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Abstract

:

To investigate the flexural performance of steel-continuous-fiber composite bar (SFCB) and fiber-reinforced polymer (FRP) bar hybrid-reinforced sea-sand concrete (SSC) beams, a total of 21 SSC beams were numerically studied. The concrete damaged plasticity model (CDPM) and FRP brittle damage model were adopted, and the bond-slip behavior between the reinforcement and concrete was considered. Parametric studies were conducted to study the effects of the SSC strength, sectional steel ratio of the SFCB, core steel bar yield strength of the SFCB, out-wrapped FRP elastic modulus of the SFCB, and the ultimate tensile strength of the SFCB on the flexural performance of the beams. The results indicate that increasing the SSC strength and out-wrapped FRP modulus enhanced the bearing capacity and stiffness but reduced the ductility, shifting failure from concrete crushing to FRP bar fracture. A higher SFCB sectional steel ratio markedly improved the flexural stiffness, transforming the load–deflection curve. Elevated core steel bar yield strength maintained the cracking load and deflection while increasing the yield and ultimate loads. For SFCB fracture, higher ultimate tensile strength in the out-wrapped FRP enhanced the ultimate load and deflection, but not in concrete crushing failure. In addition, three failure modes were defined based on the proper assumption, with the proposed bearing capacity formulas aligning well with the FE results.
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1. Introduction


As urbanization continues to advance, the demand for sand in construction is steadily increasing. While China accounts for 35% of the world’s total sand and gravel production [1], its natural river sand reserves are diminishing year by year. Faced with the tightening supply of river sand, finding reliable alternatives has become an urgent priority.



China boasts extensive coastal regions with exceptionally rich reserves of sea-sand resources. Numerous investigations have demonstrated that seawater and sea sand, carrying corrosive ions such as chloride ions, exert an impact on concrete [2,3,4,5]. The presence of chloride ions in seawater and sea sand can expedite the setting and hardening processes of cement, accelerate hydration, and promote the formation of more hydration products [6,7,8,9]. Refs. [10,11,12] have shown that sea-sand concrete (SSC) exhibits higher compressive strength at 3 d, 7 d, and 28 d compared to ordinary concrete. Furthermore, SSC demonstrates a greater drying shrinkage rate and improved impermeability. Moreover, due to a relatively low gradient in the chloride ion concentration between the pore solution and external solution, SSC displays lower chloride ion permeability than ordinary concrete does. Therefore, the use of sea sand to produce SSC can bring huge economic benefits to the construction industry.



With the modern human activity expanding to the ocean, there are more and more infrastructures constructed and serviced in marine harsh environments. To achieve an economical and sustainable development, the feasibility of using economical construction materials and the mechanical performance of structures after long-term application in harsh environments, especially the materials made from marine resources and structures serviced in marine environments, need to be extensively investigated. This growing trend is accompanied by the widespread adoption of fiber-reinforced polymer (FRP) bars, owing to their numerous advantages, such as high strength, excellent corrosion resistance, and eco-friendliness [13]. FRP is widely used for its advantages of a low carbon, lightweight, high strength, acid and alkali corrosion resistance, and fatigue resistance [14]. Using FRP to reinforce concrete can not only enhance the overall stiffness of the structure and improve the durability of the structure but also reduce the building environmental pollution and carbon emissions. Substituting FRP bars for conventional steel bars in SSC components offers a fundamental solution to the issue of steel corrosion.



Hua et al. [15] conducted four-point bending tests on SSC beams reinforced with FRP bars. The findings suggest that as the reinforcement ratio increases, the failure mode of the specimens shifts from tension failure to equilibrium failure before ultimately transitioning to compression failure. Chen et al. [16] conducted experimental and numerical research on the flexural performance of SSC beams reinforced with FRP bars exposed to a marine environment. The results demonstrate that the ultimate load-bearing capacity of the specimens increased by 28.0% in a salt-spray environment but decreased by 13.0% in a tidal environment. As the exposure time lengthened, the ultimate load-bearing capacity of the specimens exhibited an initial increase, followed by a decrease, with a simultaneous reduction in both the initial stiffness and ductility. Zhou et al. [17] conducted experimental research on the shear performance of ultra-high-performance seawater and sea-sand concrete beams reinforced with FRP bars. The results indicate that the load–deflection curve of the beams is bilinear, displaying pronounced brittle characteristics upon failure. A higher elastic modulus of the FRP bars corresponds to a greater ultimate load-carrying capacity of the beams and reduced deflection. In summary, the failure mode of FRP-reinforced SSC beams is primarily characterized by the FRP bar fracture, representing a typical brittle failure. While a hybrid reinforcement of steel and FRP bars can transition the beam’s failure mode from brittle to ductile in nature, it is important to note that a steel bar exposed to chloride environments is susceptible to corrosion.



Steel-continuous-fiber composite bars (SFCBs) are a novel structural reinforcement material with a steel core wrapped in FRP, offering advantages such as high strength, large elastic modulus, and exceptional corrosion resistance [18]. Additionally, an SRCB exhibits commendable secondary stiffness. Utilizing SFCBs in conjunction with FRP bars not only enhances the flexural performance and failure mode of all-FRP-reinforced SSC beams but also addresses the corrosion issue in SSC beams featuring a hybrid reinforcement of steel and FRP bars. To date, research on SFCBs combined with FRP bars in SSC beams is scarce. Existing studies have been constrained by limitations in the number of specimens tested, resulting in an incomplete exploration of the parameters influencing beam flexural behavior. Therefore, it is imperative to conduct a parametric study on SSC beams with hybrid reinforcement of SFCBs and FRP bars.



In this work, three-dimensional refined FE models were developed for SSC beams with hybrid reinforcement of SFCBs and FRP bars. The model accounts for FRP fracture behavior and the bond-slip behavior between the tensile bars and concrete. Based on the validated model, parametric studies were conducted to analyze the effects of the SSC strength, sectional steel ratio and yield strength, as well as the out-wrapped FRP elastic modulus and ultimate tensile strength of SFCBs, on the flexural performance of the beams. In addition, three failure modes were defined based on reasonable assumptions, and formulae for the bearing capacity were proposed.




2. Experiment Programs


2.1. Specimen Design


The specimen dimension and test set-up are depicted in Figure 1. This study involves a detailed numerical simulation of the four-point bending tests on SSC beams with hybrid reinforcement of SFCBs and FRP bars as originally conducted by Xiao et al. [19]. All the specimens have a total span of 2200 mm, with a clear span of 1800 mm. Both the pure-bending and shear-bending segments measure 600 mm in length. The beam’s cross-sectional dimension is 200 × 400 mm (width × height), with a concrete cover thickness of 25 mm and an effective height h0 of 375 mm. HRB400 steel bars were employed for both the upper longitudinal and transverse stirrups in all the specimens. The longitudinal bars had a diameter of 12 mm, while the transverse stirrups had a diameter of 10 mm, with a spacing of 100 mm at shear span and a spacing of 200 mm at flexural span, respectively.



