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Abstract

:

The steel corrosion of composite beams with corrugated steel webs (CBCSWs) is prone to occur in a chloride environment, and the load can change the rate of steel corrosion, thereby affecting the degradation of the mechanical properties of CBCSWs. In this paper, the flexural behavior of CBCSWs under the coupled effect of chloride ion erosion and sustained load was studied through an accelerated corrosion test and bending failure test. The results showed that, during the accelerated corrosion test, the deflection at the mid-span of the corroded CBCSWs increased more and faster than that of the uncorroded CBCSWs, and the stress of the externally prestressed tendons of the CBCSWs did not change significantly. During the loading failure process, the relative slip between the web and the concrete plates of the corroded CBCSWs had not been fully developed. The ultimate load and ultimate deflection of the corroded CBCSWs were decreased by 41.1% and 17.9%, respectively, compared to those of the CBCSWs before corrosion. The quasi-plane section assumption was still approximately applicable to the corroded CBCSWs. Compared with the uncorroded CBCSWs, the shear lag effect of the top plate of the corroded CBCSWs was more obvious. The externally prestressed tendons of the corroded CBCSWs could not give full play to their performance during the process of loading failure.
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1. Introduction


Composite beams use corrugated steel webs instead of concrete webs and adopt an external prestressing system, which can effectively reduce the self-weight of beams [1,2], and the application of composite beams with corrugated steel webs (CBCSWs) in bridge engineering can effectively improve the spanning ability of bridges. Corrugated steel webs have high shear buckling strength and lateral stiffness, which means that it is generally not necessary to set additional stiffeners like flat steel webs, as even the thickness of corrugated steel webs is thinner. The buckling modes of corrugated steel webs are divided into local buckling, global buckling, and interactive buckling, and the post-buckling strength of corrugated steel webs is considerable [3]. Since the corrugated steel webs have no ability to resist axial forces, prestress can be efficiently applied to the top and bottom concrete plates of CBCSWs, and the CBCSWs can facilitate the full utilization of the bending resistance of concrete plates and the shear resistance of corrugated steel webs [3,4].



Currently, many scholars have conducted experimental research, theoretical analysis, and numerical simulation on the mechanical behavior of beams with corrugated webs, which lay a foundation for the engineering application of CBCSWs. For the flexural behavior of beams with corrugated webs, through experiments and finite element analysis, Cheng [5] proposed a semi-empirical formula for calculating the ultimate flexural capacity of CBCSWs. Hu [6] conducted a three-dimensional finite element simulation analysis on the flexural performance of CBCSWs. Chen et al. [7] developed a theoretical calculation model of the bending moment of CBCSWs at the ultimate load. Kim et al. [8] developed the prestressed composite beam with corrugated webs and proposed an analysis method to estimate the flexural behavior of the developed prestressed composite beams. For the shear behavior of beams with corrugated webs, Nikoomanesh and Goudarzi [9] investigated the ultimate shear loading capacity of sinusoidal corrugated web beams. Amani et al. [10] studied the shear strength of corrugated web girders made of EN 1.4162/LDX 2101 stainless steel. Zhou et al. [11] proposed a new theoretical formula to calculate the shear stress in a tapered beam with trapezoidal corrugated steel webs by considering the Resal effect. Su et al. [12] analyzed the shear performance of prismatic and tapered beams with corrugated steel webs under different layouts of external prestressing based on finite element simulations. Kanchanadevi et al. [13] investigated the influence of embedment depth, a concrete dowel with or without reinforcement, and an area of dowel bar reinforcements on the shear resistance of a composite system with corrugated steel webs and concrete flanges through push-out tests. Li et al. [14] analyzed the shear ratio of a single-box, four-cell composite box girder with corrugated steel webs through a numerical simulation procedure. In addition, some researchers have also studied the other behaviors of beams with corrugated webs, including the torsional performance [15,16,17,18,19,20], fatigue performance [1,21,22,23], cyclic behavior [24], shear lag effect [25,26,27,28], dynamic characteristics [29,30,31], creep behavior [32], long-term behavior [3,33], natural frequency [34], distortion effect [35], and so on.



