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Abstract

:

The advancement of marine engineering has brought close attention to the durability of concrete structures. In order to investigate the time-varying performance of reinforced concrete beams in a marine environment and to better apply sea sand directly in marine engineering, this paper describes tests and analysis on the flexural performance of reinforced sea sand concrete beams after being exposed to a tidal environment. Eight beams were tested using four-point static loading equipment. The variation parameters included the type of mixing water, longitudinal reinforcement rate, sea sand replacement rate and duration of service. The force damage process and damage pattern were observed. The load–maximum width crack curve and load–deflection curve were obtained. The effects of each variation parameter on the mechanical properties such as ultimate bearing capacity, initial rigidity, energy dissipation coefficient and ductility coefficient were analyzed. The test results show that compared with the specimens exposed to the tidal environment for 90 days, the peak load of the specimens decreased by 5.6%, the initial rigidity decreased by 60.9% and the ductility coefficient decreased by 41% after 270 days of exposure, while the peak deflection and energy dissipation indexes first increased and then decreased. The seawater mixing can enhance the peak load and cracking load of the specimens, but the initial rigidity, peak deflection, energy dissipation coefficient and ductility coefficient of the specimens are reduced to some extent. The initial rigidity of the specimens tended to increase with the increase in the sea sand replacement, but the peak load decreased. Under the same reinforcement rate, reducing the diameter of the reinforcement is beneficial to improve the initial rigidity of the specimen, while using the reinforcement with higher elongation can effectively enhance the peak deflection of the specimen. Based on the Chinese code, the calculation method of flexural bearing capacity with modified concrete strength is proposed, and the calculation results are in good agreement with the test results.
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1. Introduction


With the continuous advancement of marine engineering, the durability of concrete structures has received more and more attention [1,2,3]. It is well recognized that steel corrosion is the main reason for the shortened service life of marine structures [4,5]. Offshore engineering structures are in a complex corrosive environment where the corrosion of steel reinforcement by chloride ions in seawater will not only reduce its effective cross-sectional area, but the generation of rust will also cause cracking and spalling of the concrete protective layer [6,7,8], resulting in the deterioration of the force performance of the structure [9,10]. This degradation effect may be further exacerbated by seawater scouring and wet and dry cycles [11,12,13]. Therefore, clarifying the time-varying performance of the structure under a corrosive environment is a guarantee to promote the safe construction of offshore projects. In addition, adopting local materials and using marine sand as aggregate to prepare concrete can greatly reduce the cost of offshore engineering and time [14,15,16] and realize the efficiency of offshore engineering construction.



The durability of reinforced concrete beams has been studied by many authors [17,18,19,20,21,22,23,24,25,26]. Li et al. [17] investigated the mechanical performance of reinforced concrete beams under simultaneous loading and corrosion and experimental results showed that the ultimate load capacity and deformation capacity of the beams significantly decreased with corrosion cycles at higher sustained load levels. Ma et al. [18] investigated the degradation of the seismic performance of corroded RC columns and proposed an empirical model to predict the residual load capacity of corroded columns. Dang et al. [19] analyzed the effect of reinforcement corrosion on the buckling behavior of corroded RC beams and further predicted the residual buckling strength of concrete beams. Tapan et al. [20] proposed a method considering many effects to predict the residual bearing capacity of corroded RC columns under different degradation conditions, such as reinforcement buckling and deformation incompatibility between the reinforcement and the surrounding concrete. Yalciner et al. [21] developed an empirical model to predict the structural behavior of corroded RC columns based on the experimental results of full-size RC columns. Işık et al. [22] studied the effect of different concrete cover thicknesses on the performance of building structures and proposed solutions for the corrosion of reinforcement. Ansari et al. [23] proposed a new method to improve the carbonation resistance of calcium sulfate aluminate cements, which led to further improvement in the durability performance of concrete. Dong et al. [24] studied the effect of marine environmental exposure on sea sand seawater concrete beams and revealed the mechanisms causing structural performance changes through analysis and calculations. Ahmad et al. [25] found the law of the effect of random arrangement of steel fibers on the fracture and ductility properties of concrete beams through an experimental study. Hariche et al. [26] studied the effect of reinforcement configuration and continuous loading on the performance of reinforced concrete beams affected by reinforcement corrosion, giving the evolution of reinforcement corrosion and central deflection under simultaneous loading and corrosion.



