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Abstract

:

The high corrosion resistance of fiber-reinforced polymers (FRPs) and related concrete structures means that they are suitable for application in the marine environment. Therefore, the replacement of steel bars with fiber-reinforced polymer (FRP) bars enhances corrosion resistance in seawater sea-sand concrete (SSC) structures. Geometric parameters significantly influence the performance of the bond between ribbed FRP bars and SSC, thereby affecting the mechanical properties of the concrete structures. In this study, the performance of the bond between ribbed (i.e., with fiber wrapping) basalt-fiber-reinforced polymer (BFRP) bars and SSC was investigated through pull-out tests that considered rib geometry and SSC strength. The results demonstrated that an increase in rib and dent widths reduced the bond stiffness, while an increase in rib height and SSC strength gradually increased the bond stiffness and strength. Additionally, the bond stiffness and bond strength were relatively low because the surface fiber bundles buffered the mechanical interlocking force between the BFRP ribs and the concrete, resulting in plastic bond failure during the loading process. Furthermore, the adhesion of the fiber bundles to the surface of the BFRP bars also influenced bond performance, with higher adhesion leading to greater bond stiffness and strength.
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1. Introduction


The construction material industry consumes large amounts of freshwater, river sand, and other natural resources [1,2]. Approximately 20 billion tonnes of concrete is produced annually, and the production process requires the use of approximately 15 billion tonnes of aggregates and 1.8 billion tonnes of water [3,4]. The extensive consumption of freshwater has exacerbated its scarcity, and the extensive exploitation of river sand has caused damage to riverbeds [5,6]. To alleviate the environmental damage caused by concrete preparation, seawater and sea sand have been used to replace freshwater and river sand [7,8]. Several studies have reported the feasibility of using seawater and sea sand to prepare concrete with workability and mechanical properties similar to those of traditional concrete (TC). Wang et al. [9] found that seawater could enhance the hydration of ordinary Portland cement (OPC), resulting in a denser microstructure, higher crystal content, and reduced autogenous shrinkage. Pan et al. [10] compared the compressive behavior and microstructures of seawater sea-sand concrete (SSC), sea-sand concrete (SC), and TC. They found that the utilization of seawater and sea sand increased the early strength but reduced the late compressive strength of concrete, with seawater and sea sand inducing the formation of the ettringite phase. Fang et al. [11] investigated the axial compressive performance of square SSC columns reinforced with glass-fiber-reinforced polymer (FRP) interlocking multi-spirals and proposed a design-oriented load–strain model for predicting monotonic and cyclic axial responses of this structure. Other studies have found that the chloride and sulfate content in seawater and sea sand can accelerate the corrosion of steel bars in reinforced concrete structures, significantly reducing the bearing capacity and durability of concrete structures [12,13,14]. To address this issue, FRP bars are used to replace steel bars in SSC-based structures owing to their light weight, low thermal conductivity, and strong corrosion resistance [15].



FRP bars are produced by mixing fibers and polymeric materials through the pultrusion process, and have been extensively studied as a promising alternative for the construction of marine structures [7,16,17]. The strength of the bond between the bars and the concrete plays a significant role in the ultimate and serviceability limit states (e.g., anchorage length and crack width) of concrete structures [18]. The differing composition and physical properties of FRP and steel are reflected in their distinct bond behavior with concrete. Typically, bond strength is influenced by factors such as bond length, cover thickness, concrete strength, transverse compression, bar diameter, and surface-treatment methods [19,20,21]. Among these factors, the surface treatments (involving deformation, sand-coating, or combinations of both) of FRP bars are some of the most critical [22].



Deformed FRP bars exhibit better adhesion to concrete than sand-coated FRP bars owing to the excellent mechanical interlocking force of the former [23,24]. Furthermore, as depicted in Figure 1, deformed FRP bars can be further categorized into three types according to their production processes: (1) fiber-wrapped bars, in which ribs are formed by helically wrapped fibers (remaining in the bar) on the smooth bar [25]; (2) indented bars, in which ribs are formed via a helix cutting method on the smooth bar [26]; and (3) ribbed bars, which are formed by squeezing strands onto the smooth bar [27]. Ribbed bars can be divided into two types depending on the presence or absence of fiber. The behavior of bar–concrete bonding varies for these two types of ribbed bars. Hao et al. [28] found that the bonding behavior of ribbed (without fiber) glass FRP-bar-reinforced concrete was affected by rib parameters. Wei et al. [29] compared the bond performances of concretes reinforced with different fiber-wrapped ribbed FRP bars and concluded that carbon FRP bars showed the greatest bond strength and durability, while glass FRP bars exhibited the smallest bond strength, as the fibers were easily cut off and attached to the concrete interface.