The application of CBCSWs in coastal environments faces some issues caused by chloride ion erosion such as corrosion of steel bars, corrosion of corrugated steel webs, and corrosion of prestressing tendons, etc. However, for CBCSWs, steel corrosion not only affects the durability but also reduces the mechanical performance, seismic resistance, etc. At present, there are no studies on the mechanical performance of corroded CBCSWs. During the service life of CBCSWs, they will be subjected to the effects of various loads, and these loads can cause cracks in the top and bottom plates of CBCSWs and also increase the porosity of concrete, thereby providing more channels for chloride ion erosion in concrete under chloride environments and thus changing the corrosion rate of steel bars in the top and bottom plates [36,37,38]. Consequently, studying the mechanical performance of CBCSWs under the coupled effect of chloride ion erosion and sustained load has significant theoretical value and practical engineering significance. However, to the best of the authors’ knowledge, the influence of the coupled effect of chloride ion erosion and sustained load on the mechanical performance of CBCSWs is still unknown and needs to be explored.



To fill this research gap, through an accelerated corrosion test and bending failure test, this paper investigated the flexural behavior of CBCSWs under the coupled effect of chloride ion erosion and a sustained load. Firstly, based on the results of the accelerated corrosion test, the corrosion characteristics of CBCSWs, as well as the variations in deflection at the mid-span of beams and the stress of externally prestressed tendons during the corrosion process, were analyzed. Then, through the bending failure test, the loading failure characteristics of corroded CBCSWs, the relative slip between the plates and the web, the load–deflection curve at the mid-span, the variations in strain, and the variations in stress of externally prestressed tendons during the loading failure process were investigated.




2. Experimental Program


2.1. Design of Beams


Two CBCSWs, labeled as A1 and A2, were designed in the experiment. The two beams had both single-box and single-chamber sections, with a length of 5400 mm, a computed span of 5200 mm, and a height of 450 mm. The top plate of the beams was 1000 mm wide and 75 mm thick, while the bottom plate was 560 mm wide and 75 mm thick. The corrugated steel webs on each side of the beams had a height of 300 mm and a thickness of 3 mm, a wave height of 50 mm, and a wave length of 300 mm. Each beam was equipped with two middle transverse diaphragms and two end transverse diaphragms. As shown in Figure 1, there was a turning block of externally prestressed tendons in every middle transverse diaphragm. Two steel strands (i.e., P1 and P2) with a diameter of 15.24 mm were arranged along the longitudinal folded line of the beams as externally prestressed tendons (Figure 1). The designed tension control stress of externally prestressed tendons was 0.7 fptk (fptk is the standard value of the ultimate tensile strength of prestressed tendons), and the graded tension was carried out by jacks. The sensor displayed the tensile force of the externally prestressed tendons in real time. After the prestress loss was approximately completed, the measured prestress values of the externally prestressed tendons were recorded, and they are listed in Table 1.



The strength grade of concrete was C50, and the mix proportion is listed in Table 2. The corrugated steel webs adopted Q235, while other steel bars were HPB235 with a diameter of 6 mm. The strength and elastic modulus of concrete, steel bars, and steel webs measured by the test are listed in Table 3.




2.2. Accelerated Corrosion Test


In order to make the test conditions more in line with the actual situation, the accelerated corrosion test was carried out on Beam A2 under a sustained load, but the corrosion of externally prestressed tendons was not carried out. Beam A1 was subjected to the same sustained load without an accelerated corrosion test, and for comparison, it was exposed to the natural environment only. The device for applying the sustained load is shown in Figure 2. Based on finite element simulation results, a sustained load of 100 kN was applied to the beams to ensure that the beams remained in the elastic stage during the accelerated corrosion test, and the clump weight as shown in Figure 2a was 20 kN. The value of the sustained load was monitored in real time using a pressure sensor with a maximum range of 200 kN during the accelerated corrosion test. The top and bottom plates of Beam A2 were subjected to a chloride ion drying–wetting cycle and electrochemical corrosion under a sustained load, with a corrosion region of 4500 mm at the mid-span, as shown in Figure 3.



One drying–wetting cycle of chloride ion solution was 14 days, with 7 days in the drying state and 7 days in the wetting state, for a total of 10 cycles, amounting to 140 days. During the wetting stage, the sponge was immersed in 5% NaCl solution and placed tightly against the surface of the beam, as shown in Figure 4. In addition, 5% NaCl solution was regularly replenished to the sponge every day to keep it saturated. The steel bars in the top and bottom plates were connected to the positive pole of the DC power supply with an output voltage of 0–120 V and an output current of 0–3 A, while eight pieces of stainless-steel mesh (Figure 3), of which six were on the top plate and two were on the bottom plate, were connected to the negative pole. The current density was taken as 200 μA/cm2 during the corrosion process. During the drying stage, the beam was exposed to the natural environment after the sponge was removed.