Most of the studies on the mechanical performance of members in a marine environment have been conducted by artificially simulating dry and wet cycles and seawater scouring, which still have some differences from the real marine environment. In the existing studies on the mechanical properties of reinforced concrete beams in real marine environments [27,28], there is a lack of relevant research information on the time-varying mechanical properties of reinforced marine sand concrete beams in tidal environments, which need to be investigated through experiments. Therefore, in this study, eight reinforced marine sand concrete beams were designed and fabricated. Four-point bending loading tests were conducted in a sea area of the South China Sea after tidal environment exposure and reaching different durations of service of the design. The force damage process and damage pattern, crack development and load–deflection curves of the specimens were analyzed, and the influence law of each variation parameter on the force performance index of the class members after exposure to the tidal environment was found. Finally, based on the Chinese code, the calculation method of flexural bearing capacity with modified concrete strength is proposed considering the effect of concrete strength variation, which provides a reference for the design of reinforced sea sand concrete beams in offshore projects.




2. Experimental Program


2.1. Preparation of Specimens


Eight reinforced sea sand concrete beams were designed and fabricated for three levels of the tidal environment duration of service (90 d, 180 d, 270 d), sea sand replacement rate (0%, 50%, 100%), longitudinal reinforcement rate (0.64%, 0.93%, 1.27%) and type of mixing water (fresh water, sea water) as variation parameters. The cross-section dimensions of all specimens are the same, where the width is 150 mm, the height is 200 mm and the length is 1250 mm. The spacing between the hoops is 100 mm, and the thickness of the concrete protective layer is taken as 25 mm. The cross-sectional dimensions and the form of reinforcement of the specimens are shown in Figure 1. The specific parameters of the specimens are shown in Table 1.



The fabrication process of the test pieces is given below. (1) Fabrication of the mold. The wooden template was used to make the specimen according to its size. (2) Fabrication of reinforcing steel cage skeleton. The position of the hoop was first positioned, followed by fixing it with galvanized ties to ensure that the relative positions of the components of the steel skeleton were changed to a lesser extent. (3) Paste the steel strain gauges. The location where the strain gauges were pasted was cleaned with alcohol after rust removal, and the strain gauges were glued to the surface of the reinforcement. Next, a layer of silicone rubber was wrapped around the strain gauges to prevent them from being damaged during the pouring. (4) Pouring and maintenance. After pouring and adequate vibrating, excess concrete at the top was removed with a scraper in order to obtain a relatively flat surface. All specimens were cured under natural conditions for 28 days to allow the concrete to grow sufficiently in strength (as shown in Figure 2).



The marine tidal environment in this paper refers to the tidal environment at the coastal beach, which is categorized as the fourth type of concrete structure environment. It is characterized by being submerged by seawater at high tide and exposed to air at low tide, with obvious wet and dry cycle characteristics. The geographic location of the tidal zone of the beam specimen in this study is 21°4′13″ N, 109°7′46″ E. The specimen was placed about 5 m inside the highest tide line, and the average tide line height is 4.6 m (as shown in Figure 2).




2.2. Properties of Materials


2.2.1. Steel


The grade of steel bars were HRB400, 6 mm hoop diameter, 8 mm erection bar diameter and three longitudinal bar diameters (10 mm, 12 mm and 14 mm). The uniaxial tensile properties of the bars were tested on the WAW-600 Wanlong microcomputer-controlled electro-hydraulic servo universal testing machine. The test results are as follows. The yield strength of 8 mm steel bar is 511.1 Mpa, and the tensile strength is 734 Mpa. The yield strength of 10 mm steel bar is 502.6 Mpa, the tensile strength is 725.6 Mpa and the elongation is 20.1%. The yield strength of 12 mm steel bar is 452.4 Mpa, the tensile strength is 629.4 Mpa and the elongation is 23.8%. The yield strength of 14 mm steel bar is 440.7 Mpa, the tensile strength is 585.6 Mpa and the elongation is 10.6%.




2.2.2. Sea Sand Concrete


The materials used to make concrete include fresh water, sea water, river sand, sea sand, ordinary silicate cement (cement grade P.O.42.5) and natural coarse aggregates. Both sea water and sea sand were taken directly from a sea area in the South China Sea. The physical properties of river sand and sea sand were measured according to the specification [29] and the results are as follows. The fineness modulus of river sand was 3.1, apparent density was 2500 kg·m−3 and bulk density was 1540 kg·m−3. The fineness modulus of the sea sand was 2.6, apparent density was 2620 kg·m−3, bulk density was 1450 kg·m−3 and shell content was 0.35%. The classification curves of sea sand and river sand are given in Figure 3A, and both belong to class II sand. Compared to river sand, sea sand has higher shell content and it has a smoother surface. The concrete mixes are shown in Table 2. Ten groups of 30 standard cubic specimens with design strength C35 were designed according to different variables (because the specimens were in a marine environment, their concrete design strength should be greater than C30). The compressive strength test was performed according to the Chinese specification (GB50081-2002) [30], and the average value of each group was taken as its representative value to eliminate dispersion (the results are listed in Table 1). The relationship between concrete slump and the variation of sea sand replacement rate and type of mixing water is shown in Figure 3B. As seen in Figure 3B, the slump satisfies the plastic concrete requirements.