In addition to the treatment types, rib geometry, including dent width (DW), rib width (RW), rib height (RH), and rib spacing (RS), also has a significant effect on the behavior of the bond between FRP bars and concrete. Solyom and Balazs [26] reported that the bond strength of concrete reinforced with Type A ribbed glass FRP bars increased by 100% as the ratio of DW/RS increased from 0.17 to 0.30. Through finite element analysis, Sasmal et al. [30] found that a decrease in RS was beneficial in improving bond strength when RS was greater than 80% of the bar diameter. Shan et al. [31] reported that the bond strength of Type A ribbed basalt FRP (BFRP) bars with concrete was significantly enhanced by a factor of 11 as the RH increased from 0 to 0.76 mm, and they proposed a novel bar-geometry-based model. Furthermore, bond failure between deformed FRP bars and concrete is also affected by the properties of the concrete and the geometry of the ribs on the FRP bars [32]. However, although existing research has confirmed that rib geometry has a significant effect on the bond performance between FRP bars and concrete, its influencing mechanism is still unclear, and the relevant theoretical models are not yet perfect [20,31,33]. For these reasons, in existing standards, the effects of rib geometry are not considered in calculating the development length. For example, Japan standard JSCE [34] and Canadian standard CSA S806 [35] only generally consider the effects of bar surface treatments in calculating the development length, without specific provisions for rib geometry. In the American standard [36], even the effects of bar surface treatment are not taken into account when calculating the development length. To determine the development, for FRP-bar-reinforced concrete structures, it is necessary to clarify the effects of rib geometry on the bond between the FRP bars and the concrete.



Fiber-wrapped ribbed bars have received less attention than ribbed bars without fiber. In our previous studies [37], we found that the damage to the bar ribs could be reduced by fiber floccules formed by strands damaged under friction. We have also observed that fiber-wrapped ribbed BFRP bars can undergo full deformation, unlike ribbed bars that do not have fiber wrapping, with the former showing higher bond strength than the latter. These results indicate that the presence of fiber in the rib favors the improvement of bond strength between the bars and the concrete. Therefore, clarifying the effects of rib geometry on the bond performance between the FRP bars and the concrete is necessary, especially for fiber-wrapped ribbed bars.



Among all the FRP bars, BFRP bars were used in this study because they are cost-effective and result in low pollution during manufacture [38,39]. In this study, we focused on the combination of FRP bars and concrete prepared with seawater sea sand, and especially on the effect of rib geometry (RW, DW, and RH of the ribbed bars) and concrete strength on the bond behavior (failure modes of the bond interface, bond stress–slip curves, and bond indexes) of the bonds between fiber-wrapped ribbed BFRP bars and SSC. These parameters are of great importance in promoting the application of SSC structures in the marine environment, and were studied in detail.




2. Experimental Programme


2.1. Seawater Sea-Sand Concrete (SSC)


OPC (P.O. 42.5R) was used as the binder. Its chemical composition, determined by X-ray fluorescence spectrometer, was as follows: SiO2 (11.5 wt%), Al2O3 (2.5 wt%), CaO (76.2 wt%), Fe2O3 (3.9 wt%), K2O (1.2 wt%), TiO2 (0.6 wt%), SO3 (3.7 wt%), and others (0.4 wt%). Both seawater and sea sand were collected at a shore in Zhuhai city, Guangdong (N22°13′; E113°33′) for use as mixed water and fine aggregates. The seawater mainly contained ions such as Na+ (2500 mg/L), Cl− (4126 mg/L), Mg2+ (981 mg/L), and SO42− (379 mg/L). Crushed stones were used as coarse aggregates. The particle size distributions of fine and coarse aggregates are presented in Figure 2.