During the corrosion process, the deflections at the supports and mid-span of each beam were measured, and the layout of dial gauges is illustrated in Figure 5. Moreover, the changes in prestress were monitored by using the pre-arranged JMZX-3006 comprehensive tester and pressure sensors. In order to eliminate the influence of temperature on the deflection and prestress, the monitored data were collected at 8:00, 11:30, 14:30, and 17:30 each day.




2.3. Bending Failure Test


After the accelerated corrosion test, a manual hydraulic jack with a measuring range of 600 kN was used to apply three-point symmetrical loading to the two beams, as shown in Figure 6. To ensure the free horizontal movement of the beams, a roller bearing with a diameter of 40 mm was provided at one end of the beams.



Firstly, the beams were preloaded with 10 kN for the purpose of eliminating gaps between beams and the loading device, counteracting for the inelastic deformation of various devices such as the reaction frame, supports, and other parts, as well as checking whether or not the equipment was operating normally. After holding the load for 5 min, the beams were slowly unloaded and began the formal loading stage. Gradation loading mode with an increment of 10 kN for 5 min was adopted, and the development of cracks on the surface of each beam was observed. In order to monitor the changes in deflection during loading, the dial gauges with a measuring range of 30, 50, and 100 mm were, respectively, placed at the supports, three-point, and mid-span of each beam. Dial gauges, which had a measured range of 15 mm, were placed at the top plate, supports of the bottom plate, 1/6 (5/6) sections, 1/3 (2/3) sections, and mid-span of the beams to measure the relative slip between the concrete plates and the web, as shown in Figure 7.



To study the changes in prestress of externally prestressed tendons with increasing loads, the prestress was measured using a JMZX-3006 comprehensive tester during loading. Moreover, the strain gauges and triaxial strain rosettes were arranged at the 1/4 section, mid-span, 3/4 section of the top plate, the bottom plate, and the web, which aimed to study the distribution of longitudinal strains along the height and width of the beam, verifying whether the longitudinal strains satisfied the quasi-plane section assumption and measuring the changes in strain of the corrugated steel webs during the loading process, as depicted in Figure 8.




2.4. Mass Loss of Steel Bars


To measure the mass loss of the steel bars in Beam A2, the top and bottom plates were broken with an electric chisel after the bending failure test, and the steel bars were exposed to the outside, as shown in Figure 9. It is clear that the steel bars were significantly corroded.



According to Chinese Standard GB/T 50082 [39], the adhered concrete was scraped with a knife from the corroded longitudinal steel bars and stirrups, and then the steel bars were washed with a 12% hydrochloric acid solution. After that, the steel bars were rinsed with clean water and then treated with saturated limewater for neutralization. Finally, they were rinsed with clean water again, dried, and weighed using the electronic balance with an accuracy of 0.01 g. The mass loss of steel bars can be calculated by Equation (1):


   L m  =    m 0  − m    m 0    × 100  



(1)




where Lm is the mass loss of a steel bar (%), and m0 and m are the masses of a steel bar before and after corrosion (g), respectively.





3. Results and Discussion


3.1. Phenomena during the Corrosion Process


On the 30th day of the accelerated corrosion test, visible reddish-brown corrosion products were found at the edge of the top plate of Beam A2, and corrosion-induced cracks could also be observed, as shown in Figure 10. This is because there was sufficient oxygen at the edge, resulting in more severe corrosion of the steel bars compared to those in the middle position. Longitudinal corrosion-induced cracks appeared on the side surfaces of the beam, with reddish-brown and yellow corrosion products precipitating from the corrosion-induced cracks, as depicted in Figure 11. Figure 12 shows that the corrosion of the bottom plate is relatively light, with dotted reddish-brown corrosion products observed, compared to the top plate.



After 50 days of the corrosion test, the width of corrosion-induced cracks on the top plate gradually increased, and new corrosion-induced cracks appeared, as illustrated in Figure 13a. The corrosion products on the bottom plate also gradually increased and exhibited a flake distribution, as shown in Figure 13b.



Figure 14 shows the corrosion of Beam A2 on the 80th day of the accelerated corrosion test. The corrosion-induced cracks on the top plate continue to extend and widen. However, there are relatively fewer new cracks. There are multiple transverse corrosion-induced cracks and discontinuous longitudinal ones on the bottom plate, which means the corrosion on the bottom plate progressed significantly.



