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Abstract

:

To provide sustainable reinforced concrete deep beams, the replacement of steel rebars by FRP rebars with high-chemical resistance is proposed by researchers. However, the effects of the concrete strength, top and web longitudinal reinforcements, and types of FRP flexural rebars on the non-linear performance of concrete deep beams have rarely been evaluated. This study numerically assessed the effects of the top and web longitudinal reinforcements and concrete strength on the non-linear behaviour of GFRP- and CFRP-strengthened concrete deep beams with various shear span-to-overall depth (a/h) ratios. As per the results, the highest tensile stress was obtained for the steel reinforcement, and the tensile stress in the CFRP reinforcement was more than that of the GFRP reinforcement under the failure load. Meanwhile, the results of high- and normal-strength concrete deep beams with the web reinforcement (16.4%) were lower than those without the web reinforcement (22.3%). Therefore, the web reinforcement moderately compensated for the low strength of normal concrete and the absence of the top longitudinal rebar to reinforce concrete deep beams in carrying the ultimate load. Furthermore, the participation of the GFRP reinforcement with the high-strength concrete was more than that with the normal-strength concrete in carrying a higher amount of loading.
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1. Introduction


The application of deep-reinforced concrete beams in the construction sector has drawn the attention of many researchers and members of the construction industries, because this type of beam has been widely used to improve the performance of high-rise buildings, offshore structures, shear walls, and bridges due to its high shear resistance [1,2,3]. However, it may cause steel reinforcement rebars to corrode if the beam is exposed to harsh environmental conditions. Considering the use of sustainable materials for the construction sector has been proposed by researchers [4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27], and the replacement of steel rebars with FRP rebars has been taken into account as a viable solution to enhance the corrosion resistance of deep-reinforced concrete beams [4,5,28,29,30,31,32,33].



Different types of FRP rebars, such as glass fibre reinforced polymer (GFRP) and carbon fibre reinforced polymer (CFRP) rebars, have been used for concrete beam reinforcement. GFRP and CFRP rebars as applicable FRP composite materials are known for their high chemical resistance and low density [34,35,36,37]. However, the modulus of elasticity and bond performance of embedded FRP rebars in concrete materials are not as good as those of steel rebars. The bond quality of FRP rebar appeared to be higher with high-strength concrete materials than normal-strength concrete materials [38,39]. Therefore, the bond quality of FRP rebars can be somewhat enhanced by using high-strength concrete materials to improve the load-bearing resistance of structural members such as deep-reinforced concrete beams [39,40,41].



The shear performance of concrete deep beams strengthened with bottom GFRP rebars was assessed by Abed et al. [1]. They reported that the mid-span displacement of GFRP- strengthened concrete deep beams was more than that of the steel- strengthened concrete deep beams owing to the minor modulus of elasticity of GFRP rebars compared to the steel rebars. Meanwhile, an extensive diagonal cracking and high mid-span deflection appeared for GFRP- strengthened concrete deep beams when increasing the shear span-to-overall depth (a/h) ratio. In addition, the dowel action of GFRP rebars was lower than that of the steel rebars due to the lower tensile strength of GFRP rebars than that of the steel rebars. Farghaly and Benmokrane [42] evaluated the shear performance of concrete deep beams strengthened with GFRP and CFRP rebars, and without web reinforcements. As per the results, the reinforced concrete deep beams’ ultimate load-bearing resistance was influenced by the reinforcement ratio. Furthermore, the failure modes of all concrete beams were brittle, thereby a diagonal shear failure was followed by concrete crushing. Another study by Andermatt and Lubell [43] assessed the flexural resistance of concrete deep beams strengthened with a bottom GFRP rebar. They demonstrated that the shear strength of strengthened concrete deep beams increased by decreasing the a/h ratio. A numerical study by Chen et al. [44] on concrete deep beams strengthened with FRP rebars showed that the aggregate interlock action was a key mechanism, causing the reinforcing stiffness to influence the shear strength. Mohamed et al. [45] assessed the behavior of continuous concrete deep beams strengthened with GFRP rebars. As per the results, the load capacity of the beams was dramatically reduced as the a/h ratio increased due to a drop in the strut’s angle of inclination. Zinkaah and Ashour [46] predicted the load capacity of continuous concrete deep beams strengthened with GFRP rebars. They showed that the expected loads of the specimens strengthened with GFRP rebars were overestimated by the upper bound analysis. Thomas and Ramadass [47] evaluated the deflection response of concrete deep beams strengthened with GFRP. According to the results, with increasing beam depth the normalized shear stress decreased. Moreover, in deep beams, the vertical deflection at the loading point was identical to that at mid-span.