Following specification JGJ 55-2011 [40], we prepared SSC with three strength grades by adjusting the mix proportion of the concrete, as shown in Table 1. According to American standards ASTM C39/C39M [41] and ASTM C469/C469M [42], the compressive tests were carried out at the concrete age of 28 d. The compressive strengths were approximately 43, 58, and 68 MPa, and the elastic moduli were 26, 29, and 31 GPa, respectively.
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Figure 2. Particle size distributions of aggregates. 
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2.2. Ribbed BFRP Bars


Bar diameter, RW, DW, and RH are typically used to characterize rib geometry (Figure 3). In this study, fiber-wrapped ribbed BFRP bars with a nominal diameter of 10 mm were selected, and the effects of rib geometry on the mechanical properties of BFRP-reinforced SSC were investigated. The detailed rib geometry (with an error of <5%) and mechanical properties (tensile strength and elastic modulus) of the ribbed BFRP bars are listed in Table 2. The samples are denoted as WXDYHZ or WXDYHZ-CG, where X, Y, and Z represent the values of RW, DW, and RH, respectively. -CG indicates different SSC strengths, and G represents the concrete grade. Notably, those sample IDs without -CG indicate that the concrete strength was 45 MPa.




2.3. Specimen Preparation


The process used to prepare specimens is shown in Figure 4, and the detailed preparation process can be found in our previous study [7]. The preparation of SSC was divided into two steps: (Ⅰ) the sea sand, coarse aggregates, and 70% of seawater were poured into the mixer and mixed for 30 s, and (Ⅱ) the cement and the remaining seawater were poured in the mixer and mixed for 60 s. The size of the SSC cube was 200 × 200 × 200 mm3, and the BFRP bar was 550 mm in length. Three replicates were prepared and tested for each sample. These pull-out specimens were cured for 28 days in a room with a temperature of 20 ± 3 °C and a humidity of 95%.




2.4. Test Setup


A Matest 330 testing machine was used to test the pull-out behavior of SSC reinforced with fiber-wrapped ribbed BFRP. The specimens were covered with gypsum at the bottom to level the contact surface and reduce friction. According to American standard ACI 440.3R-12 [43], a displacement rate of 1.2 mm/min was applied during the loading, and the test was stopped when the displacement distance exceeded 20 mm. It is assumed that the bond stress is evenly distributed along the bonded length, so bond stress (τ) was calculated by Equation (1). The slip between the BFRP bar and SSC at the loading end (s) was calculated by Equation (2).


  τ =   F   π   d   0     l   b      



(1)






  s =     s   ′   E A −   l   1   F   F + E A    



(2)




where A, E, and d0 represents the cross-sectional area, elastic modulus, and equivalent diameter of the BFRP bar, respectively; F is the loading force; lb is the bond length, which equals 5d0; s′ is the displacement at the position of the steel pipe in Figure 4; and l1 is the length in Figure 4.





3. Experimental Results and Discussions


3.1. Failure Modes of the Bond Interface between Bars and SSC


All specimens were split to observe the failure modes of the bond interface (Figure 5). All of these specimens experienced pull-out failure, and the rib geometry and SSC strength had little effect on the bond interface failure mode of the specimens. The appearances of different fiber-wrapped ribbed BFRP bars after the pull-out test were similar: crushed concrete was embedded on the surface of the fibers and ribs, the fibers were destroyed, and flocculent fibers were attached to the concrete surface.



As the RW and DW increased, the presence of damaged white fiber became more apparent, both on the bar’s surface and in the concrete, because a wider rib or dent allowed more room for fiber slippage. Increasing the concrete strength also resulted in more noticeable peeled fiber, owing to the increased bonding strength between the concrete and bars [44]. With increasing RH, the amount of flocculent fiber in the concrete decreased, and the concrete was more severely damaged.



Despite these observations, the specimens could be categorized into two types according to the damage to the interface.