When the corrosion test reached the 100th day, the longitudinal corrosion-induced cracks on the bottom plate connected into a single one, and the width of the cracks continued to expand, as shown in Figure 15. He et al. [40] also found that, under the coupling of sustained load and chloride corrosion, the width of the corrosion-induced cracks of RC beams increased with corrosion time during the entirety of the experiment, which is consistent with the results of this paper.




3.2. Variations in Deflection at the Mid-Span and Stress of Externally Prestressed Tendons during the Corrosion Process


The deflection at the mid-span of the two beams during the accelerated corrosion test is shown in Figure 16. From the figure, it can be found that the mid-span deflection of both beams increases with corrosion time, while the increase in deflection at the mid-span of Beam A2 is greater and the growth rate is faster. This is because the steel bars in Beam A2 are corroded, reducing the stiffness of the beam, which makes Beam A2 exhibit larger deflection under the same conditions. Du et al. [41] also found that, due to the corrosion of steel bars, the time-dependent deflection of a corroded beam under loads increases more rapidly than that of a non-corroded beam, which is in line with the results of this paper.



Figure 17 depicts the stress variations in the externally prestressed tendons in two beams during the accelerated corrosion test. It can be seen that, except for P2 of Beam A1, the stress change in the externally prestressed tendons is not significant. Although the stress fluctuation of P2 is relatively larger compared to others, the stress difference before and after the test is only 1.6 kN (0.96%), indicating a small change. This may be due to the short corrosion period of the two beams and the fact that the externally prestressed tendons are independent of the chloride salt corrosion. Moreover, during the accelerated corrosion test, the deflection at the mid-span of the beams is relatively low (less than 1.4 mm), and the beams are in the elastic stage, and the effect of externally prestressed tendons is not obvious, so the stress change is not significant.




3.3. Analysis of Mass Loss of Steel Bars


The average mass loss of stirrups and longitudinal steel bars in the top and bottom plates of Beam A2 is listed in Table 4, which shows that the mass loss of stirrups is higher than that of longitudinal steel bars, and this phenomenon is more obvious in the bottom plate. This result is consistent with the research results of Wang et al. [36]. They found that the average mass loss in short stirrup limbs in the tension zone of corroded beams was approximately 5.0–6.9 times that in longitudinal tensile steel bars, and their maximum mass loss was about 2.8–5.0 times that in longitudinal tensile steel bars. This is because the thickness of concrete cover for stirrups is smaller than that for longitudinal steel bars, which allows Cl− and other substances to reach the position of the stirrups first, resulting in earlier and more serious corrosion of the stirrups. Additionally, it can be noticed from Table 4 that the mass loss of longitudinal steel bars in the top plate is significantly higher than that of the bottom plate. This may be due to the fact that water is required to participate in the chemical reactions and acts as the main component of the electrolyte solution during the corrosion process of steel bars; the top plate is more prone to water accumulation than the bottom plate, leading to faster corrosion of the longitudinal steel bars in the top plate.




3.4. Loading Failure Process of Beams


	(1)

	
Beam A1







Before the concrete cracking of Beam A1, the load and the mid-span deflection present a linear relationship, and the prestress gradually increases. When the beam is loaded to 130 kN, the prestress increment is 0.7 kN. Beam A1 cracks at 143 kN, with two cracks measuring 0.10 mm in width, and the prestress increments of P1 and P2 are 1.1 kN and 0.9 kN, respectively. The relative slip between the bottom plate and the web at the 2/3 section is the highest, that is, 0.04 mm.



When the load reaches 182 kN, the number of newly added cracks reaches 11, and the cracks show branching phenomenon. The increments of prestress of P1 and P2 are 2.9 kN and 2.2 kN, respectively, which reflects the accelerated growth rate of prestress. Furthermore, the relative slip between the bottom plate and web at the 2/3 section is the largest, which is 0.04 mm.



When the load ranges from 182 kN to 335 kN, new cracks continue to appear on the surface of Beam A1, with a relatively small number of cracks and an obvious development in crack width. When the load is 335 kN, the maximum width of cracks reaches 0.62 mm, and the prestresses of P1 and P2 grow greatly with increments of 20.8 kN and 21.7 kN, respectively. Moreover, the relative slip between the bottom plate and the web at the 2/3 section is the largest, which is 0.18 mm.