The sectional configurations of all the specimens are illustrated in Figure 2, while Table 1 provides the detailed specifications of each specimen, where As represents the cross-sectional area of the tensile steel bar; Af represents the cross-sectional area of FRP; ρs represents the steel reinforcement ratio, calculated as ρs = As/(bh0); ρf represents the FRP ratio, calculated as ρf = Af/(bh0); ρn represents the nominal reinforcement ratio, calculated as ρn = ρs + ρf; ρn,e represents the effective reinforcement ratio, calculated based on the elastic modulus, as ρn,e = ρs + ρf·Ef/Es; ρn,f represents the effective reinforcement ratio, calculated based on the tensile strength, as ρn,f = ρs + ρf·ffu/fy; Ef and Es represent the elastic modulus of the FRP and steel bar, respectively; and ffu and fy represent the ultimate tensile strength of the FRP bar and the yield strength of the steel bar, respectively.




2.2. Material Properties


Figure 3 presents a photo of the FRP bar, SFCB and steel bar. Based on uniaxial tensile tests, the HRB400 steel bar exhibits a yield strength fy of 470 MPa, an ultimate tensile strength fu of 557 MPa, and an elastic modulus Es of 206 GPa. The tensile strength ffu and elastic modulus Ef of the FRP bar are 901 MPa and 50.7 GPa, respectively. For the SFCB, the yield strength fsf,y and ultimate strength fsf,u are 222 MPa and 760 MPa, while the initial elastic modulus Esf,1 and the elastic modulus in the strain-hardening region Esf,2 are 100 GPa and 26.8 GPa, respectively.



The SSC was made of P.O 42.5R ordinary Portland cement, coarse aggregate with a size range of 5–20 mm, dried sea sand and fine aggregate and tap water. The mass of cement, sea sand, coarse aggregate, and water per cubic meter is 315 kg, 714 kg, 1165 kg, and 205 kg, respectively. The 28-day compressive strength fcu of a 150 × 150 × 150 mm specimen of SSC is 25.7 MPa, while its elastic modulus Ec is 25.3 GPa based on the Chinese code GB/T 50081-2019 [20]. As the durability of the specimens is not within the scope of this study, Xiao et al. [19] have suggested that under the same mix proportion, the short-term mechanical properties of SSC are similar to those of conventional concrete. Therefore, the axial compressive strength fc (=0.76fcu) and tensile strength ft (=0.395fcu0.55) of SSC are 19.5 MPa and 2.02 MPa, respectively, according to the Chinese code GB 50010-2010 [21].





3. Establishment of the FE Model


In this study, the three-dimensional (3D) refined FE model was developed for SSC beams with hybrid reinforcement of SFCBs and FRP bars. The model was developed by the commercial FE software ABAQUS 2020 [22], as depicted in Figure 4. To accurately account for the contact between components, a partitioned modeling approach was employed with an implicit static solver. The concrete was modeled using 3D eight-node reduced-integration elements (C3D8R), while all the reinforcement materials were represented by truss elements (T3D2). To account for the bond-slip behavior between the tensile bars and concrete, connector elements (CONN3D2) were used to model the interaction between adjacent nodes of the tensile bars and concrete. A displacement-controlled loading method was employed at the rigid panel located at the loading point.



3.1. Material Constitutive and Damage Model


3.1.1. SSC


According to the Chinese code GB 50010-2010 [21], the compressive and tensile stress–strain relationships for SSC can be obtained. The constitutive model of SSC is applicable only to concrete with cubic compressive strength of less than 80 MPa. It should be noted that this model does not consider the deterioration behavior of concrete strength under long-term chloride corrosion. Therefore, the constitutive model presented herein is capable of accurately characterizing the flexural behavior of beams subjected to short-term loads, while its ability to predict the flexural performance under long-term loads remains limited.



The compressive stress-strain relationship for SSC is defined by Equations (1)–(3), where ρc = fc/Ec, n = Ecεc/(Ecεc − fc). σc and εc represent the stress and corresponding strain during SSC compression, respectively. εc0 and αc represent the peak strain and the parameter for the descending phase, respectively.


   σ c   ε  =          ρ c  n  E c   ε c    n − 1 +        ε c   /   ε  c 0        n         ε c  ≤  ε  c 0            ρ c   E c   ε c     α c    ( x − 1 )  2  + x        ε  c 0   <  ε c  <  ε  cu          



(1)






   ε   c 0    =   700 + 172    f c      ×   10   − 6    



(2)






   ε  cu   = 0.0033 −    f  cu   − 50   ×   10   − 5    



(3)







The tensile constitutive relationship for SSC is expressed in Equations (4) and (5), where ρt = ft/Ec. σt and εt represent the stress and corresponding strain during SSC tensile loading, while ft is the peak tensile stress. εt0 and εtu represent the strain at the peak tensile stress and ultimate tensile strain, respectively. αt represents the parameter for the descending phase.


   σ t   ε  =        ρ t    1.2 − 0.2        ε t   /   ε  t 0        5     E c   ε t       ε t  ≤  ε  t 0              ρ t   /   α t    (    ε t   /   ε  t 0     − 1 )   1.7   +    ε t   /   ε  t 0          E c   ε t       ε  t 0   <  ε t  >  ε  tu          



(4)






   ε   t 0     = 65   f t  0.54   ×   10   − 6    



(5)







The concrete damaged plasticity model (CDPM) [22] is employed to simulate the crushing and cracking behavior of SSC during bending, where ∊ and Ψ are the flow potential eccentricity and dilation angle, respectively; μ and Kc are the viscosity parameter that defines viscoelastic regularization and ratio of second stress invariant on tensile meridian to that on compressive meridian, respectively; and σb0/σc0 is the ratio of initial equiaxial compressive yield stress to initial stress. Table 2 lists the details of the CDPM parameters.



The compressive and tensile damage factors can be obtained with reference to the energy-based approach proposed by Sidoroff et al. [23], where E0 represents the initial elastic modulus, dc represents the compressive material damage factor, dt represents the tensile damage factor, and       ε  ¯    c   pl     and       ε  ¯    t   pl     represent the equivalent plastic compressive and tensile strains of concrete, respectively.


       d c  = 1 −      σ c   /   E 0   ε c           d t  = 1 −      σ t   /   E 0   ε t           



(6)








3.1.2. Steel Bar, FRP Bar and SFCB


Figure 5 depicts the tensile stress–strain (σ − ε) curves for the steel bar, FRP bar, and SFCB. The steel bar employs a bilinear constitutive model that considers strain-hardening behavior. The anisotropy of the FRP bar and the SFCB’s out-wrapped FRP are ignored and regarded as an isotropic material with fracture strain. The stress–strain (σ − ε) relationship of SFCB is represented by Equations (7)–(9), where εsf,y and εsf,u represent the yield strain and ultimate tensile strain of SFCB, respectively; Esf,s and Esf,f represent the elastic modulus of the internal steel bar and out-wrapped FRP; As and Af correspond to their respective cross-sectional areas; while A represents the cross-sectional area of the SFCB.


  σ =        E   sf ,  1   ε     0 ≤ ε ≤  ε   sf , y           E   sf ,  1    ε   sf , y    +  E   sf ,  2     ε −  ε   sf , y           ε   sf , y    ≤ ε ≤  ε   sf , u           



(7)






     E   sf , 1    =    E   sf , s     A s  +  E   sf , f     A f     / A   



(8)






   E   sf ,  2   =    E   sf , f     A f   / A   



(9)







ABAQUS provides the brittle damage model to predict the tensile failure of the FRP bar, as shown in Figure 6. Equation (10) shows the initial damage criterion. When this equation is met, the equivalent plastic strain εpl of the FRP bars accumulatively reaches the equivalent plastic strain of initial damage, where ωD is the state variable; and η is the triaxial stress. η = 1/3 when the FRP bar is under uniaxial tension [24].