The first type exhibited brittle-fracture failure of the ribs, including the peeling of ribs from BFRP bars and the shearing of the concrete ribs. This was often accompanied by the breakage or severe wear of entangled fibers on the bar’s surface (as in samples W7.5D3.3H0.7, W7.5D3.0H0.7, W7.5D3.0H1.0, W7.5D3.0H1.7, and W7.5D3.0H1.7-C60). The second type had ribs with a relatively intact shape (as seen in samples W1.5D2.5H0.6, W7.5D3.0H0.4, and W7.5D3.0H1.7-C30), in which only deformed and worn ribs occurred, owing to the compressive interaction between the BFRP bars, the wrapped fiber bundles, and the concrete.
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Figure 5. Failure modes of the bond interface between fiber-wrapped BFRP bars and SSC: (a) RW, (b) DW, (c) RH, and (d) SSC strength. 
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The primary forces between fiber-wrapped BFRP bars and concrete are chemical adhesion, friction, and mechanical interlocking force [24]. During the initial loading stage, the bond stress was mainly provided by the chemical adhesion [33]. However, the chemical adhesive force disappeared once a slight slip occurred, owing to the separation of bars and concrete [45]. At this stage, relative slip between BFRP bars and concrete occurred on the inclined plane where their ribs came into contact (Figure 6). Simultaneously, the concrete was both sheared and compressed by the component forces along the pulling and vertical directions of the ribs [46]. Compared with the threaded surface of BFRP bars under similar conditions, the fiber wrapping around the dents reduced the gap between the BFRP bars and the concrete, significantly cushioning the strong mechanical interlocking effect in the bonding section, thus favoring the integrity of both the BFRP and the concrete ribs [33].



As the pulling force increased further, the fibers and ribs of the BFRP and the concrete began to suffer damage owing to their relative slip. The deformed ribs of the BFRP bars and concrete interlocked, increasing the bond stress. However, with the accumulation of stress between the BFRP bar and the concrete, brittle-fracture failure of the ribs might occur when this stress surpasses the shear strength of either the BFRP bar’s or the concrete’s ribs. Moreover, the surface fibers were severely worn and broken, accompanied by a rapid degradation of the mechanical interlocking force until the bond ultimately failed. In cases in which the stress between the BFRP bar and the concrete did not exceed the shear strength of the ribs, the bar and concrete showed deformation and wear owing to mutual extrusion [8].
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Figure 6. Bond mechanism between a fiber-wrapped BFRP bar and SSC. 
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3.2. Bond Stress–Slip Curves


Figure 7 displays the bond stress–slip curve of BFRP-bar-reinforced SSC at varying rib geometries and concrete strengths. The curve can be categorized into three types:



Case 1, the bond stress–slip curve of W7.5D3.0H0.5 can be divided into two parts—the ascending and descending parts (Figure 7a,m). The ascending part of the curve exhibited elastic characteristics, with slip increasing as stress increased. However, as slip continued to increase, bond damage occurred, and the curve entered a nonlinear upward phase. During this stage, the bonding stiffness of the BFRP-bar-reinforced concrete gradually decreased until it reached zero, while the bonding stress reached its maximum value. Afterward, the stress began to decline, and the slip continued to increase. In this phase, the bonding stress decreased rapidly until it reached zero.



Case 2, the bond stress–slip curve of W7.0D2.5H0.6, W7.5D3.0H0.7, W7.5D3.3H0.7, W7.5D3.0H0.4 W7.5D3.0H1.7, W7.5D3.0H0.7-C30, and W7.5D3.0H0.7-C60 can be divided into ascending, descending, and residual parts (Figure 7o). In the ascending part, the bonding stress increased rapidly owing to the high bond stiffness. After the bond stress reached its maximum value, it decreased significantly but did not reach zero, because the rib of the free end of the BFRP bar entered the bonding section, providing a new mechanical interlocking force before the bond stress dropped to zero. Subsequently, the bond stress–slip curve entered the residual part. Owing to the protection from the surface fiber bundles, mechanical occlusion between the bars and concrete remained the main effect in the residual stage. However, the bond stiffness and bond stress in the residual part were smaller than those in the ascending part owing to the accumulation of bond damage, resulting in a reduction in mechanical interlocking force [29].



Case 3, the bond stress–slip curve of W1.5D2.5H0.6, W3.5D2.5H0.6, W5.5D2.5H0.6, and W7.5D2.0H0.7 was also divided into three parts—ascending, descending, and residual parts (Figure 7n). In the ascending stage, the bond stress–slip curve rose linearly. As slip increased, bond damage occurred, and the curve entered a nonlinear rising stage. The bonding stiffness gradually decreased until it reached zero, and the bonding stress reached its peak. Subsequently, the curve entered the second stage (descending stage). In this stage, the bond stress decreased with increasing slip owing to the compression deformation and wear between BFRP ribs, surface fiber bundles, and concrete ribs, corresponding to plastic characteristics. Similar to Case 2, the stress–slip curve entered a residual stage after a rib of the BFRP bar at the free end entered the bonding part.