When the load is 409 kN, no new cracks appear, and the maximum width of cracks reaches 0.86 mm. The prestresses of P1 and P2 increase rapidly, and the increments of prestress at this time are 54.8 kN and 57.2 kN, respectively. When the load increases to 421 kN, a sound of “dang” is heard, and the load subsequently starts to decrease, which means the failure of Beam A1. Li [42] also confirmed that as the CBCSWs approached failure, the number of cracks at the bottom of the beam no longer increased, but the width and length of the cracks quickly increased, and the deflection also increased rapidly.



	(2)

	
Beam A2







The bottom plate of Beam A2 cracks at 110 kN, resulting in three cracks, and at this time, the changes in prestresses of P1 and P2 are relatively small, with values of 0.7 kN and 1.7 kN, respectively, and the relative slip between the bottom plate and the web at the mid-span section is the largest, which is 0.04 mm.



When the load is 200 kN, a squeaking sound is heard from Beam A2, and the maximum width of cracks is 0.72 mm. At the junction of the bottom plate and the corrugated steel webs, the cracks extend inward from 30° to 45° with the inclined web, as shown in Figure 18. Meanwhile, the prestresses of P1 and P2 increase linearly with increments of 14.1 kN and 17.8 kN, respectively. The relative slip between the bottom plate and the web at the 2/3 section is the largest, which is 0.27 mm.



When Beam A2 is loaded to 235 kN, noticeable movement occurs on both sides of cracks on the bottom plate, and the maximum width of cracks is 1.00 mm. Obvious gaps are observed along the corrugations at the junction of the bottom plate and the web, and the stress cracks intersect with the longitudinal corrosion-induced cracks, as shown in Figure 19.



A snap is heard when the Beam A2 is loaded to 248 kN, then the load begins to decrease, and the concrete starts to spalling at the intersection of stress cracks and longitudinal corrosion-induced cracks, the corroded steel bars are exposed, which indicates that damage occurs to Beam A2, as shown in Figure 20.



Comparison between Beams A1 and A2 reveals that Beam A2 has fewer stress cracks, only 14 of which are concentrated in the third-point region to the mid-span region (i.e., pure bending region), while Beam A1 has relatively more cracks, with 24 in total, including 15 in the third-point region to the mid-span region and the others appearing in the third-point region to the support region. Wang and Xu [43] also confirmed that when beams experienced load failure, with the increase in the mass loss of the steel bars, the number of stress cracks on the surface of the beams decreased, while the average spacing of stress cracks increased. The main reason for this phenomenon is the corrosion of the steel bars in Beam A2, with the mass loss of the steel bars exceeding 7%, causing a reduction in the cohesive force between the steel bars and concrete. Therefore, during the loading failure process, fewer stress cracks occurred on the surface of Beam A2.




3.5. Relative Slip between the Plates and the Web during the Loading Failure Process


The relative slip between the plates and the web on the left side of Beam A1 begins to develop when the Beam A1 is loaded to 29 kN, which occurs at the 1/3 and 1/6 sections, with a value of 0.01 mm. As the load increases, the relative slip at each section increases, but not significantly. When the load reaches 233 kN, the relative slip between the bottom plate and the web at the 1/3 section develops rapidly. When the load is 328 kN, the relative slip between the top plate and the web at the 2/3 section increases obviously. When the load is 368 kN, the relative slip between the top plate and the web at the 2/3 section reaches 0.17 mm, while the relative slip between the bottom plate and the web at the 1/3 section reaches 0.44 mm.



The relative slips between the plates and the web on the right side of Beam A1 begin to develop at 22 kN and 65 kN, respectively, and both occur at the 1/3 section, with a value of 0.01 mm. As the load increases, the relative slip at each section increases. When the load is 368 kN, the relative slip at the 2/3 section is the largest, with 0.17 mm between the top plate and the web and 0.39 mm between the bottom plate and the web.



When Beam A2 is loaded to 50 kN, the relative slip between the top plate and the web on the left side of Beam A2 initially occurs at the left support section, which is 0.01 mm. When the load reaches 200 kN, the maximum relative slip between the top plate and the web at the 1/3 section on the left side is 0.12 mm. The relative slips between the bottom plate and the web on the left side, the top plate and the web on the right side, and the bottom plate and the web on the right side all first develop at the 2/3 section. The maximum relative slip occurs at the 2/3 section when Beam A2 is loaded to 200 kN, reaching 0.27 mm, 0.18 mm, and 0.04 mm, respectively.