   ω D  =   ∫    d  ε  pl      ε D  pl     η ,  ε  pl          = 1  



(10)







The damage evolution rule of the brittle damage model is controlled by the equivalent plastic displacement (upl). The initial equivalent plastic displacement of the FRP bar at the beginning of damage is 0 (  u 0  pl    = 0). When the tensile strain of the FRP bar gradually reaches the ultimate tensile strain (εs = εsu), the equivalent plastic displacement at fracture is still 0 (  u D  pl    = 0), so it is considered that FRP bars fracture once they reach the ultimate tensile strain. However, the equivalent plastic displacement at fracture is defined as always greater than 0 in ABAQUS, so the minimum value is used instead.





3.2. Bond-Slip Constitutive


To simulate the bond-slip behavior between adjacent nodes of the tension reinforcement and concrete, connector elements (CONN3D2) were established, and force–displacement relationships were assigned to them. The bond-slip constitutive model employed in this study is depicted in Figure 7. Normal behavior is characterized as rigid connection (Figure 7a), while tangential behavior follows the bond-slip model recommended by the CEB-FIP Model Code 1990 (Figure 7b) [25], as represented by Equation (11), where τmax and τr represent the peak bond strength and residual bond strength, respectively, while s1 and s2 denote peak slip values, respectively. S3 corresponds to the slip at which the residual bond strength is reached, and α is a fitting coefficient, obtainable from reference [26].


   τ t  =        τ  max        s   s 1       α      s ≤  s 1         τ  max        s 1  < s ≤  s 2         τ  max   −    τ  max   −  τ r      s −  s 2     s 3  −  s 2         s 2  < s ≤  s 3         τ r      s >  s 3         



(11)








3.3. Contact Type and Mesh Sensitivity Analysis


The sensitivity analysis of the concrete mesh is crucial due to the significant influence of the mesh size on the simulation of tensile softening behavior of concrete [22]. Taking the beam G1SF2 as an example, 20, 30, 40 and 50 mm were used as the basic size to divide the concrete grid. Figure 8 illustrates the influence of the mesh size and bond-slip behavior on the load–deflection curve of beam G1SF2, where “Test” represents experimental results, “FE” signifies FE results, and “Embedded” denotes cases where the slip behavior of the reinforcement is not considered.



The figure clearly shows that concrete with mesh sizes of 40 mm and 50 mm experiences premature crushing during bending, leading to a decline in the load-bearing capacity. As the mesh is refined, the discrepancy between the FE and experimental results gradually diminishes. Balancing computational cost and accuracy, mesh sizes of 20 mm for concrete and 10 mm for reinforcement are chosen. A comparison between the results with and without considering slip reveals that their load–displacement curves are nearly identical before concrete cracking. However, after concrete cracking, the calculations that neglect slip influence significantly exceed the experimental results, leading to an overestimation of the beam’s flexural stiffness. Therefore, it is essential to consider the bond-slip behavior between the tensile reinforcement and concrete.





4. Model Verification


4.1. Experimental Phenomena


Beams G2SF1 and G1SF2 were used as examples to conduct a comparative analysis between the FE model and experimental observations, as illustrated in Figure 9. Strains were employed to depict the crushing and cracking phenomena in SSC beams. In the concrete, the red color represents the element strains reaching the ultimate tensile strain (εtu = 0.00010), while black represents strains reaching the ultimate compressive strain (εcu = −0.0035). In the reinforcement framework, black indicates element strains reaching the FRP bar fracture strain (εfu = 0.017).



The figure reveals that when the load reaches the ultimate capacity, the tensile reinforcement elements in beam G2SF1 experience strains that reach the fracture strain, the concrete undergoes crushing, and the out-wrapped FRP reinforcement also fractures. In contrast, the increased SFCB reinforcement ratio in beam G1SF2 prevents the tensile reinforcement from fracturing, resulting in a failure mode characterized by concrete crushing alone. The strain profiles and experimental observations of these two specimens closely match. The FE model, based on the concrete plastic damage behavior and the SFCB fracture model, accurately captures the failure phenomena of both the concrete and tensile reinforcement.



Observing the strain distribution profiles of all the specimens, it is evident that the failure mode in all cases is characterized by flexural failure. Beam S3 exhibits a failure mode marked by concrete crushing, while beams G1S2, G2S1, and G3 experience failure due to FRP bar fracture. In contrast, beam G2SF1 demonstrates a failure mode featuring both concrete crushing and FRP bar fracture, while beam G1SF2 experiences failure solely due to concrete crushing. Importantly, the FE results align consistently with the experimental results. In summary, the FE model developed in this study accurately predicts the failure modes of SSC beams with hybrid reinforcement.




4.2. Load–Deflection Curve


Figure 10 shows the load–deflection curves (P-δ) for all the specimens. The label “Test” refers to the experimental results, while “FE” represents the FE results.



The figures clearly show that the load–deflection curve of the steel-reinforced SSC beam (S3) demonstrates a pronounced yielding phase. The load–deflection curves of the SSC beams reinforced with steel and FRP bars (G1S2 and G2S1) display a trilinear response due to the steel bar yielding. In contrast, the load–deflection curve of the FRP-reinforced SSC beam (G3) follows a bilinear pattern, reflecting the linear-elastic properties of the FRP bar. Similarly, the load–deflection curves of the SSC beams reinforced with SFCBs and FRE bars (G2SF1 and G1SF2) also exhibit a trilinear behavior, mainly attributed to the yielding of the SFCB core steel bar.



A comparison of beams S3, G1S2, G2S1, and G3 reveals that these four beams exhibit nearly identical flexural stiffness during the elastic stage (prior to cracking). However, as the beams transition into the elastic–plastic stage (after cracking), an increase in the FRP reinforcement ratio leads to a decrease in flexural stiffness, with beam G3 exhibiting the lowest value. Consequently, as the actual reinforcement ratio of the beams increases, the ultimate load capacity also increases, albeit with a reduction in the ultimate deflection.



A comparison between beams G2SF1 and G1SF2 reveals that with an increase in the SFCB reinforcement ratio, the ultimate load and deflection of beam G1SF2 have increased by 7.9% and 6.7%, respectively, in comparison to beam G2SF1. This is attributed to the increased SFCB reinforcement ratio, which results in an enhancement of the beam’s flexural stiffness. Despite the higher FRP reinforcement ratio in beam G2SF1, the lower elastic modulus of the FRP bar compared to SFCB leads to a reduced flexural stiffness compared to beam G1SF2.



The experimental results of all the specimens closely align with the FE results. Therefore, the refined FE model, which accounts for bond-slip behavior and reinforcement material fracture, can accurately predict the flexural capacity and deformations of SSC beams with hybrid reinforcement of SFCBs and FRP bars.





5. Parametric Analyses


To address the limited number of specimens in the experimental research, this section employs a validated FE model to perform a parametric analysis of SSC beams with hybrid reinforcement of SFCBs and FRP bars. In each parametric analysis, beam G1SF2 serves as the reference, with a single parameter changed at a time. The primary focus of this analysis centers on the impact of the SSC strength fc, SFCB sectional steel ratio as (ratio of SFCB sectional steel to the total cross-sectional area), SFCB core steel bar yield strength fy, SFCB out-wrapped FRP elastic modulus Esf,f, and SFCB out-wrapped FRP ultimate tensile strength fsf,u on the flexural performance of the beams. Detailed parameter configurations are provided in Table 3.