Changes in the rib geometry altered the shape of the bond stress–slip curve for these samples. For example, when the RW increased from 5.5 to 7.0 mm, the type of bond stress–slip curve transformed from Case 3 to Case 2. The effects of rib geometry and SSC strength on bond stiffness, bond strength, slip, and residual strength and slip were further investigated.
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Figure 7. Bond stress–slip curves of all samples. (a) W1.5D2.5H0.6; (b) W3.5D2.5H0.6; (c) W5.5D2.5H0.6; (d) W7.0D2.5H0.6; (e) W7.5D2.0H0.7; (f) W7.5D3.0H0.4; (g) W7.5D3.0H0.7-C60; (h) W7.5D3.0H0.7; (i) W7.5D3.0H0.7-C30; (j) W7.5D3.0H1.0; (k) W7.5D3.0H1.7-C45; (l) W7.5D3.3H0.7; and typical model: (m) Case 1; (n) Case 2; (o) Case 3. 
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3.3. Bond-Index Analysis


3.3.1. Bond Stiffness


In the bond stress–slip curve, the secant value at a slip of 0.5 mm was defined as the bond stiffness. Figure 8 illustrates the influence of rib geometry and SSC strength on bond stiffness.



Bond stiffness was highest (9.84 MPa/mm) when the RW was 1.5 mm. However, increasing the RW reduced the bond stiffness, and the bond stiffness values (approximately 8.20 MPa/mm) under RW values of 3.5, 5.5, and 7.0 mm were similar. This was attributable to the following: (1) Bond stiffness was affected by the contact angle of the inclined plane between the BFRP rib and the concrete, which is inversely proportional to the RW. When the RW was 1.5 mm, the inclination angle was at its maximum. (2) The smaller width of the BFRP ribs resulted in more concrete ribs within a certain bonding length. Consequently, the number of biting surfaces between the BFRP ribs and the concrete also increased. Therefore, 1.5 mm-width ribs exhibited greater mechanical interlocking force and bonding stiffness than other ribs owing to the combined effect of the above factors.



In addition, the increase in the DW also reduced the bond stiffness. However, the changes in DWs were caused by different processing technologies for fiber-wrapped BFRP bars. For example, only a thick fiber bundle was wrapped around the surface of the BFRP bar with a DW of 2.0 mm, whereas two thin fiber bundles of 3.0 and 3.3 mm were used in other cases. Therefore, in addition to the DW, the occurrence of different fiber thicknesses also influenced the bond stiffness. According to the bond interface damage (Figure 5b), the decrease in bond stiffness was likely due to the presence of gaps between the fiber and dent when the DW increased; the presence of gaps reduced the frictional force. Therefore, the higher the adhesion of the fiber bundles on the surface of BFRP bars in the dents, the greater the bonding stiffness and the better the bonding performance.



As shown in Figure 8, the bond stiffness increased from 4.89 to 9.78 MPa/mm as the RH increased from 0.61 to 1.7 mm. This was also attributable to the angle (which is proportionate to the RH) of the inclined plane between the BFRP rib and the concrete. A larger angle leads to a greater mechanical interlocking force and, consequently, greater bond stiffness. As the RH increased from 0.7 to 1.0 mm, the failure mode transformed into brittle-fracture failure owing to the shearing of the BFRP bars.



Figure 8 also shows that the bond stiffness increased with the increase in concrete strength. Higher concrete strength reduced the deformation capacity and thus increased the mechanical interlocking force [47]. When the concrete strength reached C60, the failure mode of the sample transformed into brittle-fracture failure.




3.3.2. Bond Strength and Bond Slip


The peak bond stress on the bond stress–slip curve was defined as the bond strength (    τ   b , x    ), and the slip corresponding to this bond strength was the bond slip (    s   b , x    ).



Figure 9 illustrates the influence of rib geometry and SSC strength on the bond strength. The increased RW favored the bond strength, which increased to 20.34 MPa as the RW increased to 7.0 mm. Although the number of ribs and the slope decreased as the RW increased, the presence of fiber enhanced the bond strength. This was also supported by the similar bond stiffness but increased bond slip.



Figure 9 also shows that the bond strength decreased with the increase in DW. As the DW increased from 2.0 to 3.3 mm, the bond strength decreased by 13.89% because the number of bar ribs per unit bond length reduced with the increase in DW.