The effect of web longitudinal GFRP rebars on the concrete deep beams’ flexural performance was evaluated by researchers. Concerning this, Mohamed et al. [48] assessed the effect of web reinforcement on the flexural behaviour of concrete deep beams. They showed that the crack width could be controlled by the web reinforcement. However, the ultimate load-bearing capacity was not affected by the presence of web longitudinal FRP rebars, while the a/h ratio of the concrete deep beam affected the participation of web steel reinforcement in the shear-carrying capacity as reported by Ashour [49]. Recently, Zinkaah et al. [50] evaluated the performance of concrete deep beams strengthened with top, bottom, and web GFRP rebars. They found that the failure mode of a unreinforced concrete deep beam was nearly the same as that of that reinforced with web GFRP rebars, where both of them failed due to the generation of a diagonal crack between the loading plate and the interior support plate. Previous studies have mainly focused on experimentally evaluating the flexural behaviour of concrete deep beams reinforced with GFRP bars. However, the influence of the concrete strength on the stress distribution in concrete deep beams reinforced with GFRP and CFRP has rarely been assessed. In addition, few studies have been conducted to assess the effect of top and web longitudinal reinforcements and FRP flexural rebars types on the non-linear performance of concrete deep beams. Moreover, analysis is required of the influence of concrete deep beams’ depth on their flexural performance when they are reinforced with different types of FRP rebars. Furthermore, there is a demand to precisely understand the effect of a/h ratio on the stress distribution in the deep beams. Therefore, this study numerically assessed the non-linear behaviour of GFRP and CFRP-strengthened concrete deep beams with different a/h ratios under applied loads of first flexural and diagonal cracks and failure load. Meanwhile, the effect of web longitudinal GFRP rebars on the concrete deep beams’ stress distribution was assessed. Thereafter, the flexural resistance of concrete deep beams with the absence of top longitudinal reinforcement was analyzed. Finally, a comparison was performed between the GFRP reinforced high- and normal-strength concrete deep beams.




2. Methodology


Figure 1 shows the flowchart of the research methodology in this study. First, the numerical models’ outputs were validated with the concrete deep beams’ results given by Zinkaah et al. [50]. Next, the effect of deep beams’ height, GFRP rebars, and a/h ratio on the non-linear performance of numerical models was assessed. Then, the influence of steel, GFRP, and CFRP longitudinal reinforcements and concrete strength on the stress distribution in concrete deep beam models was evaluated. The details of numerical models and material properties are presented in the following sections:



2.1. Details of Numerical Models


In this study, fifteen reinforced concrete deep beams were modeled. The experimental outputs specified by Zinkaah et al. [50] were employed to validate the numerical models with reference numbers of 1–10, as presented in Table 1. Nine numerical models with different depths and a/h ratios were reinforced with and without GFRP rebars (reference numbers of 1–9). The model with a reference number of 10 was reinforced with steel rebar. After verifying the aforementioned numerical models, the mechanical properties of top and bottom GFRP rebars were replaced with CFRP rebars in the numerical model with the reference number of 11 (C1-600-N); then the effects of GFRP, steel, and CFRP rebars on the reinforced concrete deep beams’ flexural performance were compared to each other. To obtain the number of top and bottom CFRP rebars, the axial stiffness of the GFRP rebar (EgfAgf) was equated to that of the CFRP rebar (EcfAcf), where Egf and Agf are the modulus of elasticity and the area of GFRP rebar, and Ecf and Acf are the modulus of elasticity and the area of CFRP rebar.



On the other hand, the top reinforcements were omitted from two verified numerical models to analyze the nonlinear performance of concrete deep beams with and without top reinforcements (G1-600-N-AT and G1-600-W-AT). The compressive strength of numerical models with reference numbers 1–13 was equal to 54 MPa. To assess the influence of concrete strength on the results of this study, the compressive strength of 30 MPa was introduced to two other models (G1-600-N-30 and G1-600-W-30). Figure 2 shows the details of numerical models, similar to the experimental specimens cast and tested by Zinkaah et al. [50].




2.2. Features and Element Types of the Reinforced Concrete Deep Models


As per Figure 3, the strengthened concrete deep beams included stirrup, concrete deep beam, top, bottom, and web reinforcements, three rigid sections as exterior and interior support plates, and two other rigid sections as loading plates. The three-dimensional (3D) hexahedral element was employed for modeling of the concrete beams [51,52,53,54,55]. The truss element type of 3D deformable wire was used for modeling the reinforcements.