A comparative analysis was conducted on the analysis results, including the characteristic loads (cracking load Pcr, yield load Py, and ultimate load Pu), corresponding deflections (cracking deflection δcr, yield deflection δy and ultimate deflection δu), ultimate energy dissipation Eu, ductility coefficient μ, and failure modes. The analysis of the failure patterns reveals that flexural failure in SSC beams reinforced with hybrid reinforcement of SFCBs and FRP bars predominantly occurs in three categories: concrete crushing, FRP bar fracture, and SFCB fracture.



Due to the absence of a yield point in an all-FRP reinforcement concrete beam, the conventional definition of the ductility factor is no longer applicable to reinforced concrete beams with steel bars. In accordance with ACI 440.1R-15 [27], the ductility factor μ is defined as the ratio of energy dissipation at the ultimate state Eu to the energy dissipation at normal service condition Escr, as shown in Equation (12). Upon reaching the deflection limit, the area enclosed by the load–deflection curve and the coordinate axes represents energy dissipation under normal service conditions, denoted as Escr. Similarly, the enclosed area represents energy dissipation at the ultimate state, denoted as Eu. According to code GB 50608-2010 [28], normal service conditions are defined when the mid-span deflection limit δscr is 1/200 of the total span length l.


  μ =  E u  /  E  scr    



(12)







Figure 11 shows the compressive and tensile stress–strain curves of SSC with an axial compressive strength fc of 19.5, 34.2, 41.8 and 49.4 MPa, respectively.



Figure 12 depicts the uniaxial tensile stress–strain curves of an SFCB under various parametric designs.



5.1. SSC Strength


Figure 13 illustrates the influence of the SSC strength fc on the flexural performance of the beams, while Table 4 presents the FE model results.



Combining Figure 13 with Table 4, it can be observed that as the SSC strength increases, the cracking load, yield load, and ultimate load of the beams all significantly increase, while the corresponding deflection decreases. This is attributed to the heightened SSC strength, resulting in an increased total bending moment. This is due to the combination of compressive forces in the concrete’s compression zone and tensile forces in the reinforcement of the tension zone, ultimately leading to a higher characteristic load. Because FRP bars have a relatively low elastic modulus, they reach the ultimate tensile strain before the concrete undergoes crushing, causing a reduction in the deflection. This leads to a transition in the failure mode from concrete crushing to FRP bar fracture.



The energy dissipation under the normal service condition is essentially the same for all the cases, but due to a reduced ultimate deflection, the beams with higher SSC strength exhibit lower ultimate energy dissipation, resulting in a corresponding decrease in ductility. Therefore, in the case of hybrid reinforcement using SFCBs and FRP bars, it is advisable to increase the reinforcement ratio of the FRP bars appropriately to prevent premature fracture of the FRP bars, which can result in the wastage of concrete performance.




5.2. Sectional Steel Ratio of SFCBs


Figure 14 illustrates the influence of the SFCB’s sectional steel ratio on the flexural performance of the beams within the SFCB. Table 5 presents the FE model results.



Combining Figure 14 and Table 5 reveals that as the SFCB’s sectional steel ratio increases, the load–deflection curve of the beam undergoes a transition from a bilinear behavior to a trilinear one. Beams with as of 0 (all-FRP beam) and as of 0.39 (a hybrid reinforcement of SFCBs and FRP bars) exhibit the same ultimate load capacity, with the former experiencing a 6.4% increase in the ultimate deflection compared to the latter. This is due to the lower flexural stiffness of the all-FRP beam compared to the hybrid reinforcement beam; under the same load, the deformation of the all-FRP beam is greater than that of the SFCBs and FRP bars hybrid-reinforced beam.



As the SFCB’s sectional steel ratio increases from 0.39 to 0.77 and 1.0, the elastic modulus and yield strength of the SFCB increase accordingly. However, the secondary stiffness and ultimate tensile strength decrease, while the beam’s flexural stiffness notably improves. The failure mode shifts from concrete crushing to FRP bar fracture. In the compressed concrete zone, the ultimate compressive strain has not been reached, resulting in a significant reduction in both the ultimate load and deflection. As the SFCB’s sectional steel ratio increases, the energy dissipation at the normal service condition increases with the rise in initial stiffness. However, the ultimate energy dissipation significantly decreases as the ultimate deflection reduces, resulting in a corresponding decrease in ductility.




5.3. Core Steel Bar Yield Strength of SFCBs


Figure 15 illustrates the impact of the SFCB’s core steel bar yield strength fy on the flexural performance of beams, while Table 6 presents the FE model results.



Combining Figure 15 and Table 6, it is evident that an increase in the SFCB’s core steel bar yield strength fy leads to constant values for the beam’s cracking load and cracking deflection. Concurrently, the yield and ultimate loads increase, resulting in improved flexural stiffness. However, the corresponding deflection experiences a slight reduction. This is because an increase in the SFCB’s core steel bar yield strength does not affect the elastic modulus of the SFCB but only increases its tensile strength. The failure mode of the beam is determined by concrete crushing, and as the tensile strength of the SFCB increases, the ultimate load of the beam also increases. The energy dissipation under the normal service condition increases accordingly, while the ultimate energy dissipation remains nearly unchanged, leading to a decrease in ductility.



When the SFCB’s core steel bar yield strength increases from 300 MPa to 414 MPa, 500 MPa, and 600 MPa, the reference price per ton of reinforcement materials increases by 8.1%, 16.2%, and 24.3%, respectively. However, the ultimate load only increases by 1.5%, 2.6%, and 3.6%, respectively. Therefore, considering cost-effectiveness, increasing the yield strength of SFCB’s core steel bar is not economically viable.




5.4. Out-Wrapped FRP Elastic Modulus of SFCBs


Figure 16 depicts the influence of the SFCB’s out-wrapped FRP elastic modulus Esf,f on the flexural performance of the beams, while Table 7 presents the FE model results.



Combining Figure 16 and Table 7, it is evident that as the SFCB’s out-wrapped FRP elastic modulus Esf,f increases, the cracking, yield, and ultimate loads of the beam all significantly increase, while the corresponding deflection decreases. This is because increasing the SFCB’s out-wrapped FRP elastic modulus results in the higher initial stiffness of the SFCB, consequently enhancing the flexural stiffness of the beam. At the same strain level, the SFCB can withstand larger concrete compressive strains, leading to increased tensile forces in the beam’s cross-section tension zone and the corresponding balancing compressive forces in the compression zone. The concrete in the compression zone reaches the ultimate compressive strain more rapidly, resulting in a higher load-bearing capacity in the beam at the same deformation and reduced ultimate deflection. As the SFCB’s out-wrapped FRP elastic modulus increases, the beam’s flexural stiffness increases during both the elastic and elastic–plastic phases. This leads to a rise in the energy dissipation under the normal service condition. However, due to a reduction in the ultimate deflection, the ultimate energy dissipation significantly decreases, resulting in reduced ductility.