The increase in RH and SSC strength increased the bond strength, which was attributable to the increase in mechanical interlocking force between the BFRP bar and the SSC. Regarding the RH, the increased slope caused by the increasing RH resulted in greater bond strength [48]. For the SSC, where bond failure mainly occurred, increasing SCC strength enhanced the bond strength.
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Figure 9. Bond strength of all samples. 
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Figure 10 illustrates the influence of rib geometry and SSC strength on the bond slip. The bond slip increased with increases in the RW and the RH. For example, as the RW increased from 1.5 to 7.0 mm, the bond slip increased from only 1.75 to 3.94 mm. As the RH increased from 0.4 to 1.7 mm, the bond slip increased by 37.1%. In addition, the increase in DW decreased the bond slip. However, the bond slip appeared to be not significantly affected by the changes in concrete strength. As the concrete strength increased from C30 to C60, the bond slip remained at ~3.90 mm.



Similar to the case of Type A BFRP-bar-reinforced SSC, bond strength reached its maximum value once the contact occurred at the highest point of the BFRP rib and the SSC, where the BFRP bar was pulled to approximately ½ of the actual RS (rib width (W) + dent width (D)). However, for a fiber-wrapped BFRP bar, the thickness of the fiber bundle and the snugness of the winding should be considered, not just the W and D values.




3.3.3. Residual Bond Strength and Bond Slip


Figure 11 shows the influence of rib geometry and SSC strength on the residual bond strength. As the RW increased from 1.5 to 5.5 mm, the residual bond strength decreased. However, as the RW further increased to 7.0 mm, the residual bonding strength increased. Additionally, when the DW increased from 2.0 to 3.3 mm, the residual bond strength initially increased and then decreased, but to a small extent. In addition, the residual bond strength increased with the increase in RH. As for the increasing concrete strength, the residual bond strength first increased and then decreased. For the SSC reinforced with fiber-wrapped BFRP bars, the changes in bond strength in response to the changes in the rib geometry and SSC strength were complex because the factors influencing the reduction of the wedge cone were complex. These factors included the height of the remaining BFRP bar, the height of the SSC ribs, and the two slip interfaces.



Figure 12 shows that the residual bond slip increased with the increase in the RW and the DW but slightly decreased with the increase in RH. The concrete strength appeared to have little effect on the residual bond slip, with the residual bond slip being ~10.0 mm. For example, the residual bond slips increased by 119.77% and 12.39% as the RW increased from 1.5 to 7.0 mm and as the DW increased from 2.0 to 3.3 mm, respectively. According to the pull-out mechanism, the residual slip marked both the end of the former slip and the beginning of the next slip process, which was approximately one concrete rib distance, i.e., (W + D). Therefore, the changes in RW and DW had a more significant effect on the bond residual slip than the RH and SSC strength. For fiber-wrapped BFRP bars, the thickness of the fiber bundle and the snugness of the winding should be considered, not just the W and D values.



Therefore, the increased dent width generally decreased the bond stiffness and residual strength but increased the bond strength and the ultimate and residual slips due to the greater width of the rib. The increased dent width also decreased bond stiffness, but increased the residual strength and slip. Meanwhile, the bond strength was also decreased. In fact, the dent width affected the technology process of the fiber-wrapped BFRP bar, causing the different fiber thicknesses and complicated interaction between the bars and the SSC. In contrast, the increase in rib height increased most of the bond indexes, including bond stiffness, bond strength, residual strength, and ultimate slip owing to the increasing interlocking strength. Consequently, the residual slip was also decreased. In addition, the increased concrete strength increased the bond stiffness and strength significantly, but had little effect on the bond and residual slip. This is because the interaction between bars and SSC was improved by increasing the strength of the SSC.






4. Conclusions


This study focused on the performance of the bond between fiber-wrapped BFRP bars and seawater sea-sand concrete (SSC) under different rib geometries and concrete strengths. Through the pull-out test, their bond behavior was investigated.