Figure 3 depicts the load-applying surfaces. The interface between loading plates and concrete components was assumed to be the constraint of the tie. The surface to surface contact was introduced to the concrete component and support plates’ interface, in which no slip took place when points were in interaction. The displacement of exterior and interior support plates was restricted to achieve reliable numerical models, likewise to that considered by Zinkaah et al. [50], to design the experimental specimens.



To validate the numerical models, approximate element sizes of 0.03, 0.03, 0.08, 0.035, 0.092, 0.03, 0.08, 0.1, 0.05, 0.092 m were assumed for G1-300-N, G1-300-W, G1.7-300-N, G1.7-300-W, G1-600-N, G1-600-W, G1.7-600-W, G1-800-N, G1-800-W, and S1-600-N, respectively, along with the longitudinal reinforcements and whole beam length. The corresponding values for G1-600-N-AT and G1-600-W-AT were the same as those considered for G1-600-N and G1-600-W, respectively. The same values were assumed for G1-600-N-30 and G1-600-W-30, respectively. The approximate element size of C1-600-N was equal to that of G1-600-N.




2.3. Material Properties


2.3.1. Reinforcements


As presented in Table 2, the mechanical characteristics of steel and GFRP rebars used for the numerical modeling were the same as those considered by Zinkaah et al. [50]. The corresponding properties for the CFRP rebar were assumed, based on the suggestions given by De Lorenzis et al. and Brozda et al. [56,57]. It is noteworthy that the GFRP rebar with a diameter of 10 mm was introduced to the stirrups in the numerical models. The diameter of the web longitudinal GFRP rebar was also equal to 10 mm. Meanwhile, the steel and CFRP rebar with a diameter of 12 mm and GFRP rebar with diameters of 16 and 20 mm were used for the top and bottom reinforcements, respectively. The Poisson ratio of all types of bars was assumed to be equal to 0.3.




2.3.2. Concrete


To simulate the concrete component’s behaviour in compression and tension, the concrete damaged plasticity (CDP) crack model was employed as provided in ABAQUS software (Figure 4). The stress equations against the strain of concrete at tension and compression are shown in Equations (1) and (2), respectively.


   σ t  =   1 −  d t     E °     ε t  −  ε t  pl      



(1)






   σ c  =   1 −  d c     E °     ε c  −  ε c  pl      



(2)




where compressive damage variable (DAMAGEC) is referred to as    d c    and tensile damage variable (DAMAGET) is referred to as    d t   . Also,    E 0    is concrete Young’s modulus, and    ε t  pl     and    ε c  pl     are equivalent plastic strains at tension and compression, respectively [58,59].



To develop the CDP model, it was mandatory to introduce some specific parameters to the ABAQUS software. The modification coefficient of the deviatoric plane (Kc) was considered to be 0.667 to keep the deviatoric cross-section’s failure surface under control [60]. The initial biaxial compressive yield stress ratio to initial uniaxial compressive yield stress (σb0/σc0) was 1.16 [57]. As proposed by Michał and Andrzej [61], the dilation angle parameter (ψ) was assumed to be equal to 31 degrees to consider the concrete behavior under the compound stress. The flow potential eccentricity parameter ( ε ) was assumed to be 0.1, as recommended by researchers [51], to consider the ration between concrete tensile strength and compressive strength. A minimal value was also presented to the ABAQUS for the viscosity parameter (μ), as recommended by researchers [51,58].






3. Validation of Reinforced Concrete Deep Models


As depicted in Figure 5, the total load vs. mid-span deflection curves, drawn from numerical results, were compared with those of the experimental outputs specified by Zinkaah et al. [50]. In Figure 5, the mid-span deflection was obtained for each span, which was the vertical displacement of the concrete component between the interior support plate and one of the exterior support plates. As per the results, the gradients of curves for numerical models were nearly the same as those obtained from the experimental investigation. In addition, Figure 6 showed that the tensile damage variable (DAMAGET) of reinforced concrete deep models exhibited the evolution of a main internal diagonal crack between the interior support plate and one of the loading plates, similar to that which appeared in the experimental investigation performed by Zinkaah et al. [50].




4. Results and Discussions


Table 3 presents the applied loads of the first flexural and diagonal cracks and failure load given by Zinkaah et al. [50] for the strengthened concrete deep beams. As per the results, the failure loads were obtained 5.6–8.7% time more often for the numerical models than for the experimental specimens.