Figure 16 reveals that when Esf,f is 50, 60, and 70 GPa, the beam failure mode is concrete crushing. However, when Esf,f is 80 GPa, the beam failure mode is the fracture of the SFCB. This is because the fracture strain of the SFCB decreases with an increase in the Esf,f. The fracture strain (0.0125) of the SFCB with an Esf,f of 80 GPa is the smallest and is less than the fracture strain (0.0197) of the FRP bar. Consequently, the SFCB fractures prior to the FRP bar.



In summary, increasing the SFCB’s out-wrapped FRP elastic modulus significantly enhances the beam’s load-bearing capacity and flexural stiffness, reducing mid-span deformations. However, this improvement comes at the cost of reduced ductility. Therefore, when designing the SFCB’s out-wrapped FRP elastic modulus, caution should be exercised to avoid designing it excessively high, which could lead to premature SFCB fracture.




5.5. The Ultimate Tensile Strength of SFCB’s Out-Wrapped FRP


Figure 17 illustrates the impact of the SFCB’s out-wrapped FRP ultimate tensile strength fsf,u on the flexural performance of beams, and Table 8 presents the FE model results.



Combining Figure 17 with Table 8, it is evident that an increase in the SFCB’s out-wrapped FRP ultimate tensile strength does not result in any change in the beam’s cracking and yield loads, corresponding deflections, or energy dissipation under the normal service condition. However, for beams with an fsf,u of 750 MPa, premature fracture of the SFCB leads to lower ultimate loads, deflections, and ultimate energy dissipation compared to the other specimens. Additionally, these beams exhibit relatively lower ductility. This is because the SFCB’s out-wrapped FRP ultimate tensile strength has no influence on the initial stiffness of the SFCB but only affects the fracture strain. The smaller the SFCB’s out-wrapped FRP ultimate tensile strength, the smaller the fracture strain of the SFCB. Under the same load, a smaller fracture strain of the SFCB results in earlier fracture of the SFCB. Beams with an fsf,u of 997 MPa, 1250 MPa, and 1500 MPa exhibit identical ultimate loads and deflections. This is because the failure of these beams is determined by concrete crushing, and excessively increasing the SFCB’s out-wrapped FRP ultimate tensile strength has no impact on the flexural performance of the beams.





6. Theoretical Analyses


6.1. Basic Assumptions


The following assumptions were considered: (1) the perfect bond between the reinforcement and SSC has been observed in previous experimental investigations conducted by Xiao et al. [19]; (2) each cross-sectional plane perpendicular to the beam axis maintains its planarity under loading, and (3) the tensile strength of concrete is disregarded.




6.2. Failure Modes and Boundary Failure


The boundary state of the failure modes is shown in Figure 18, where the red color of the reinforcement is expressed as the SFCBs, and the yellow color is expressed as the FRP bars. According to the constitutive models of the materials, the failure modes of SSC beams with hybrid reinforcement of SFCBs and FRP bars can be divided into three situations, where εc and εcu are the compressive strain and ultimate compressive strain of the SSC, respectively; εsf, εsf,y and εsf,u are the tensile strain, yield strain and ultimate tensile strain of the SFCBs, respectively; εf and εfu are the tensile strain and ultimate tensile strain of the FRP bars, respectively; εhu is the minimum ultimate tensile strain of the FRP bars and SFCBs, εhu = min {εfu, εsf,u}; xc1 and xc2 are the height of the compressive zone corresponding to boundary failures 1 and 2, respectively; and ht1 and ht2 are the height of the cross-section part in tension corresponding to boundary failures 1 and 2, respectively.



	(1)

	
Failure mode 1: εc = εcu, εf = εsf < εsf,y.







In failure mode 1, the SFCBs do not undergo yielding, yet the maximum compressive strain attains the ultimate strain of the SSC. This mirrors the characteristics of over-reinforced concrete beams, a condition impractical due to its propensity for brittle failure.



	(2)

	
Failure mode 2: εc = εcu, εsf,y < εf = εsf < εhu.







In failure mode 2, the SFCBs undergo yielding but the strain value falls short of reaching the ultimate tensile strain of both the FRP bars and SFCBs. Failure ensues when the compressive strain of the SSC reaches its ultimate limit. This outcome is anticipated in practical structures due to their inherently ductile nature.



	(3)

	
Failure mode 3: εc < εcu, εsf,y < εf = εsf = εhu.







In failure mode 3, the SFCBs undergo yielding, and the strain value attains the ultimate tensile strain of both the FRP bars and SFCBs. However, the compressive strain of the SSC falls short of the ultimate compressive strain. This scenario is impractical due to the lesser reinforcement.



Assuming the relative actual compressive height coefficient ξc = xc/h0, the boundary relative actual compressive height coefficient ξcb can be defined according to the plane section assumption.



Boundary failure 1:


   ξ   cb 1    =    x   c 1       h 0    =    ε  cu      ε  cu   +  ε   sf , y       



(13)







Boundary failure 2:


   ξ   cb 2    =    x   c 2       h 0    =    ε  cu      ε  cu   +  ε  hu      



(14)







Depending on the relative actual compressive height coefficient ξc, the failure modes can be categorized as follows. If ξc > ξcb1, failure mode 1 occurs; if ξcb1 ≤ ξc ≤ ξcb2, failure mode 2 occurs; and if ξc < ξcb2, failure mode 3 occurs.




6.3. Simplified Method for Calculating the Ultimate Moment


This section develops a simplified calculation for the section ultimate moment. It primarily relies on a simplified rectangular stress block model for concrete compression. Three distinct cases are proposed based on different failure modes.



6.3.1. Failure Mode 1


Figure 19 illustrates the simplified stress–strain distribution in the cross-section when the over-reinforced SSC beam fails.



According to the Chinese code GB 50010-2010 [21], the upper steel bars are not considered, because the upper steel bars are arranged as erecting bars. Equation (15) can be obtained according to the force equilibrium of the cross-section, where xc and x are the actual and height of compressive concrete, respectively, x = xcβc; and αc and βc are the equivalent rectangular stress factors. The standard values are αc = 1.0, βc = 0.8.


   α c   f c  b x =  E f   ε f   A f  +  E   sf , 1     ε sf   A  sf    



(15)






   ε f  =  ε  sf   =      h 0  −  x /   β c       ε  cu      x /   β c       



(16)







Combining Equations (15) and (16) allows for the calculation of the compressive concrete height x. Substituting the compressive concrete height x into Equation (17), the flexural capacity of the SSC beams with hybrid reinforcement of SFCBs and FRP bars can be determined.


   M u  =  α c   f c  b x (  h 0  −  x 2  )  



(17)








6.3.2. Failure Mode 2


Figure 20 illustrates the simplified stress–strain distribution in the cross-section when the appropriate hybrid reinforced SSC beam fails.



Equation (18) can be obtained according to the force equilibrium of the cross-section. Combining Equations (16) and (17), the flexural capacity of the SSC beams with hybrid reinforcement of SFCBs and FRP bars can be calculated.


   α c   f c  b x =  E f  ⋅  ε f  ⋅  A f  +    f   sf , y    +  E   sf , 2       ε  sf   −  ε   sf , y         A  sf    



(18)








6.3.3. Failure Mode 3


Figure 21 illustrates the simplified stress–strain distribution in the cross-section when the under-reinforced hybrid reinforced SSC beam fails.



Equation (19) can be obtained according to the force equilibrium of the cross-section. The concrete strain εc can be obtained by Equation (20). Combining Equations (19) and (20), the flexural capacity of the SSC beams with hybrid reinforcement of SFCBs and FRP bars can be calculated by Equation (21).