When the load is large, the largest relative slip is at the 1/3 section for both beams, as cracks generated by the load mainly concentrate in the mid-span to the 1/3 section. The maximum relative slip at different positions of Beam A1 is approximately larger than that of Beam A2. This is because the bearing capacity of Beam A2 is reduced after the corrosion of the steel bars, and when Beam A2 fails, the load is smaller, and the relative slip between the web and the plates has not been fully developed.




3.6. Load–Deflection Curve at the Mid-Span


The load–deflection curves at the mid-span of Beams A1 and A2 are shown in Figure 21. It can be seen from Figure 21 that the bearing capacity of Beam A2 is obviously degraded due to the coupled effect of the steel corrosion and sustained load, which is in agreement with the results of Li et al. [44], who studied the behavior of RC beams under simultaneous loading and reinforcement corrosion. Before cracking, the deflection at the mid-span of Beams A1 and A2 approximately increases linearly with the increasing load, and the stiffness of Beam A2 is slightly greater than that of Beam A1. Hu [6] also confirmed that the deflection of the CBCSWs had a linear relationship with the load growth in the range of the elastic stage. As the load increases, the bottom plate of Beam A2 cracks, resulting in a decrease in stiffness; thus, Beam A2 has a lower stiffness. When the load reaches 143 kN, Beam A1 cracks, where a distinct turning point can be observed on the load–deflection curve at the mid-span of Beam A1.



The load and mid-span deflection of the beams are shown in Table 5. From Table 5, it can be seen that after the accelerated corrosion test, the yield load and yield deflection of Beam A2 are decreased by 46.2% and 48.2% compared to Beam A1, respectively, while the ultimate load and ultimate deflection of Beam A2 are decreased by 41.1% and 17.9%, respectively.




3.7. Strain Variations during the Loading Failure Process


The distribution of longitudinal strains along the height direction of Beams A1 and A2, including the four-point section and mid-span, is shown in Figure 22. Chen [5] proved that the strain distribution of the top and bottom plates of uncorroded CBCSWs conformed to the quasi-plane section assumption through both experimental research and theoretical analysis. Yuan et al. [45] found that the strain distribution of uncorroded CBCSWs was basically consistent with the quasi-plane section assumption when it was subjected to bending load. It can be seen from Figure 22 that the quasi-plane section assumption is still approximately applicable to the corroded CBCSWs. Due to the longitudinal folding effect of corrugated steel webs, the strain within the height range of the web is close to zero, indicating that the corrugated steel webs hardly bear bending moments [45,46]. Therefore, it is feasible to adopt quasi-plane section assumption in engineering calculations that only considers the influence of top and bottom plates on the bending performance of corroded CBCSWs, ignoring the corrugated steel webs.



The shear lag effect is mainly manifested in the uneven distribution of longitudinal compressive stresses along the width direction of flange plates under a load. The distribution of longitudinal strains along the width direction of the top plate of Beams A1 and A2 are depicted in Figure 23.



As shown in Figure 23, for Beam A1, when the load is relatively small, the distribution of longitudinal strains is relatively uniform. After the beam cracks, the longitudinal strains at 20 cm of the four-point section are greater than those at 10 cm and 30 cm, and the longitudinal strains gradually increase from 30 cm to 90 cm at this section. The longitudinal strains at 30 cm and 80 cm of the mid-span section are significantly smaller than those at other positions, and as the load increases, this difference becomes more obvious.



As depicted in Figure 23, for Beam A2, when the load is relatively small, the distribution of longitudinal strains is relatively uniform as well. After the concrete cracks, the longitudinal strains at 20 cm and 80 cm of the four-point section, which is in the web position, are greater than those at other positions, while the longitudinal strains at the middle position of the mid-span section are significantly larger than those at other positions.



Thus, the distribution of longitudinal strains along the width direction of the top plate of Beams A1 and A2 is uneven, indicating the presence of the shear lag effect, which is consistent with the findings of Ma et al. [26], Chen at al. [27], and Ji et al. [28]. Compared with Figure 23a,c, as well as Figure 23b,d, it can also be observed that the load is within the range of 220 kN, and the distribution of longitudinal strains along the width direction of the top plate of corroded CBCSWs is more uneven, that is, the shear lag effect of the top plate of corroded CBCSWs is more obvious.