Since the maximum principal stress and von Mises stress, both of which are included in the ABAQUS program, are appropriate for assessing the non-linear performance of brittle and ductile materials, respectively, the concrete components and reinforcements’ stress distribution were assessed using the maximum principal stress and von Mises stress, respectively, to achieve the reliable non-linear behaviour of the reinforced concrete deep beams. In addition, the evolution of damage in the failure zone of the numerical models was analyzed by means of the tensile damage variable (DAMAGET) plots, as displayed in Figure 6.



4.1. Flexural Performance of the Concrete Deep Beams with Different Heights


Figure 7, Figure 8 and Figure 9 show the stress distributions in the GFRP-strengthened concrete deep beams with no web reinforcement and with heights of 300, 600, and 800 mm under applied loads of first flexural and diagonal cracks and failure load. It is noteworthy that the stress distribution in this study was the maximum tensile stress, but not the maximum absolute value of the stress.



Under the first flexural cracking load, the maximum stress in the concrete components with 300, 600, and 800 mm heights was equal to 1.68, 4.25, and 4.50 MPa, respectively, as indicated in Figure 7a, Figure 8a and Figure 9a. The corresponding values for the GFRP reinforcements were 2, 2.97, and 3.6 MPa, respectively. Therefore, by increasing the height of concrete deep beams from 300 mm to 600 mm and 800 mm, the maximum stress increased up to 2.5 and 2.7 times in the concrete component, respectively. Corresponding values were obtained of about 1.5 and 1.8 times for the GFRP reinforcement. In addition, under the first flexural cracking load, the highest stress intensity dissipated more along the length of the concrete component with a height of 800 mm than that with heights of 300 and 600 mm. Therefore, the capacity of GFRP-strengthened concrete deep beams to carry the first flexural cracking load increased by increasing the height of the concrete deep beams. That is why the highest flexural cracking load was obtained for the GFRP-strengthened concrete deep beams with a height of 800 mm, as observed by Zinkaah et al. [50] (Table 3).



As per Figure 7b, Figure 8b and Figure 9b, under the main diagonal cracking load, the concrete components’ maximum tensile stress, including different heights, appeared to be between the interior support plate and the loading plates, in the range of 5.06–5.44 MPa. The tensile strength of concrete could be considered as about 10% of compressive strength [62,63], which was equal to 5.4 MPa, near to the same range obtained in this study, as mentioned earlier. Therefore, it can be inferred that the diagonal crack was propagated between the interior support plate and one of the loading plates, where the maximum tensile stress raised in the concrete components, similar to that observed in the plots of the tensile damage variable (DAMAGET) (Figure 6a,e,h).



As displayed in Figure 7c, Figure 8c and Figure 9c, up to the failure load, the highest stress intensity in concrete components dissipated more along the beam length and this dissipation appeared to be more for the concrete component with a height of 800 mm than that with heights of 300 and 600 mm. Furthermore, the maximum tensile stress propagated more in the bottom GFRP reinforcements than in the top GFRP reinforcements by increasing the load. This propagation occurred more for the GFRP rebars embedded in the concrete components with higher heights (600 and 800 mm). Therefore, GFRP reinforcements participated more in carrying the applied load by increasing the height of concrete deep beams.




4.2. Non-Linear Performance of Deep Beams Strengthened with Web GFRP Rebars


The stress distributions in the concrete deep beams with the web GFRP rebars under applied loads of first flexural and diagonal cracks and failure load are shown in Figure 10, Figure 11 and Figure 12. The stress distribution was the maximum tensile stress, but not the maximum absolute value of the stress.



Under the first flexural cracking load, the maximum stress in the concrete components with the heights of 300, 600, and 800 mm was equal to 0.68, 3.12, and 3.48 MPa, respectively, as indicated in Figure 10a, Figure 11a and Figure 12a. The corresponding values for the GFRP reinforcements were 1.22, 3.37, and 3.64 MPa, respectively. Therefore, the maximum stress in the concrete and reinforcement components was improved by the height increment of the concrete deep beams with web GFRP reinforcement, similarly to what was observed for the concrete deep beams with the absence of web reinforcement (Figure 7a, Figure 8a and Figure 9a). However, the stress intensity in the concrete components was dissipated more along the beam length in the concrete deep beams with web reinforcement than in those with no web reinforcement. For instance, the web reinforcement collaborated with the concrete component to effectively dissipate the stress intensity along the whole length of the concrete deep beam with a height of 800 mm, as shown in Figure 12c.



The stress intensity was dissipated more in the web reinforcement embedded near to the bottom reinforcement than that embedded near to the top reinforcement, as shown in Figure 11 and Figure 12. Therefore, the web reinforcement embedded near the bottom reinforcement participated more in carrying the applied load.