   α c   σ c  b x =  E f  ⋅  ε  hu   ⋅  A f  +    f   sf , y    +  E   sf , 2       ε  hu   −  ε   sf , y         A  sf    



(19)






   ε c  =    x /   β c     ε  hu      h 0  −  x /   β c       



(20)






   M u  =  α c   σ c  b x (  h 0  −  x 2  )  



(21)







The ultimate moment of the FRP bar and SFCB hybrid-reinforced SSC beam can be determined through checking the different cases, and the flow chart for predicting the ultimate moment is shown in Figure 22.





6.4. Verification of the Ultimate Load


Figure 23 illustrates the errors between the FE and predicted ultimate loads, where Pu,FE and Pu,P represent the FE and predicted results of all the specimens analyzed in Section 5. As shown in Figure 23, the mean and the coefficient of variation of Pu,P/Pu,F are 0.91 and 0.04, respectively. Thus, the predicted results agree well with the FE results, and the simplified method for calculating the ultimate moment of SSC beams with hybrid reinforcement of SFCBs and FRP bars can be provided for reference in structural design.





7. Conclusions


Throughout the detailed numerical simulations and theoretical analyses of the flexural performance of SSC beams with hybrid reinforcement of SFCBs and FRP bars, the following conclusions can be obtained.



	(1)

	
With an increase in the SSC strength, the beam exhibits a substantial rise in cracking, yield, and ultimate loads, accompanied by a decrease in deflection and ductility. The failure pattern shifts from concrete crushing to FRP bar fracture. In cases of hybrid reinforcement with SFCBs and FRP bars, it is recommended to proportionally boost the reinforcement ratio of the FRP bars to avert premature fractures.




	(2)

	
Increasing the sectional steel ratio of the SFCBs significantly enhances the flexural stiffness. This results in a shift in the load–deflection curve from bilinear to trilinear, accompanied by a transition in the failure mode from concrete crushing to FRP bar fracture.




	(3)

	
Increasing the core steel bar yield strength of the SFCB has a minimal impact on the beam’s cracking load and deflection, which remain largely unchanged. While the yield and ultimate loads experience a slight increase, their corresponding deflections decrease slightly. Although the energy dissipation under the normal service conditions rises, the ultimate energy dissipation remains nearly constant, leading to a modest reduction in ductility. Considering cost-effectiveness, enhancing the SFCB’s core steel bar yield strength shows relatively low returns.




	(4)

	
A higher out-wrapped FRP elastic modulus of the SFCB improves the beam’s flexural load capacity and stiffness while minimizing the mid-span deformation and reducing ductility. However, an excessive modulus can lead to premature SFCB failure, making 50 GPa the recommended optimal value.




	(5)

	
When the failure mode of the beam is SFCB fracture, increasing the ultimate tensile strength of the SFCB can improve the ultimate load and deflection. When the failure mode of the beam is crushed concrete, the ultimate tensile strength of the SFCB has no effect on the bending performance.




	(6)

	
Based on the reasonable assumptions, the formulae for the bending capacity of SSC beams with hybrid reinforcement of SFCBs and FRP bars has been developed, and the predicted results align well with the FE results.
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Figure 1. Geometric details and test set-up (unit: mm): (a) front elevation; and (b) test setup. 
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Figure 2. The sectional configurations of all the specimens: (a) beam S3; (b) beam G1S2; (c) beam G2S1; (d) beam G3; (e) beam G2SF1; and (f) beam G1SF2. 
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Figure 3. The photo of the FRP bar, SFCB and steel bar. 
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Figure 4. The refined FE model. 
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Figure 5. Tensile stress–strain curves of the steel bar, FRP bar and SFCB. 
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Figure 6. Brittle damage model. 
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Figure 7. Bond-slip constitutive: (a) normal; and (b) tangential. 
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Figure 8. Effects of the mesh size and bond-slip behavior on the load–deflection curves of beam G1SF2. 
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Figure 9. Failure modes: (a) G2SF1; and (b) G1SF2. 
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Figure 10. Load–deflection curves: (a) S3; (b) G1S2; (c) G2S1; (d) G3; (e) G2SF1; and (f) G1SF2. 
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Figure 11. Load–deflection curves: (a) compression; and (b) tension. 
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Figure 12. Nominal stress–strain curves of an SFCB: (a) effect of αs on SFCB; (b) effect of fsf,y on SFCB; (c) effect of Esf,f on SFCB; and (d) effect of fsf,u on SFCB. 
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Figure 13. Effect of fc on flexural performance: (a) P-δ curves; (b) Escr; (c) Eu; and (d) μ. 
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Figure 14. Effect of αs on flexural performance: (a) P-δ curves; (b) Escr; (c) Eu; and (d) μ. 
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Figure 15. Effect of fy on flexural performance: (a) P-δ curves; (b) Escr; (c) Eu; and (d) μ. 
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Figure 16. Effect of Esf,f on flexural performance: (a) P-δ curves; (b) Escr; (c) Eu; and (d) μ. 
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Figure 17. Effect of fsf,u on flexural performance: (a) P-δ curves; (b) Escr; (c) Eu; and (d) μ. 
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Figure 18. Sectional strain distribution of the boundary state. 
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Figure 19. Stress distribution in the hybrid-reinforced beam (failure mode 1). 
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Figure 20. Stress distribution in the hybrid-reinforced beam (failure mode 2). 
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Figure 21. Stress distribution in the hybrid-reinforced beam (failure mode 3). 
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Figure 22. Flow chat for predicting the ultimate flexural moment. 
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Figure 23. Comparison of the predicted and FE simulate results. 
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Table 1. Details of the specimens.
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	No.
	As/mm2
	Af/mm2
	ρs/%
	ρf/%
	ρn/%
	ρn,f/%
	ρn,E/%





	S3
	236
	—
	0.33
	—
	0.33
	0.33
	0.33



	G1S2
	157
	113
	0.21
	0.15
	0.36
	0.52
	0.26



	G2S1
	79
	226
	0.11
	0.30
	0.41
	0.70
	0.18



	G3
	—
	339
	—
	0.45
	0.45
	0.90
	0.12



	G2SF1
	79
	348
	0.11
	0.46
	0.57
	1.04
	0.23



	G1SF2
	158
	358
	0.21
	0.48
	0.69
	1.18
	0.34










 





Table 2. Details of the CDPM parameters.
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	Ψ
	ε
	σb0/σc0
	Kc
	μ





	40°
	0.1
	1.16
	0.667
	0.0005










 





Table 3. Details of the designed parameters.
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	Influence Parameters
	Reference Parameters
	Expanded Parameters





	fc/MPa
	19.5
	34.2, 41.8, 49.4



	αs
	0.39
	0, 0.77, 1.0



	fsf,y/MPa
	414
	300, 500, 600



	Esf,f/GPa
	50
	60, 70, 80



	fsf,u/MPa
	997
	750, 1250, 1500










 





Table 4. Characteristic load, deflection and failure mode.
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	fc/MPa
	Pcr/kN
	δcr/mm
	Py/kN
	δy/mm
	Pu/kN
	δu/mm
	Failure Pattern