3.8. Stress Change in Externally Prestressed Tendons during the Loading Failure Process


The stress increments of the externally prestressed tendons of Beams A1 and A2 are shown in Figure 24. For Beam A1, the prestress increments of the two externally prestressed tendons are basically consistent, as shown in Figure 24. The change in prestress increment can be divided into three stages with the increase in load. In the first stage, before the plates crack, the curve is almost horizontal, that is, the growth rate of prestress is slow, and its increment is small. Li [42] reached the same conclusion. When the beam is loaded to 143 kN, the stress increments of P1 and P2 are only 1.1 kN and 0.9 kN, respectively. In the second stage, after cracking, the slope of the curve increases, the growth rate of prestress accelerates, and the increment increases. When the beam is loaded to 350 kN, the prestress increments of P1 and P2 are 25.5 kN and 26.0 kN, respectively. After the load reaches 350 kN, which is the third stage, the slope of the curve increases significantly, illustrating a significant increment in prestress. In the research of Li [42], he obtained a similar conclusion. When Beam A1 fails, the prestress increments of P1 and P2 are 55.4 kN and 57.8 kN, respectively, accounting for 35.09% and 35.35% of the initial prestress, respectively, and it can be seen that the externally prestressed tendons are fully utilized when Beam A1 fails.



For Beam A2, the stress increments of the externally prestressed tendons can also be divided into three stages, but there is an obvious difference in the stress increment between the two tendons. In the first stage, before cracking, the curve is almost horizontal with a small prestress increment and a slow increase in increment. When Beam A2 is loaded to 110 kN, the prestress increments of P1 and P2 are only 0.7 kN and 1.7 kN, respectively. Entering the second stage after the plates crack, the slope of the curve increases, which indicates an accelerated increase in prestress. When the load is 185 kN, the prestress increments of P1 and P2 are 4.1 kN and 8.6 kN, respectively. When the load is beyond 185 kN, the slope of the curve increases significantly, demonstrating that the increase in prestress increment speeds up again. While the beam is damaged, the prestress increments of P1 and P2 are 14.1 kN and 18.8 kN, respectively, which are 8.44% and 11.24% of the initial prestress, respectively. It can be found that, compared with Beam A1, Beam A2 fails to fully utilize the performance of externally prestressed tendons when it is damaged.





4. Conclusions


In this paper, the flexural performance of CBCSWs under the coupled effect of chloride ion erosion and sustained load was studied by experiments, and the following main conclusions were obtained:




	(1)

	
During the accelerated corrosion test, the corrosion degree of the top plate of the CBCSWs is higher than that of the bottom plate. The deflection at the mid-span of the CBCSWs shows an increasing trend with the increase in corrosion time. Compared with the uncorroded CBCSWs, the deflection at the mid-span of the corroded CBCSWs increases more and grows faster. During the accelerated corrosion test, there is no obvious change in the stress of the externally prestressed tendons of the CBCSWs. In the CBCSWs, the mass loss of stirrups is higher than that of longitudinal steel bars, and the mass loss of longitudinal steel bars in the top plate is significantly higher than that in the bottom plate.




	(2)

	
Compared with uncorroded CBCSWs, during the loading failure process, the amount of stress cracks in the corroded CBCSWs is reduced. The relative slip between the web and the plates of the corroded CBCSWs does not fully develop during the loading failure process, and the maximum relative slips at different positions are approximately smaller than those of the uncorroded CBCSWs.




	(3)

	
The yield load and yield deflection of corroded CBCSWs decreased by 46.2% and 48.2%, respectively, and the ultimate load and ultimate deflection decreased by 41.1% and 17.9%, respectively, compared to those of the CBCSWs.




	(4)

	
The quasi-plane section assumption is still approximately applicable to the corroded CBCSWs. Compared with the uncorroded CBCSWs, the shear lag effect of the top plate of the corroded CBCSWs is more obvious. The externally prestressed tendons of the corroded CBCSWs cannot give full play to their performance during the process of loading failure.




