concrete strength of the original member, combined with the stirrup constraint model and the FRP constraint model (China Building Materials Association, 2010), the calculation formula of the Mander’s model (Mander et al., 1988) is defined as follows:
[image: image]
where [image: image] denotes the peak stress of plain concrete, [image: image] denotes the effective lateral restraint force, [image: image] denotes the effective restraint coefficient related to the overall shape of the section, [image: image] denotes the equivalent binding force, which refers to the overall equivalent lateral binding force in the two directions of the integrated rectangle.
The original structure was chamfered and chiseled in the retrofitting process, and the constraint model of the plain UHPC retrofitting layer to the concrete in the core area is shown in Figure 12. According to the literature (China Building Materials Association, 2013), the constraint coefficient is defined in Eq. 12.
[image: image]
[image: Figure 12]FIGURE 12 | Schematic diagram of the constraint model of the UHPC retrofitting layer.
The central concrete is in biaxial compression in the plane, and the transverse force diagram for a square section is shown in Figure 13. The relationship between the stress level [image: image] and the lateral restraint forces [image: image] and [image: image] in the direction of the long and short sides are proposed in Eqs 13, 14.
[image: image]
[image: image]
where [image: image] is the transverse stress of the long side at the peak force, [image: image] is the transverse stress of the short side at the peak force, b and d are the longitudinal and transverse widths of the reinforced column, c is the wall thickness of the UHPC retrofitting layer.
[image: Figure 13]FIGURE 13 | Lateral force diagram of rectangular UHPC retrofitting layer.
The deformation of the old and new structures is considered to be consistent for the corroded RC column reinforced by UHPC, and the deformation of the reinforced structure conforms to the assumption of plane section. For normal concrete, Sargin’s model (Mander et al., 1988) gives the stress-strain relationship Eq. 15 of the structure before the bearing capacity reaches the ultimate state. The material properties of UHPC reinforced layer are between concrete and steel, so its compression state is similar to the ideal elastic-plastic. Its constitutive relation can be obtained with Eq. 16.
[image: image]
[image: image]
where [image: image] and [image: image] are the peak strain and ultimate compressive strain of normal concrete, which are taken as 0.002 and 0.0033, respectively. [image: image] and [image: image] are the peak strain and ultimate compressive strain of UHPC. [image: image] and [image: image] are the peak stress of normal concrete and UHPC. [image: image] is ratio of ratio of the elastic modulus of UHPC [image: image] to that of normal concrete [image: image], which is taken as 2.13.
There is an initial stress [image: image] on the corroded column under constant load before retrofitting, and the corresponding strain can be defined as [image: image]. The ratio between the initial stress and the peak stress is defined as [image: image]. The relationship between the initial strain [image: image] and peak strain [image: image] are shown in Eq. 17.
[image: image]
Normal concrete’s peak strain ([image: image]) is equal to UHPC layer’s peak strain ([image: image]) according to the deformation coordination. The maximum strain difference generated after retrofitting can be expressed as follows.
[image: image]
Combined Eq. 18 with Eq. 15, the material utilization degree coefficient of UHPC([image: image]) can be obtained.
[image: image]
Obviously, [image: image] and [image: image] are closely related, and Figure 13 shows their relationship. It can be seen that as the strength of the UHPC increases, the utilization degree coefficient of UHPC will be lower. When the initial stress ratio is less than 0.6, [image: image] basically maintains a relatively slow decline in slope with the increase of [image: image]. When the initial stress ratio is more than 0.6, the utilization degree coefficient decreases rapidly.
The calculation of RC columns strengthened with UHPC jacket is similar to that with RC jacket. When normal concrete is used to strengthen, the strength utilization factor is suggested to be 0.8 (Mander et al., 1988). However, it can be seen that the strength of UHPC material is much greater than that of normal concrete, when [image: image] is less than 0.6, the strength utilization factor of UHPC can take values from 0.4 to 0.75. When calculating the axial compressive bearing capacity of corroded RC columns reinforced with UHPC, it is suggested that the value of the material strength utilization coefficient of the retrofitting layer ranges from 0.4 to 0.7 for safety, and the specific parameters should be determined according to the actual peak strength of UHPC. Table 4 lists suggested strength utilization factor of UHPC with different strength grades, the value is relatively conservative to ensure the security of calculation. In addition, when calculating corroded RC columns reinforced with UHPC with initial stress, the utilization degree coefficient of UHPC can refer to Figure 14.
TABLE 4 | strength utilization factor of UHPC without initial stress.
[image: Table 4][image: Figure 14]FIGURE 14 | Influence of [image: image] on [image: image].
Verification of Proposed Model
When calculating the axial compressive bearing capacity of corroded RC columns, several important parameters need to be determined experimentally. The standard value of concrete cube strength ([image: image]) is 48.6 MPa, so the standard value of axial compressive strength of normal concrete ([image: image]) is 32.1 MPa.
It is also necessary to obtain the damage coefficient of the protective layer section by measuring the width of the rust expansion crack on the surface of the rusted column before loading, so as to characterize the reduction of the compression section of the member due to the corrosion of the steel bar. The damage coefficients of RC10, RC20 and RC30 are 0.97, 0.91, and 0.79, respectively.
n addition, the influence of corrosion on the axial compressive bearing capacity of steel bars is considered, which is mainly reflected in the two aspects of cross-sectional area and yield strength. After taking out the steel bar, the cross section at the maximum pit corrosion is used as the calculation index to obtain the control cross-sectional area of the steel bar under different corrosion rates, and then the yield strength of the longitudinal bar after corrosion is calculated.
When calculating the axial compressive bearing capacity of corroded RC columns reinforced with UHPC, calculating the ultimate bearing capacity of corroded RC columns is necessary. Then, the concrete strength improvement coefficient is needed to be determined. Combined with the theoretical model calculation and the actual test situation, the concrete strength improvement coefficient [image: image] is 1.065 and the material strength utilization degree coefficient [image: image] is taken as 0.5. Equation 10 finally can be written as Eq. 20.
[image: image]
Figure 15 compares the results of theoretical calculations and experiments. It can be seen that the error between the experimental results and the theoretical calculation values is within 8%, indicating that the theoretical calculation values are in good agreement with the experimental values. It shows that the reliability of the theoretical calculation model of the axial compressive bearing capacity of corroded RC column reinforced with UHPC.
[image: Figure 15]FIGURE 15 | Comparison of theoretical calculation results and experimental values.
CONCLUSION

1) The ultimate compressive resistance and failure mode of the RC corroded column were affected by the corrosion rate. Compared with the uncorroded column, the ultimate compressive resistance of the specimen with the corrosion rate of 10%, 20%, and 30% decreased by 8.3%, 13.5%, and 27% respectively. Axial cracking was the typical mode when the rust rate was less than 20%, and the cracks in the rusted area gradually increased with the increase of the rust rate. However, the concrete of the protective layer fell off significantly, and the longitudinal reinforcement also yielded obviously when the corrosion rate reached 30%.
2) The ultimate compressive resistance and corresponding displacement of the specimens reinforced with UHPC were significantly improved, and the improvement rates of the two were more than 60 and 30%, respectively. The failure mode of the specimen with a corrosion rate of 30% also changed to longitudinal cracking of the UHPC layer. It shows that UHPC jacketing is a fair choice for retrofitting corroded RC columns.
3) On the basis of considering the influence of bar corrosion, the concrete strength improvement coefficient and the UHPC strength utilization coefficient were introduced, and the calculation formula of the bearing capacity of the corroded RC column before and after retrofitting was established. The error between the experimental value and the theoretical calculation value was within 8%.
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