Another matter is that the maximum tensile stress in the reinforcement of concrete deep beams with the web GFRP rebar under the failure load was in the 11.9–23.7 MPa range, as shown in Figure 10c, Figure 11c and Figure 12c. The corresponding range for the reinforcement of concrete deep beams without the web rebar was 5.2–6.5 MPa, as depicted in Figure 7c, Figure 8c and Figure 9c. Therefore, the presence of a web GFRP rebar increased the maximum tensile stress in the reinforcement and subsequently enhanced the participation of the reinforcement and concrete component in carrying a higher amount of loading. That is why the failure loads of concrete deep beams with the web GFRP rebar were moderately obtained, and more than those without the web GFRP rebar, as observed by Zinkaah et al. [50] (Table 3).




4.3. Effect of a/h Ratio on the Stress Distribution in the Deep Beams


Figure 13, Figure 14 and Figure 15 show the stress distributions of the GFRP-strengthened concrete deep beams with a higher a/h ratio (1.7). By increasing the a/h ratio from 1 to 1.7, the maximum stress in the concrete components of G1.7-300-N, G1.7-300-W, and G1.7-600-W models under the first flexural cracking load was equal to 1.08, 1.14, and 1.70 MPa, respectively, as indicated in Figure 13a, Figure 14a and Figure 15a. The corresponding values for the GFRP reinforcement were 3.39, 2.86, and 6.28 MPa, respectively. Therefore, the maximum stress in the GFRP-strengthened concrete deep beams with an a/h ratio of 1.7 under the first flexural cracking load increased with the presence of the web reinforcement, similarly to that observed for those with the a/h ratio of 1. However, the load-bearing capacity of GFRP-strengthened concrete deep beams decreased by increasing the a/h ratio from 1 to 1.7, as reported by Zinkaah et al. [50] (Table 3). This can be owing to the fact that the concrete is a brittle material with low tensile strength [64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83]. When the a/h ratio and length of concrete deep beams increased, the concrete component was unable to carry the higher amount of the flexural load, leading to a decrease in the load-carrying resistance of the GFRP-strengthened concrete deep beams.



As shown in Figure 13b, Figure 14b and Figure 15b, under main diagonal cracking load, the maximum tensile stress in the concrete components with different heights was in the 5.06–5.44 MPa range, where the diagonal crack appeared between the interior support plate and one of the loading plates, similar to that observed in the tensile damage variable plots (DAMAGET) (Figure 6c,d,g).



Under failure load, the maximum tensile stresses in the reinforcements of G1.7-300-N, G1.7-300-W, and G1.7-600-W models increased by 4.98, 28.4, and 48 MPa as shown in Figure 13c, Figure 14c and Figure 15c, respectively. These values showed that the participation of the combined reinforcement and concrete components in carrying the applied load was remarkably increased by the web reinforcement presence and by increasing the height of concrete deep beams, similar to that observed by Thomas and Ramadass [47] for concrete deep beams strengthened with FRP rebars.




4.4. Effect of Steel, GFRP, and CFRP Longitudinal Reinforcements on the Non-Linear Performance of Deep Beams


The total load against mid-span deflection curves of the concrete deep beams with 600-mm height and reinforced with longitudinal steel, GFRP, and CFRP rebars were compared to each other, as depicted in Figure 16. As per the results, the concrete deep beams strengthened with GFRP, CFRP, and steel top and bottom reinforcements failed up to 1462, 1532, and 1621 MPa, respectively. Therefore, the ultimate load-carrying resistance of the concrete beams with a height of 600 mm and without the web reinforcement increased by up to 4.8% and 10.9% by replacing the GFRP reinforcement with the CFRP and steel reinforcements, respectively.



The stress distributions in the concrete deep beams strengthened with the longitudinal GFRP, CFRP, and steel rebars under failure load are presented in Figure 8c, Figure 17a and Figure 16b, respectively. The maximum tensile stress in the concrete components of deep beams reinforced with different types of reinforcements was near 5.4 MPa. However, the stress intensity in the concrete components of deep beams strengthened with the steel reinforcement (S1-600-N) was moderately dissipated along the beam length more than that in the concrete deep beams with the CFRP reinforcement (C1-600-N). This intensity was slightly dissipated more in the concrete component of the deep beam reinforced with the CFRP reinforcement (C1-600-N) than that strengthened with the GFRP reinforcement (G1-600-N). On the other hand, the maximum tensile stresses in GFRP, CFRP, and steel reinforcements of the deep beams were equal to 6.57, 16.2, and 23 MPa, as shown in Figure 8c and Figure 17a,b, respectively. Therefore, the highest stress intensity appeared to be more in the CFRP and steel rebars than the GFRP rebar, which can be owing to the fact that the modulus of elasticity of CFRP and steel rebars was remarkably more than that of the GFRP rebar (Table 2), leading to the higher dowel action of the steel and CFRP rebars than that of the GFRP rebar, similarly to that reported by other researchers [1,50,84].