	(5)

	
The corrosion of corrugated steel webs can affect the mechanical properties of composite beams, and further research regarding the possible influence of corroded corrugated steel webs on the flexural performance, shear performance, and other mechanical properties of composite beams is recommended. Moreover, research into the sound insulation characteristics and the acoustic wave transmission features of the plates of corroded CBCSWs has important scientific value.
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Figure 1. Dimensions and reinforcement diagram of CBCSWs (unit: mm). 
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Figure 2. Device for applying the sustained load (unit: mm). 
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Figure 3. Schematic diagram of accelerated corrosion test. 
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Figure 4. Arrangement of accelerated corrosion test. 
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Figure 5. Arrangement of dial gauges (unit: mm). 
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Figure 6. On-site loading picture. 
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Figure 7. Arrangement of dial gauges during bending failure test. 
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Figure 8. Arrangement of strain gauges (unit: mm). 
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Figure 9. Corrosion of steel bars embedded in Beam A2. 
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Figure 10. Corrosion of the top plate of Beam A2 on the 30th day of the accelerated corrosion test. 
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Figure 11. Corrosion products on the side surfaces of Beam A2 on the 30th day of the accelerated corrosion test. 
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Figure 12. Corrosion of the bottom plate of Beam A2 on the 30th day of the accelerated corrosion test. 
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Figure 13. Corrosion of Beam A2 on the 50th day of the accelerated corrosion test. 
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Figure 14. Corrosion-induced cracks of Beam A2 on the 80th day of the accelerated corrosion test. 
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Figure 15. Corrosion-induced cracks on the bottom plate of Beam A2 on the 100th day of the accelerated corrosion test. 
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Figure 16. Changes in deflection at mid-span of the beams during natural exposure and chloride ion accelerated corrosion. 
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Figure 17. Stress variations in externally prestressed tendons during natural exposure and chloride salt corrosion. 
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Figure 18. Development of cracks of Beam A2 when the load is 200 kN. 
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Figure 19. Development of cracks on Beam A2 when the load is 235 kN. 
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Figure 20. Concrete spalling of Beam A2 during loading process. 






Figure 20. Concrete spalling of Beam A2 during loading process.



[image: Buildings 13 02611 g020]







[image: Buildings 13 02611 g021] 





Figure 21. Load–deflection curves at mid-span. 
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Figure 22. Distribution of longitudinal strains along the height direction. 
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Figure 23. Distribution of longitudinal strains along the width direction of the top plate. (a) Distribution of longitudinal strains along the width direction of the top plate at the four-point section of Beam A1. (b) Distribution of longitudinal strains along the width direction of the top plate at the mid-span section of Beam A1. (c) Distribution of longitudinal strains along the width direction of the top plate at the four-point section of Beam A2. (d) Distribution of longitudinal strains along the width direction of the top plate at the mid-span section of Beam A2. 
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Figure 24. Stress changes in externally prestressed tendons during the loading failure process. 
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Table 1. Design parameters of test beams.
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Beam Label

	
Concrete Type

	
Web Type

	
Prestressing Tendons

	
Measured Prestress/kN

	
Experimental Environment




	
P1

	
P2






	
A1

	
C50

	
Corrugated steel web

	
2ϕs15.24

	
159.5

	
155.5

	
Natural exposure




	
A2

	
C50

	
Corrugated steel web

	
2ϕs15.24

	
163.7

	
165.2

	
Chloride ion drying-wetting cycle + electrochemical corrosion











 





Table 2. Mix proportion of concrete (unit weight: kg/m3).






Table 2. Mix proportion of concrete (unit weight: kg/m3).





	Cement
	Sand
	Coarse Aggregate
	Water
	Polycarboxylate

Superplasticizer





	478
	610
	1185
	172
	3.59










 





Table 3. Mechanical properties of materials (unit: MPa).
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Concrete

	
Steel Bars

	
Steel Webs




	
Elastic Modulus

	
28-Day Cube Compressive Strength

	
Elastic Modulus

	
Yield Strength

	
Ultimate Strength

	
Elastic Modulus

	
Yield Strength

	
Ultimate Strength






	
3.43 × 104

	
51.6

	
2.12 × 105

	
243.0

	
384.3

	
2.08 × 105

	
242.1

	
403.2











 





Table 4. Mass loss of steel bars in A2 beam.
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	Position
	Top Plate
	Bottom Plate





	Stirrups
	16.43%
	13.33%



	Longitudinal steel bars
	12.39%
	7.71%










 





Table 5. The load and mid-span deflection of the beams at yield and failure.






Table 5. The load and mid-span deflection of the beams at yield and failure.





	Beam Label
	Yield Load (kN)
	Yield Deflection (mm)
	Ultimate Load (kN)
	Ultimate Deflection (mm)





	A1
	332.94
	20
	421
	56.07



	A2
	179
	10.37
	248
	46.01
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