2.3. Test System and Instruments


The loading and testing apparatus consisted of a support, reaction frame for loading, a hydraulic jack, three dial indicators, a load sensor and a crack lateral width meter. The beam specimens were loaded with four-point bending (the loading schematic is shown in Figure 1), and all the specimens had a net span lo = 1050 mm and a shear span of 350 mm. The loading regime used a graded loading method with load control first and then displacement control. From the beginning of formal loading to the first cracking, the load was controlled using 5 kN increments, and after cracking until the yielding of the reinforcement (reading the yield strain through the longitudinal reinforcement strain gauges), the load was controlled using 10 kN increments, with each level of load lasting 2 min. After the end of load holding, the crack width was measured with a crack lateral width meter, and the development of cracks was also described on the surface of the specimens. After yielding of the longitudinal bars, continuous loading was carried out and the load was applied in increments of 0.5 mm for the mid-span deflection until the specimens were damaged (concrete crushed in the compressed zone or the specimen load dropped to 85%).





3. Experimental Results and Analysis


3.1. Damage Process and Morphology


It can be found that through the damage process the failure modes of specimens under different parameters are nearly the same. The typical failure modes of the specimens are as follows: (a) the specimen is subjected to a small bending moment during the period from the beginning of the test of formal loading to 10% of the peak load. The cross-section is not yet cracked, so there is no significant change on the outer surface. At this time, the deflection growth in the span is approximately linear, and the specimen exhibits linear elastic deformation characteristics. (b) Near the time of cracking, the specimen exhibits certain plastic properties, and the deflection growth rate is greater than that of the first stage. (c) When the load cell monitor readings reach 13% to 27% of the peak load, the appearance of significant cracks can be observed in the purely bending section of the span of the beam, with the extension height. (d) As the loading proceeds, the mid-span cracks gradually increase and the height degree of crack development further deepens. Continuing to load, oblique cracks appear in the bending shear section along the line between the loading point and the corresponding side of the support. By the time the concrete is crushed in the compression zone, the loading ends, and it can be observed that fewer new cracks are produced and are basically the deepening extension of the original cracks. The specimen shows a typical bending damage of suitable reinforcement.



The failure pattern and crack distribution (excluding crush zone) of each specimen are shown in Figure 4A–H. From the comparison of each figure, it can be seen that for the reinforced sea sand concrete beam specimens with different variation parameters, the damage pattern and final damage morphology are similar, and they all exhibit the proper reinforcement damage in the positive section damage. The above indicates that the variation parameters (sea sand replacement rate, longitudinal reinforcement rate, type of mixing water and duration of service) do not have significant effects on the damage mode and final damage morphology of the specimens under the tidal environment of time duration of 270 d.




3.2. Width of Crack


To determine the maximum crack width, the crack width development in the specimens was measured during the loading process (according to the load classification). The final measurement is shown in Figure 5, where the crack width is the maximum crack width of the specimen at a certain load level. Referring to the code “Code for Design of Concrete Structures” [27] (GB 50010-2010) 0.2 mm was taken as the crack width threshold (dashed line in the figure). From Figure 5A–D, it can be seen that the maximum crack width of each specimen increases linearly with the increase in load, and the crack width is less than 0.1 mm when cracking, and the load is 50~100 kN when reaching the threshold value of crack width (0.2 mm) in a normal use limit state. The above indicates that the variation parameters (sea sand replacement rate, longitudinal reinforcement rate, type of mixing water and duration of service) did not have significant effects on the crack width development of the specimens under the tidal environment of 270 d duration. The reason for this may be that the reinforcement of the specimen beams was still protected by the concrete protective layer under the 270 d tidal environment (wet and dry cycles) and was less affected by chloride ion corrosion. The bond between the reinforcement and concrete interface was not damaged, so the crack width development of the specimens tended to be consistent.




3.3. Load–Deflection Curves


Figure 6A–D show the measured load–deflection curves for different parameters. The point where the secant rigidity of the specimen decreases to a large extent is taken as the yield point of the specimen. The load–deflection curves of the specimens can be divided into two categories according to the different trends as follows.



Category I: The curves are divided into three stages: elastic stage (specimen not cracked), elastic–plastic stage after cracking to yielding of the reinforcement and yielding to damage of the reinforcement. In the elastic phase of the specimen, the increment of deflection of the specimen changes less with the rising load (as shown in the Figure 6). This is because the tensile force in the lower part of the beam is shared by the reinforcement and the bond between the reinforcement and the concrete interface, and the reinforcement is in the elastic stage at this stage, while the bond between the reinforcement and the concrete interface is intact and also in the elastic rising section, so the specimen as a whole is in the elastic stage.