4.5. Non-Linear Performance of the Deep Beams without Top Longitudinal Reinforcement


Figure 18 shows a comparison between the curves of total load against mid-span deflection for the concrete deep beams with and without top longitudinal reinforcement. With the absence of the web reinforcement, the failure loads of the concrete deep beams with and without the top reinforcement were equal to 1462 and 1331 MPa, respectively. The corresponding values for the concrete deep beams with the presence of the web reinforcement were 1527 and 1449 MPa. Therefore, with the absence of the web reinforcement, the failure load was obtained 8.7% more for the concrete deep beam with the top reinforcement (G1-600-N) than that without the top reinforcement (G1-600-N-AT). The corresponding difference was 5.4% with the presence of web reinforcement. It can be stated that the web reinforcement slightly compensated for the absence of the top rebar to reinforce the concrete deep beams in carrying the ultimate load.



The stress distributions in the concrete deep beams without the top longitudinal reinforcement under failure load are depicted in Figure 19. As per the results, the maximum tensile stress propagation along the beam length of the concrete component without the top reinforcement (Figure 19) was not as much as that of the concrete component with the top reinforcement (Figure 8c and Figure 11c). In addition, with the absence of the top reinforcement, the maximum tensile stresses in the reinforcements of deep beams with and without the web rebar were 11.27 and 6.26 MPa, respectively, which showed that the maximum tensile stress was dissipated more in the concrete component of the deep beam with the web rebar than that without the web rebar (Figure 19). That is why the failure load of the concrete deep beam with the web rebar was obtained by 7.7% more than that without the web rebar when there was no top reinforcement, as presented in Figure 18. It is noteworthy that the stress intensity was dissipated more in the web reinforcement embedded near to the top reinforcement than that embedded near to the bottom reinforcement, as shown in Figure 19b.




4.6. A Comparison between the GFRP Strengthened High- and Normal-Strength Concrete Deep Beams


The curves of total load against mid-span deflection of the high- and normal-strength concrete deep beams with 600-mm height and reinforced with GFRP rebars are presented in Figure 20. The results showed that the failure loads of the high-strength concrete deep beams with and without the web reinforcement were obtained as 16.4% and 22.3%, respectively, more than those of the normal-strength concrete deep beams, and similarly to those reported by Khorasani and Esfahani [85] for conventional concrete beams strengthened with the GFRP rebar. It can be stated that the difference between the results of high- and normal-strength concrete deep beams with the web reinforcement (16.4%) was lower than that without the web reinforcement (22.3%). Therefore, the web reinforcement could somewhat compensate for the lower strength of the normal concrete to strengthen the deep beams in carrying the ultimate load.



The high-strength concrete impact on the deep beams’ stress distribution with a height of 600 mm under failure load is depicted in Figure 21. The maximum tensile stress in the normal-strength concrete component under failure load was nearly equal to 3 MPa (about 10% of the compressive strength of normal concrete), as depicted in Figure 21. The corresponding value was about 5.4 MPa for the high-strength concrete components (Figure 8c and Figure 11c). In addition, the maximum tensile stresses in the reinforcement of the normal-strength concrete deep beams with and without the web reinforcement were 8.18 and 4.33 MPa, as shown in Figure 21a,b, respectively. The corresponding values for the high-strength concrete deep beams were 11.92 and 6.57 MPa, as depicted in Figure 8c and Figure 11c, respectively. It can be stated that the maximum tensile stresses in the reinforcement of high-strength concrete deep beams with and without the web reinforcement were 45.7% and 51.5% more than those of the high-strength concrete deep beams. Therefore, the GFRP reinforcement and the high-strength concrete participation was more than that of the GFRP reinforcement and the normal-strength concrete. This participation triggered a scattering of the maximum tensile stress along the length of the high-strength concrete component, greater than that of the normal-strength concrete component, leading to an increase in the load-carrying capacity of the high-strength concrete deep beams.