	19.5
	32.6
	0.39
	67.9
	2.87
	177.0
	37.1
	Concrete crushing



	34.2
	37.7
	0.38
	68.3
	2.86
	197.1
	31.1
	FRP bar fracture



	41.8
	41.9
	0.35
	73.7
	2.85
	201.7
	28.9
	FRP bar fracture



	49.4
	44.7
	0.30
	76.1
	2.83
	202.8
	28.2
	FRP bar fracture










 





Table 5. Characteristic load, deflection and failure mode.
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	as
	Pcr/kN
	δcr/mm
	Py/kN
	δy/mm
	Pu/kN
	δu/mm
	Failure Pattern





	0
	30.7
	0.32
	—
	—
	177.0
	39.5
	Concrete crushing



	0.39
	32.6
	0.39
	67.9
	2.87
	177.0
	37.1
	Concrete crushing



	0.77
	35.6
	0.40
	94.2
	3.25
	170.7
	31.1
	FRP bar fracture



	1.0
	38.1
	0.47
	109.5
	3.32
	138.5
	13.0
	FRP bar fracture










 





Table 6. Characteristic load, deflection and failure mode.
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	fy/MPa
	Pcr/kN
	δcr/mm
	Py/kN
	δy/mm
	Pu/kN
	δu/mm
	Failure Pattern





	300
	32.6
	0.39
	52.0
	2.02
	174.4
	37.7
	Concrete crushing



	414
	32.6
	0.39
	67.9
	2.87
	177.0
	37.1
	Concrete crushing



	500
	32.6
	0.39
	79.1
	3.54
	179.0
	36.5
	Concrete crushing



	600
	32.6
	0.39
	93.5
	4.75
	180.7
	35.8
	Concrete crushing










 





Table 7. Characteristic load, deflection and failure mode.






Table 7. Characteristic load, deflection and failure mode.





	Esf,f/GPa
	Pcr/kN
	δcr/mm
	Py/kN
	δy/mm
	Pu/kN
	δu/mm
	Failure Pattern





	50
	32.6
	0.39
	67.9
	2.87
	177.0
	37.1
	Concrete crushing



	60
	33.3
	0.38
	70.6
	2.81
	178.9
	34.1
	Concrete crushing



	70
	33.8
	0.37
	72.3
	2.78
	182.3
	31.8
	Concrete crushing



	80
	34.2
	0.36
	75.5
	2.73
	186.1
	30.0
	SFCB fracture










 





Table 8. Characteristic load, deflection and failure mode.






Table 8. Characteristic load, deflection and failure mode.





	fsf,u/MPa
	Pcr/kN
	δcr/mm
	Py/kN
	δy/mm
	Pu/kN
	δu/mm
	Failure Mode





	750
	32.6
	0.39
	67.9
	2.87
	172.7
	28.8
	FRP bar fracture



	997
	32.6
	0.39
	67.9
	2.87
	177.0
	37.1
	Concrete crushing



	1250
	32.6
	0.39
	67.9
	2.87
	177.0
	37.1
	Concrete crushing



	1500
	32.6
	0.39
	67.9
	2.87
	177.0
	37.1
	Concrete crushing
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file8.jpg
Stress /MPa

1000

800+

600+

— HRB40(
- - FRP
—--SFCB

400+

2009/

0.03 0.04





media/file27.png
200 1.5

0 /mm
(a)

6 6
/.é\ 4 - 4 -
Z .
Ny 2 - 7.

0- 0-

0.39 0.77
OCS as

(c) (d)





media/file43.png
Start

Inputﬁla hOa b09 ﬁu: Efa Afa J[S‘f,ya
][sf,ua Esf,la Esf,Z and Asf

Calculate x. by Calculate x. by Calculate x, by
Egs. (15) and (16) Egs. (16) and (18) Egs. (19) and (20)
N N

If éc>gcbl If écbl<éc<écb2 If éc<écb2
Y Y Y

Calculate M, by Calculate M, by Calculate M, by
Eq. (17) Eq. (17) Eq. (21)

Output M,

Finish





media/file12.jpg
oY





media/file14.jpg
— Test

- - FE-20 mm

—-- FE-30 mm

--- FE-40 mm

---- FE-50 mm

= ‘FE-ZO mm (Embedded)

20 30 40 50
J /mm






media/file35.png
G1SF2

3
Xe2
Xel {
Boundary failure 2 hy
Y
Boundary failure 1
P
2 htl
A Y J
€hu gsf,y





media/file20.jpg
Stress /MPa

5
.
LE N
3 AN
By 20N
!
0.
i 6 s o o1 o2 a5 o4
Strain<10* Strain<10*
(@) (b)





media/file5.png





media/file19.png
200

| — S3-Test
- - S3-FE
160
1201
<
80
40 Concrete crushing
O ’ T T T T T
0 10 20 40 50
0 /mm
(a)
200_ — (G2S1-Test
- - G2S1-FE
160
120' - —“
~ 80 - -7 ' FRP fracture
p / /
/
404 /
-f
O ’ 1 T T T r
0 10 20 40 50
0 /mm
(c)
200_ — G2SG1-Test
160 - - G2SG1-FE
i -
N\
1204 Concrete crushing
é FRP fracture
A

0 10 20

0 50

0 /mm

(e)

50

50

200_ — G1S2-Test
- - G1S2-FE
160
1201
~ 30- N\
80 |
FRP fracture
40 -
0 10 20 30 40
0 /mm
(b)
200_ — (G3-Test
- - G3-FE
160 - :(_r;.
N
Z 120 Y " FRP fracture
y/
2
/
80+ y
/)
40
0 10 20 30 40
0 /mm
(d)
200_ — GISG2-Test
- - G1SG2-FE =it
160 7

120 -
&

80+

40 -

O ’ ! i T T T T T
0 10 20 30 40
0 /mm
(f)

50





media/file45.png
200

Mean = 0.91 o
{Coefficient of variation = (.04 [
SO 0
1501
E +15% o
\ﬂ; 1001
R —15%
504
0 ; . :
0 50 100 150 200

P/ kN





nav.xhtml


  sustainability-16-01866


  
    		
      sustainability-16-01866
    


  




  





media/file11.png
Ju

-.~~
~§
L






media/file41.png
O¢ G0

A | A
_ —
xc / xc :‘j X —ﬂcxc

ho

O'i‘ ‘O' of O'i‘ ‘O' of
Er=Ese=Eny o . o
G1SF2 Strain Theoretical stress Equivalent rectangular
stress





media/file37.png
x:ﬂcxc ——

. | M/' M/ v
. A

—o—o L 08 st

Ef=Esf< Esfy .
G1SF2 Strain Theoretical stress Equivalent rectangular
stress






media/file10.jpg





media/file40.jpg
o

9 o

GISF2

Er-srbm
Strain

Theoretical stress Equivalent rectangular
stress





media/file16.jpg
n
wooo |

|
S ‘ MM )

3 o P
S e ——






media/file3.png
400

=

HRB400 @12
_—-HRB400 ¢ 10@100

RB400 3 ¢ 10

(a)

HRB400 @12

-

25

_—-HRB400 ¢ 10@100

~GFRP3 @12

(d)

200

o ——

400

HRB400 ¢ 12
HRB400 ¢ 10@100

GFRP ¢12
HRB4002 ¢ 10

(b)

HRB400 @12

_-HRB400 ¢ 10@100

_-SFCB ¢ 16

—~GFRP2 ¢12

(e)