In the elastic–plastic stage, that is, after the specimen cracking to the yielding stage of the reinforcement, the incremental deflection of the specimen with the rise of the load becomes larger than the first stage. This is because the reinforcement enters the elastic–plastic phase, and the bond between the reinforcement and the concrete interface appears to be damaged to some extent with the growth of the reinforcement strain. Therefore, the growth of deflection of the specimen is greater than the elastic phase under the same load increment.



After entering the yielding section of the reinforcement until the damage, the cut-line rigidity of the specimen decreases to a greater extent and the deflection grows while the load increment is relatively small (e.g., specimen SSCB-R6 in Figure 6D). This is because there is no significant increase in the stress of the reinforcement after it enters the yield section, while the strain increases more rapidly. Therefore, the cut-line rigidity of the specimen shows a large degree of decrease. After the yielding section, the reinforcement section is entered and the stress increases slowly, while the strain increased substantially. The crack develops faster and the bond between the reinforcement and concrete interface is further damaged during this process as the crack continues to develop. The deflection of the specimen grows, while the load rises slowly until the reinforcement necking is broken and the load drops abruptly, and the loading ends.



Category II: The overall trend is basically the same as the first category of curves, the difference lies in the elastic phase without cracking and the elastic–plastic phase after cracking to the yielding of the reinforcement. The increment of deflection in this part of the second category of curves under the same load increment is significantly larger than the first category of curves, the degree of difference mainly depends on the duration of service in tidal environment (as shown in Figure 6D), which can be clearly observed by the comparison of SSCB-R10 to SSCB-R6 specimens.





4. Analysis of Test Variation Parameters


4.1. Mechanical Performance Index


In order to evaluate the difference of force performance of reinforced sea sand concrete beams under different parameters, the main mechanical property indexes are initial rigidity (K), ultimate bearing capacity (Pu), peak deflection (Δu), energy dissipation coefficient (E*) and ductility coefficient (μ).



The initial rigidity (K) reflects the ability of the specimen to resist deformation, uniformly taken as the cut-line rigidity of the cracking point on the specimen deflection–load curve. The method is schematically shown in Figure 7.



Energy consumption index (E*) reflects the size of the specimen’s energy consumption capacity from bearing load to damage, generally taking reduction in the specimen bearing capacity down to 85% of the peak as a sign of damage. In this study, most of the specimens were damaged when the load did not fall to 85% of the peak load, and there is a sudden drop after the peak. Therefore, the peak load point is taken as the damage point uniformly. The magnitude of the energy dissipation index is the area enclosed under the load–deflection curve from point 0 to the damage point, which is calculated schematically in Figure 7.



The ductility coefficient (μ) is used to characterize the deformation capacity of a section of a member yielding to the maximum load carrying capacity. In this paper, the displacement ductility coefficient is used to reflect the ductility performance of the beam, which is obtained by referring to the literature [31] as follows.


  μ =    Δ u     Δ y     



(1)







Note: Δy indicates the yield displacement, the deflection when the load displacement curve of the specimen makes an obvious turn is selected in this paper. Δu indicates the ultimate displacement, which is the deflection corresponding to the peak load of the specimen (the values of Δy and Δu are shown in Figure 7).



A comparative analysis was conducted based on different parameters of the specimen.




4.2. Type of Mixing Water


Figure 8 shows the effect of type of mixing water (fresh water and sea water) on the initial rigidity, cracking and peak load, peak deflection, energy dissipation index and ductility index of reinforced sea sand concrete beam specimens.



As can be seen in Figure 8A, the initial rigidity of the specimen changed from 52.35 kN·mm−1 to 43.33 kN·mm−1 when the type of mixing water was changed from fresh water to sea water, which decreased by 15.6%.



As seen in Figure 8B, the cracking load and peak load of the specimens (the cracking load and peak load are 30.4 kN and 161.3 kN, respectively) with mixing sea water increased by 33.9% and 10.9%, respectively, compared to those with freshwater mixing and raising, which indicates that the increase in concrete strength by seawater mixing and raising increased the bearing capacity of the specimens. This is because the cl- ions in sea water have a certain promotion effect on the hydration of cement, and its hydration products fill the concrete pores, so the microstructure of concrete becomes denser and the ultimate bearing capacity of the specimens is increased. As seen in Figure 8C–E, the peak deflection of the specimens with mixing sea water decreased by 24.9%, the energy consumption index decreased by 26.7% and the ductility coefficient decreased by 24.9% compared with the specimens with freshwater mixing and raising. This indicates that although the mixing sea water has improved the bearing capacity of the specimens, it has reduced the ductility of the specimens, so that the peak load is reached in advance, and therefore the peak deflection and energy consumption indexes are reduced.