5. Conclusions


In this study, the numerical analyses evaluated the impact of the concrete strength and top and web longitudinal reinforcements on the non-linear behaviour of GFRP- and CFRP-strengthened concrete deep beams. The following conclusions can be formed based on the numerical outputs:




	
The maximum tensile stress was propagated more in the bottom GFRP reinforcements than the top GFRP reinforcements by increasing the load. In addition, the highest dissipation of stress intensity along the beam length was observed for the concrete component with a height of 800 mm. Therefore, the participation of GFRP reinforcements and concrete component increased by increasing the height of concrete deep beams to carry the applied load.



	
The stress intensity in the concrete components was dissipated along the beam length more in the concrete deep beams with the web reinforcement than those with no web reinforcement. This intensity was dissipated more in the web reinforcement embedded near to the bottom reinforcement than that embedded near to the top reinforcement.



	
The maximum tensile stress in the reinforcement of concrete deep beams with the web GFRP rebar under the failure load was obtained in the range of 11.9–23.7 MPa. The corresponding range for the reinforcement of concrete deep beams without the web rebar was 5.2–6.5 MPa. Therefore, the presence of web GFRP rebar increased the maximum tensile stress in the rebar component and subsequently enhanced the participation of the reinforcement and concrete component in carrying a higher amount of loading.



	
By the presence of the web reinforcement and by increasing the height of the concrete deep beams, the participation of the combined reinforcement and concrete components in carrying the applied load increased for the concrete deep beams with a/h ratio of 1.7, but not as much as those with a/h ratio of 1.



	
By replacing the GFRP reinforcement with CFRP and steel reinforcements, the ultimate load-bearing resistance of concrete beams with the 600-mm height and without the web reinforcement increased up to 4.8% and 10.9%, respectively.



	
The maximum tensile stresses in the GFRP, CFRP, and steel reinforcements were equal to 6.57, 16.2, and 23 MPa, respectively. Therefore, the highest tensile stress was obtained for the steel reinforcement and the tensile stress in the CFRP reinforcement was obtained more than that in the GFRP reinforcement under the failure load. In addition, the stress intensity in the concrete components of deep beams reinforced with the steel reinforcement (S1-600-N) was moderately dissipated along the beam length more than that in the concrete deep beams with the CFRP and GFRP reinforcements (C1-600-N and G1-600-N).



	
With the absence of the web reinforcement, the failure load of the concrete deep beam with the top reinforcement (G1-600-N) was 8.7% more than that without the top reinforcement (G1-600-N-AT). The corresponding difference was 5.4% with the presence of the web reinforcement. Therefore, the web reinforcement slightly compensated for the absence of the top rebar to reinforce the concrete deep beams in carrying the ultimate load.



	
The maximum tensile stress distribution along the beam length of the concrete component without the top reinforcement was not as much as that of the concrete component with the top reinforcement. In addition, with the absence of the top reinforcement, the maximum tensile stress was dissipated more in the concrete deep beam with the web rebar than that without the web rebar.



	
With the absence of the top reinforcement, the stress intensity in the web reinforcement embedded near to the top reinforcement was more than that near to the bottom reinforcement, contrarily to the concrete deep beams with the presence of the top reinforcement.



	
The difference between the results of high- and normal-strength concrete deep beams with the web reinforcement (16.4%) was lower than that without the web reinforcement (22.3%). Therefore, the web reinforcement moderately compensated for the low strength of the normal concrete in strengthening the deep beams in carrying the ultimate load.



	
The maximum tensile stresses in the reinforcement of the high-strength concrete deep beams were 45.7% and 51.5% more than those of the high-strength concrete deep beams with the presence and absence of the web reinforcement, respectively. Therefore, the participation of the GFRP reinforcement with the high-strength concrete was more than that with the normal-strength concrete in carrying a higher amount of loading.








In general, as an applicable structural member, in some cases the exposure of reinforced concrete deep beams to a corrosive environment is inevitable, which can lead to the corrosion of steel reinforcement rebars. The widespread use of FRP reinforcement rebars would contribute to addressing this problem; thus, this study used the numerical modeling outputs to shed some light on the effects of the concrete strength, top and web longitudinal reinforcements, and types of FRP flexural rebars on the non-linear performance of numerical models to provide more sustainable concrete deep beams for the construction sector.
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Figure 1. Flowchart of research methodology. 
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Figure 2. Details of deep beams reinforced with GFRP, CFRP, and steel reinforcements. 
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Figure 3. Finite element mesh (a); and components of G1-600-W model (b). 
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Figure 4. Proposed non-linear tensile (a) and compressive (b) behaviors of concrete components, employed in ABAQUS. 
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Figure 5. Plot of load vs. mid-span deflection for the deep beams. 
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Figure 6. Diagonal crack propagation in the deep beams: G1-300-N (a); G1-300-W (b); G1.7-300-N (c); G1.7-300-W (d); G1-600-N (e); G1-600-W (f); G1.7-600-W (g); G1-800-N (h); G1-800-W (i); S-600-N (j). 
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Figure 7. Stress distribution in the G1-300-N model under applied loads of first flexural (a) and diagonal (b) cracks; and failure load (c); the legends use the MPa unit. 
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Figure 8. Stress distribution in the G1-600-N model under applied loads of first flexural (a) and diagonal (b) cracks; and failure load (c); the legends use the MPa unit. 