~ = HRB400 »12
__HRB400 ¢ 10@100
S
=
| HRB400 ¢ 10
T GFRP 2 ¢ 12
25
()
<200,
. HRB400 ¢12
HRB400 ¢ 10@100
S
=
GFRP ¢12
o= SFCB2 ¢16
>l
25
(f)





media/file22.jpg
Stress MPa

Stress /MPa

1000-

800

600

400

200

1000,

8004~

600

400,

200

1000-

[—/i,-300 \iPa
8004~ “fiey=414 MPa
g 600
£ a0
200 =+ /¢,=500 MPa
) = +/4,=600 MPal
0 5 o 152
Strain<10>
(b)
1500
— /=750 MPa
1200
= 900
2 600 =5
300- =+ f¢,=1250 MPal
=/, ~1500 MPa

0

5

10
Strain< 10"

()

500 15 20 25 30
Strain <10

(d)





media/file25.png
250

200- ST
150-
&
"~ 100+ — £=19.5 MPa
- - - f=34.2 MPa
501 - f=41.8 MPa
| - £=49.4 MPa
0 . . . : : : . : :
0 10 20 30 40 50
o0 /mm
(a)
7.5
/,é\ 6.0
]
4.5
3.0-
19.5 34.2 41.8 49 4
J. /MPa
()

1.5

0.0-

7.5

34.2 41.8 49.4
/. /MPa

(b)

6.0

4.5-

3.0-

34.2 41.8
J. MPa

(d)





media/file0.jpg
A

'Y

600 |,200

Protective measures






media/file26.jpg
15

E, g (kN-m)
3 e =

039 077
[
(b)
6
4
I l I
2
. 1
0o 0 om i 0 03 o7 1
a A





media/file34.jpg
GISF2

Eou

‘Boundary failure 2
Boundary failure 1

Xe2






media/file13.png
(N

(a)

LAY

Tm ax

(3

AY|

)

(b)

53





media/file31.png
200 1.5
1501
= 1.0
. .
% 100 <
Y =
- = E460GPa | = 0.5
301 -~ E,.~70GPa
E~80 GPa
0 R 0.0-
20 30 40 50
0 /mm
(a)
7.5 7.5
7 60- 6.0-
< S
45 4.5
3.0- 3.0-
50
Ey /GPa
(c)

70 80
Ey¢ /GPa

(b)

70
Eg /GPa

(d)





media/file39.png
X=Lx.| [+
xC xC ———

hO K K
J V O-i‘ ‘O-S f O-i ‘O-S f

Esfy < Ef=Esf < Ehy
G1SF2 Strain Theoretical stress Equivalent rectangular
stress






media/file18.jpg
200

120

PN

80

40

200

120

PN

40

0

200

160
z
N
8
RP fracture
Coneretderushing W0
0 20 30 40 50 [
&/
(@)
— GasiTen 20
- GaSI-FE
G i A
z® P FRP fracture
FRP e | S ol
i
o
0 20 30 40 50 [
& fmm
()
— GISGITest 0
- G ) 6
N\ Conerete erushing|
Conerete erushing 120
FRP fracture Z
= 80
W

020 30 40 50
o/mm

(e)

0 20 30
8 fmm

)

4 50





media/file9.png
Stress /MPa

_ — HRB400
200 / - = FRP
. /
_ / ST -SFCB
/ 7 i
600 - /7 :
| /s I
. |
400 J° |
- " :
7 ,
2001/ 7 T T T T
'/
-.//
0 - - . . .
0.00 0.01 0.02 0.03 0.04

Strain





media/file42.jpg
Start

¥

Input fe, o, be, frus Er. Ar, fosys

St Esgyo Esgp and Ayg
) v

Calculate x. by Calculate x. by
Egs. (15) and (16) Egs. (16) and (18)

Calculate x, by
Egs. (19) and (20)

If &<l
Y Y Y
y y y
Calculate M, by Calculate M, by Calculate M, by
Eq. (17) Eq. (17) Eq.21)






media/file23.png
Stress /MPa

Stress /MPa

1000

800+
600+
400

200+

1000

800

600 A

200

—- a~0.77
—--a=1.0

5 10 15 20
Strainx 103

(a)

—- E4~70 GPa
== ESf,f:8O GPa

400 -

— E47~50 GPa
— - E4~60 GPa

5 10 15 20
Strainx10?

(c)

Stress /MPa

Stress /MPa

1000 — f¢,=300 MPa
900~ “fiey=414 MPa .-
Ak
T2
600- P
. ;/'o -
400+ - 2z
S
200 — - f,¢,=500 MPa
; — - f1¢,=600 MPa
0 5 10 15 20
Strainx1 O3
(b)
1500
— f1,.=750 MPa
1200{ = -£,;,=997 MPa
900 - 7
~ g
600- -
3004 — - £, =1250 MPa
) ~ - £ ,=1500 MPa

5 10 15 20 25 30
Strainx10>

(d)





media/file36.jpg
GISF2

% O o o

G- ar<Eaty
Strain

Theoretical stress Equivalent rectangular
stress





media/file15.png
200

160

.-
’._.—
-
-
—“-.
.

o
c~..

DR T

- - FE-20 mm
—-- FE-30 mm
=-- FE-40 mm
---- FE-50 mm
- IFE-QO mm (Em})edded)

10

20 30 40 50
0 /mm





media/file28.jpg
15

200
150

z

100

50

E g /(Nm)

e

7.5

3.0

300

0.0
300 414 500 600
£, MPa
(b)
75
60

u

45

3.0

44500
J/MPa

(c)

600

300 414 500 600
J/MPa

(d)





media/file2.jpg
200

200

E
25

HRB40D 912
HRBA0O 610@100

IRB4003 910

(@

HRB40D 912
HRBA0O 010@100

GFRP3 012

(d)

200,

200

00

e
25

HRBA00 012
HRBA0O 610@100

GFRP @12
HRB4002 010

(b)

HRBA0D 912
HRBA0O 610@100

SFCB 916
GFRP2 @12

(e)

J

e

200,

3

200,

e

25

HRB40D 912
HRBA0O 610@100

HRBA40O 10
GFRP2012

©

HRBA0D 912
HRB40O 610@100

GFRP 912
SFCB2916

(f)





media/file32.jpg
200- 15
150
z10
z
Z100 z
= — fuTsOMPa | S
% S ~997 MPa | <05
== fu,1250 MPal
< 1500 MP:
o L 4 oo
0 0 20 30 4 50 997 1250 1500
5 /mm i/ MP
@ (b)
75 75
g6 60
Z
- I I l
0 997 1250 1500 0 997 1250 1500
Jigu/MPa Jigu/MPa
(©) (d)





media/file46.png





media/file6.jpg





media/file24.jpg
250- 15
200 i,
z10
150
z
g £
=100 — /-19.5MPa|
2Mpa K05
50 8 MPa
- J49AMPY
0 00
[ 050 195 342 418 494
. MPa
()
75 75
£60 60
zZ <
45 45 I
30 l . 30 I l
195 342 418 494 195 M2 48 494
Je MPa /. MPa

(<) (d)





media/file29.png
200 1.5

150
2 1.0-
, .
100 &)
N — f=300 MPa| =
- - f,=414MPa| = 0.5
>0 -~ £=500 MPa
- f,=600 MPa
0 — 0.0-
0 10 20 30 40 50 414 500
0 /mm f