In conclusion, mixing sea water can improve the peak load and cracking load of sea sand concrete beams under a tidal environment, but it has a certain degree of reduction on its initial rigidity, peak deflection, energy dissipation index and ductility index.




4.3. Longitudinal Reinforcement Ratio


Figure 9 shows the effects of different longitudinal reinforcement rates (0.64%, 0.93% and 1.27%) on the initial rigidity, cracking and peak load, peak deflection, energy dissipation index and ductility index of reinforced sea sand concrete beam specimens.



As seen in Figure 9A, the initial rigidity of the specimen was 61.35 kN·mm−1, 46.19 kN·mm−1 and 53.35 kN·mm−1, which decreased by 24.7% and then increased by 15.5% with the increase in the longitudinal reinforcement rate.



As seen in Figure 9B, the cracking loads of the specimens were 40.1 kN, 30.5 kN and 30.4 kN in order with the increase in the longitudinal reinforcement rate, which showed a decreasing trend with a decrease of 23.9% and 0.4%, respectively. The peak loads of the specimens were 150.7 kN, 148.7 kN and 161.3 kN in order, with an overall small increase. The peak loads of specimens with reinforcement rates of 0.64% and 0.93% were close to each other, and the difference was only 1.3%. The peak loads of specimens with a reinforcement rate of 1.27% were raised by 8.5%.



As seen in Figure 9C–E, with the increase in the longitudinal reinforcement rate, the peak deflection of the specimens (peak deflection of 14.69 mm at 0.64% reinforcement rate) first increased by 57.7% and then decreased by 36.7%, the energy consumption index first increased by 80.5% and then decreased by 33.4% and the ductility coefficient first increased by 11.5% and then decreased by 30.7%, all of which showed a trend of increasing and then decreasing, with large fluctuations.



The above shows that the reinforcement rate of longitudinal bars has different effects on the initial rigidity, cracking and peak load, peak deflection, energy consumption index and ductility index of the specimens. The peak deflection, energy consumption index and ductility index were significantly affected, and the peak deflection of the specimen reached 23.17 for the reinforcement rate of 0.93% (12 mm diameter), while the peak deflection of the specimens with reinforcement rates of 0.64% and 1.27% was close to that of the former, which was about 63%. The peak loads of the three specimens are not very different, so the energy dissipation index and ductility index also show similar trends. The reason for this is that the difference in the diameter and tensile properties of the longitudinal reinforcement makes the difference in the bonding performance between the reinforcement and the concrete interface. Therefore, the performance indexes of the specimens do not show a linear increase with the rise of the reinforcement rate, but with the difference in the diameter and performance of the reinforcement to show different work performance (as shown in Table 1 and Section 2.2.1). Therefore, in the engineering design, it is recommended that the contact area between the reinforcement and concrete interface can be increased by reducing the diameter of the reinforcement at the same reinforcement rate, which is conducive to improving the initial rigidity of the specimen. At the same time, considering the elongation of the reinforcement, the use of reinforcement with higher elongation can effectively improve the peak deflection of the specimen, thus improving the energy dissipation index and ductility of the specimen.



In summary, the reinforcement rate of longitudinal bars has a significant effect on the peak deflection, energy dissipation index and ductility index of sea sand concrete beams. The effects on initial rigidity, cracking and peak load are small, and the degree of influence depends on the size and tensile properties of the reinforcement.




4.4. Sea Sand Replacement Ratio


Figure 10 shows the effects of different sea sand replacement rates (0%, 50%, 100%) on the initial rigidity, cracking and peak load, peak deflection, energy dissipation index and ductility index of reinforced sea sand concrete beam specimens.



As seen in Figure 10A, the initial rigidity of the specimens was 29.56 kN·mm−1, 44.41 kN·mm−1 and 53.35 kN·mm−1 in order with the increase in the sea sand substitution rate, with an overall increasing trend of 50.2% and 20.6%.



As seen in Figure 10B, the cracking loads of the specimens were 35.6 kN, 20.6 kN and 30.4 kN in order with the increase in the sea sand substitution rate, which decreased by 42.5% and then increased by 47.6%. The peak loads of the specimens were 184.3 kN, 156.6 kN and 161.3 kN in order, which decreased by 15% and then increased by 3% with the increase in sea sand replacement rate, with an overall decreasing trend. The reason for this is that the surface of sea sand is smoother and may contain a certain amount of shell-like fragments compared with river sand. This will have a certain weakening effect on the bond between cement gel and aggregate, which will reduce the ultimate bearing capacity of the specimen.