Geometric parameters had a significant effect on the bond index of BFRP bars and SSC. The increase in rib width decreased the bond stiffness from 9.85 to 8.20 MPa/mm but increased the bond strength from 13.13 to 20.34 MPa. The ultimate slip and residual slip were also increased owing to changes in the number of ribs. The increase in the dent width (DW) reduced the bond stiffness, bond strength, and bond slip. This change was related not only the DW but also to the adhesion of the fiber bundles on the surface of the BFRP bars, which was related to the processing technology. In fact, the fiber also significantly affected the bond performance of BFRP-bar-reinforced SSC. The fiber wrapped on the surface of rib could, to a certain extent, protect against the destruction of the bar. In particular, the processing technology and wrapping type resulting from different DWs significantly affected the failure mode of the SSC. The increase in both rib height (RH) and SSC strength contributed to the improvement of bond stiffness and bond strength owing to the enhancement of the mechanical interlocking force. The increase in RH also increased the bond slip and residual strength. However, the changes in bond slip, residual slip, and residual strength due to changes in SSC strength were complicated because of the low water content during hydration.



According to the bond interface damage, the specimens could be divided into two categories. One was characterized by the brittle-fracture failure of the ribs, which included the detachment of BFRP bar ribs and the shearing of the concrete ribs, accompanied by the collapse or severe wear of the surface-wrapped fiber bundles. The other category was categorized by deformation and wear caused by the compression between the ribs of BFRP bars, the surface-wrapped fiber bundles, and the concrete ribs. By altering the geometric parameters of the BFRP bars and the SSC strength, the bond performance, including bond interface damage, and the bond index could be controlled.



These findings show the relationship between the geometric parameters of fiber-wrapping rib and its bond strength in seawater sea-sand concrete, and provide an understanding of bond behavior of fiber-wrapped ribbed BFRP bars and seawater sea-sand concrete.
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Figure 1. Three types of deformed FRP bar. 






Figure 1. Three types of deformed FRP bar.



[image: Buildings 14 00038 g001]







[image: Buildings 14 00038 g003] 





Figure 3. Geometric details of fiber-wrapped ribbed BFRP bars. 
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Figure 4. Specimen preparation process. (a) customized mould; (b) pouring fresh SSC; (c) Specimens. 
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Figure 8. Bond stiffness of all samples. 
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Figure 10. Bond slip of all samples. 
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Figure 11. Residual bond strength of all samples. 
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Figure 12. Residual bond slip of all samples. 
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Table 1. Mix proportions of SSC.
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	Strength Grade
	Cement

(kg/m3)
	Seawater

(kg/m3)
	Sea Sand

(kg/m3)
	Coarse Aggregates

(kg/m3)





	C30
	400.83
	230.00
	721.82
	1047.35



	C45
	540.07
	230.00
	573.57
	1056.36



	C60
	686.50
	230.00
	438.82
	1044.68










 





Table 2. Detailed rib geometry and mechanical properties of ribbed BFRP bars.
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	No.
	Sample ID
	Diameter (mm)
	Rib Width (mm)
	Dent Width (mm)
	Rib Height (mm)
	Equivalent Diameter (mm)
	Tensile Strength (Mpa)
	Elastic Modulus (Gpa)





	1
	W1.5D2.5H0.6
	10.67
	1.60
	2.68
	0.61
	10.98
	1069.52
	43.29



	2
	W3.5D2.5H0.6
	10.70
	3.63
	2.52
	0.61
	11.18
	1089.95
	47.20



	3
	W5.5D2.5H0.6
	10.61
	5.69
	2.67
	0.63
	11.18
	1218.84
	44.40



	4
	W7.0D2.5H0.6
	10.15
	7.14
	2.78
	0.68
	11.06
	1158.43
	44.08



	5
	W7.5D2.0H0.7
	10.75
	7.65
	2.06
	0.67
	11.45
	975.86
	43.34



	6
	W7.5D3.0H0.7
	10.35
	7.90
	2.97
	0.73
	10.80
	1305.98
	41.59



	7
	W7.5D3.3H0.7
	10.55
	8.05
	3.31
	0.71
	11.22
	1012.06
	44.78



	8
	W7.5D3.0H0.4
	10.18
	7.52
	2.83
	0.45
	10.62
	1006.58
	42.76



	9
	W7.5D3.0H1.0
	10.45
	8.09
	2.75
	1.01
	11.46
	997.86
	46.08



	10
	W7.5D3.0H1.7
	10.66
	7.51
	3.39
	1.70
	12.22
	967.64
	35.14



	11
	W7.5D3.0H0.7-C30
	10.35
	7.90
	2.97
	0.73
	10.80
	1305.98
	41.59



	12
	W7.5D3.0H0.7-C60
	10.35
	7.90
	2.97
	0.73
	10.80
	1305.98
	41.59
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