As seen from Figure 10C, the peak deflections of the specimens are 12.93 mm, 12.76 mm and 14.67 mm, respectively. The peak deflection of the specimens with 0% and 50% sea sand replacement is similar, with only a 1.3% difference, and the specimens with 100% sea sand replacement have a 14.9% improvement on this basis, with little overall change. As shown in Figure 10D,E, the energy consumption index and ductility index of the specimens decreased and then increased with the increase in the sea sand replacement rate, and the variation ranges were 11.8~21.7% and 6.3~16.2%, respectively.



In summary, the increase in sea sand replacement rate can improve the initial rigidity of the specimen, but it will reduce the peak load of the specimen. The peak deflection, energy dissipation index and ductility index of the specimens showed a trend of decreasing and then increasing with the increase in the sea sand replacement rate.




4.5. Duration of Service


The effects of different durations of service (90 d, 180 d, 270 d) in the tidal environment on the initial rigidity, cracking and peak load, peak deflection, energy dissipation index and ductility index of reinforced sea sand concrete beam specimens are given in Figure 11.



As seen in Figure 11A, the initial rigidities of the specimens were 136.8 kN·mm−1, 131.04 kN·mm−1 and 53.35 kN·mm−1 with increasing duration of service in the tidal environment. The initial rigidities of the specimens with duration of service of 90 d and 180 d were similar. When the duration of service increased to 270 d, the initial rigidity of the specimens showed a relatively large decrease (59.4%). As can be seen from Table 1, the initial rigidity of the specimens decreased to different degrees (54.2~77.9%) after the duration of service of 270 d in the whole range of specimens. The reason for this may be that after a certain length of service, the presence of Mg2+ (magnesium ions) in seawater acts on the concrete, decomposing the cement stone in the cement and causing the loosening of the concrete. In turn, the initial rigidity of the specimen decreases, and this effect becomes significant with the increase in the service time, so the initial rigidity of the specimen is negatively correlated with the service time.



As seen in Figure 11B, the cracking loads of the specimens were 35.9 kN, 35 kN and 30.4 kN in order with the increase in duration of service, showing a small decrease of 2.5% and 13.1%. The peak loads were 171 kN, 172 kN and 161.3 kN in order, which first remained constant and then decreased by 6.2%, indicating that the duration of service (within 270 d) had a small effect on the cracking and peak loads of the specimens.



As seen in Figure 11C, with the increase in service time, the peak deflection of the specimen is 20 mm, 12.11 mm and 14.67 mm in order, decreasing 39.5% and then increasing 21.1%, with an overall decreasing trend. It can also be observed from Figure 6D that the peak deflection of the specimens with the same reinforcement rate decreased to different degrees for the specimens with duration of service of 180 d and 270 d, indicating that the peak deflection of the specimens was negatively correlated with the service length. When the peak load of the specimen does not change much, its energy dissipation index is similar to the trend of peak deflection, which can be observed in Figure 11D. As seen in Figure 11E, the ductility index of the specimen is significantly negatively correlated with the length of service, with a decrease rate of 34.5% and 10.2%.



In summary, the increase in duration of service (within 270 d) in a tidal environment causes a significant decrease in the initial rigidity, peak deflection, energy dissipation index and ductility index of the specimens. However, the correlation with the cracking load and peak load of the specimens is small.





5. Calculation of Flexural Load Capacity


According to the Chinese specification (GB50010-2010) [32], when the damage of reinforced concrete beam occurs, the bending moment of the section is provided by the upper compressed concrete together with the lower tensile reinforcement. The formula for calculating the cross-sectional bending moment (M) is as follows.


  M =  α 1   f  cu  *  b x (  h o  −  x 2  ) +  f y ′   A s ′  (  h o  −  a s ′  )  



(2)






  x =    f y   A s  −  f y ′   A s ′     α 1   f  cu   b    



(3)







Note: α1 represents the discount factor of high-strength concrete (α1 is taken as 1 when the concrete strength grade does not exceed C50, α1 is taken as 0.94 when the concrete strength grade is C80 and the interval is determined by linear interpolation, α1 = 1 in this paper). fcu* represents the cube compressive strength of concrete under a conventional atmospheric environment. b represents the section width (b = 150 mm in this paper). ho represents the effective height (ho = 175 mm in this paper). x represents the height of compressed concrete. fy′ represents the compressive yield strength of compressed steel. As′ represents the total cross-sectional area of compressed steel. as′ represents the distance between the compressive reinforcement and the upper edge of the section (as′ = 25 mm in this paper). fy represents the tensile yield strength of the tensile reinforcement. As represents the total cross-sectional area of the tensile reinforcement.



The specimen in this paper is a four-point bending beam, so its bending load capacity (P) is calculated as


  P  = 2  a M  



(4)







Note: a represents the shear span length (a = 350 mm in this paper).



In this paper, it was found that the changes in the load-bearing capacity of reinforced concrete beams after tidal environment exposure were mainly due to changes in material strength. The reinforcement in this study was not eroded in the tidal environment of 270 d due to the protection of the protective layer. Therefore, this paper only considers the effect of the degradation of concrete strength on the flexural bearing capacity of the specimen beams in the tidal environment. The concrete strength correction factor (Q) is introduced, which is obtained by fitting the data of this paper with those of the literature [33,34] (as shown in Figure 12). Its calculation equation is as follows.


  Q  = 1  − 5  . 2  ×   10   − 4   ⋅ t − 9.47 ×   10   − 7   ⋅  t 2   



(5)







Note: t represents the duration of service, its unit is days (d).



Therefore, the bending capacity of reinforced concrete beams in a tidal environment is calculated by the following formula.


  P  = 2  a (  α 1  Q  f  cu  *  b x (  h o  −  x 2  ) +  f y ′   A s ′  (  h o  −  a s ′  ) )  



(6)







The theoretically calculated values of the flexural bearing capacity of reinforced concrete beams in a tidal environment are summarized in Table 3. It can be seen from the test that the specimen beam does not reach its ultimate load or breaking load when the reinforcement reaches near its yield strength, but makes a significant turn in the rigidity of the specimen (the point is defined as the yield point of the specimen in this paper). Therefore, the yield point strength of the specimen should be selected for comparison with the theoretical calculated value. As can be seen from Table 3, except for the SSCB-R11 specimen, the ratio of the calculated value to the test value of the remaining specimens is between 0.81 and 0.95, which indicates a conservative prediction. The average ratio between calculated and tested values for all specimens was 0.833, and the coefficient of variation was 0.128. After excluding the SSCB-R11 specimen, the average ratio between calculated and tested values for the remaining specimens was 0.868, and the coefficient of variation was 0.05. This indicates that the results calculated using the above method are in good agreement with the test results.




6. Conclusions


This paper presents an experimental study on the flexural performance of reinforced sea sand concrete beams exposed to tidal conditions (270 d). Eight specimens were tested under a four-point load. The following main conclusions can be drawn.




	(1)

	
For specimens with different lengths of service in a tidal environment, the effect of each variation parameter on their crack width development was not significant. The damage process and final damage morphology are similar, and they all exhibit positive section damage in the reinforced suitable beams, which is not much different from that of ordinary reinforced concrete beams.




	(2)

	
Seawater mixing can improve the peak load and cracking load of the specimen by increasing the concrete strength, but the initial rigidity, peak deflection, energy dissipation index and ductility index of the specimen are reduced to some extent.




	(3)

	
The reinforcement ratio of longitudinal bars has a significant effect on the peak deflection, energy dissipation index and ductility index of the specimen. The effect on initial rigidity, cracking and peak load is less, and the degree of effect depends on the size and tensile properties of the reinforcement. In engineering, the initial rigidity of the specimen (at the same reinforcement ratio) can be improved by reducing the diameter of the reinforcement and using a higher elongation reinforcement to enhance the peak deflection of the specimen.




	(4)

	
The sea sand replacement rate was positively correlated with the initial rigidity of the specimen and negatively correlated with the peak load. The peak deflection, energy dissipation index and ductility index of the specimens showed a trend of decreasing and then increasing with the increase in the sea sand replacement rate.




	(5)

	
In the short-term (270 d) exposure to the tidal environment, the increase in duration of service causes a significant decrease in the initial rigidity, peak deflection, energy dissipation index and ductility index of the specimens, but has less effect on the cracking load and peak load of the specimens.




	(6)

	
Based on the Chinese design standard, the method to calculate the flexural capacity of reinforced marine sand concrete beams after exposure to a tidal environment is proposed by considering the effect of concrete strength variation and combining with experimental data. It provides a reference for the design of reinforced marine sand concrete beams in offshore projects.




	(7)

	
The bending performance variation of reinforced sea sand concrete beams exposed to a tidal environment (270 d) is revealed. For the specimens with longer duration of service in the tidal environment, further experimental studies are needed to provide more abundant data for engineering applications.
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Figure 1. Schematic diagram of specimen and loading device. 
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Figure 2. Specimen fabrication and tidal environment. 
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Figure 3. Fine Aggregate Grading Curve and Concrete Slump. 
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Figure 4. Final failure pattern and fracture distribution. 
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Figure 5. Curve of maximum crack width of specimen. 
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Figure 6. Load–deflection curve. 
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Figure 7. Calculation diagram of energy consumption index and ductility index. 
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Figure 8. The performance index varies with the type of mixing water. 
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Figure 9. The performance index changes with the ratio of reinforcement. 
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Figure 10. The performance index changes with the replacement rate of sea sand. 
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Figure 11. The performance indexes vary with duration of service. 
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Figure 12. Fitting formula for concrete strength correction factor (Q). 






Figure 12. Fitting formula for concrete strength correction factor (Q).



[image: Applsci 12 12321 g012]







[image: Table] 





Table 1. Parameters of the specimen and test results.
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	Label
	Type of Mixing Water
	Longitudinal Reinforcement Rate/%
	Sea Sand Replacement Ratio/%
	Duration of Service
	(fcu/fcu*)/Mpa
	K/kN·mm−1
	Pcr/kN
	Py/kN
	Pu/kN
	Δy/mm
	Δu/mm
	E*/kN·m
	μ





	SSCB-R6
	Fresh water
	1.27%
	100%
	90 d
	36.2/37.3
	136.8
	35.9
	141.2
	171.0
	3.72
	20.00
	2.95
	5.38



	SSCB-R7
	Fresh water
	1.27%
	100%
	180 d
	31.6/37.3
	131.04
	35.0
	146.4
	172.0
	3.44
	12.11
	1.70
	3.53



	SSCB-R8
	Fresh water
	1.27%
	0%
	270 d
	31.5/41.2
	29.56
	35.8
	146.2
	184.3
	4.45
	12.93
	1.78
	2.91



	SSCB-R9
	Fresh water
	1.27%
	50%
	270 d
	33.6/48
	44.41
	20.6
	131.6
	156.6
	4.68
	12.76
	1.57
	2.73



	SSCB-R10
	Fresh water
	1.27%
	100%
	270 d
	39.5/37.3
	53.35
	30.4
	139.3
	161.3
	4.63
	14.67
	1.91
	3.17



	SSCB-R11
	Fresh water
	0.64%
	100%
	270 d
	39.5/37.3
	61.35
	40.1
	120.9
	150.7
	3.59
	14.69
	1.59
	4.10



	SSCB-R12
	Fresh water
	0.93%
	100%
	270 d
	39.5/37.3
	46.19
	30.5
	111.2
	148.7
	5.07
	23.17
	2.87
	4.57



	SSCB-R13
	Sea water
	1.27%
	100%
	270 d
	42.1/47.5
	44.33
	40.7
	152.5
	178.9
	4.33
	11.01
	1.40
	2.55







Note: fcu denotes the compressive strength of concrete cube for the corresponding parameter. fcu* denotes the compressive strength of concrete cube under conventional atmospheric environment. K represents the initial rigidity of the specimen. Pcr represents the cracking load of the specimen. Py represents the load at the yield point. Pu represents the peak load of the specimen. Δy represents the deflection at the yield point. Δu represents the peak deflection of the specimen. E* represents the energy dissipation index of the specimen. μ represents the ductility index of the specimen.
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Table 2. Mix proportions of concrete.






Table 2. Mix proportions of concrete.





	Concrete Compressive Strength
	Replacement Ratio of Sea Sand
	Water–Cement Ratio
	Cement
	Water
	River Sand
	Sea Sand
	Coarse Aggregate





	C35
	100%
	0.43
	430
	185
	-
	544.5
	1240



	C35
	50%
	0.43
	430
	185
	272.3
	272.3
	1240



	C35
	0%
	0.43
	430
	185
	544.5
	-
	1240
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Table 3. Calculated results of the specimen compared with the test results.
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	Lable
	Duration of Service
	fcu*/Mpa
	Q
	M/kN·m
	Py/kN
	Pca/kN
	Pca/Py





	SSCB-R6
	90 d
	37.3
	0.946
	21.794
	141.2
	124.54
	0.882



	SSCB-R7
	180 d
	37.3
	0.876
	21.741
	146.4
	124.24
	0.849



	SSCB-R8
	270 d
	41.2
	0.791
	21.739
	146.2
	124.22
	0.850



	SSCB-R9
	270 d
	48
	0.791
	21.842
	131.6
	124.81
	0.948



	SSCB-R10
	270 d
	37.3
	0.791
	21.663
	139.3
	123.79
	0.889



	SSCB-R11
	270 d
	37.3
	0.791
	12.434
	120.9
	71.05
	0.588



	SSCB-R12
	270 d
	37.3
	0.791
	16.312
	111.2
	93.21
	0.838



	SSCB-R13
	270 d
	47.5
	0.791
	21.835
	152.5
	124.77
	0.818







Note: fcu* represents the cube compressive strength of concrete under conventional atmospheric conditions. Q is the concrete strength correction factor. M represents the section bending moment of the specimen. Py represents the test value of the yield point of the specimen. Pca represents the calculated value of the flexural bearing capacity of the specimen.
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