Figure 8. Stress distribution in the G1-600-N model under applied loads of first flexural (a) and diagonal (b) cracks; and failure load (c); the legends use the MPa unit.
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Figure 9. Stress distribution in the G1-800-N model under applied loads of first flexural (a) and diagonal (b) cracks; and failure load (c); the legends use the MPa unit. 






Figure 9. Stress distribution in the G1-800-N model under applied loads of first flexural (a) and diagonal (b) cracks; and failure load (c); the legends use the MPa unit.
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Figure 10. Stress distribution in the G1-300-W model under applied loads of first flexural (a) and diagonal (b) cracks; and failure load (c); the legends use the MPa unit. 






Figure 10. Stress distribution in the G1-300-W model under applied loads of first flexural (a) and diagonal (b) cracks; and failure load (c); the legends use the MPa unit.
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Figure 11. Stress distribution in the G1-600-W model under applied loads of first flexural (a) and diagonal (b) cracks; and failure load (c); the legends use the MPa unit. 
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Figure 12. Stress distribution in the G1-800-W model under applied loads of first flexural (a) and diagonal (b) cracks; and failure load (c); the legends use the MPa unit. 






Figure 12. Stress distribution in the G1-800-W model under applied loads of first flexural (a) and diagonal (b) cracks; and failure load (c); the legends use the MPa unit.
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Figure 13. Stress distribution in the G1.7-300-N model under applied loads of first flexural (a) and diagonal (b) cracks; and failure load (c); the legends use the MPa unit. 
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Figure 14. Stress distribution in the G1.7-300-W model under applied loads of first flexural (a) and diagonal (b) cracks; and failure load (c); the legends use the MPa unit. 
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Figure 15. Stress distribution in the G1.7-600-W model under applied loads of first flexural (a) and diagonal (b) cracks; and failure load (c); the legends use the MPa unit. 
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Figure 16. Load vs. mid-span deflection plot for specimens strengthened with longitudinal steel, GFRP, and CFRP rebars. 
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Figure 17. Stress distribution in the C1-600-N (a); and S1-600-N (b) models under failure load; the legends use the MPa unit. 






Figure 17. Stress distribution in the C1-600-N (a); and S1-600-N (b) models under failure load; the legends use the MPa unit.
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Figure 18. Load vs. mid-span deflection plot for the deep beams reinforced with and without top reinforcements. 






Figure 18. Load vs. mid-span deflection plot for the deep beams reinforced with and without top reinforcements.
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Figure 19. Stress spreading in the G1-600-N-AT (a); and G1-600-W-AT (b) models under failure load; the legends use the MPa unit. 






Figure 19. Stress spreading in the G1-600-N-AT (a); and G1-600-W-AT (b) models under failure load; the legends use the MPa unit.
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Figure 20. Load vs. mid-span deflection plot for the GFRP reinforced high- and normal-strength concrete deep beams. 






Figure 20. Load vs. mid-span deflection plot for the GFRP reinforced high- and normal-strength concrete deep beams.
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Figure 21. Stress spreading in the G1-600-N-30 (a); and G1-600-W-30 (b) models under failure load; the legends use the MPa unit. 
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Table 1. Details of the reinforced concrete deep beams.






Table 1. Details of the reinforced concrete deep beams.





	No.
	Specimen
	      h   a     ( mm )    
	      d   b     ( mm )    
	      a   c     ( mm )    
	a/h
	a/d
	      L   d     ( mm )    
	      l   d   e     ( mm )    
	      b   f     ( mm )    
	Concrete Strength (MPa)
	Type of Top and Bottom Reinforcements





	1
	    G g       1 - 300 -  N h    
	300
	260
	300
	1
	1.15
	600
	400
	175
	54
	GFRP



	2
	   G 1 - 300 -  W i    
	300
	260
	300
	1
	1.15
	600
	400
	175
	54
	GFRP



	3
	G1.7-300-N
	300
	260
	510
	1.7
	1.15
	1020
	400
	175
	54
	GFRP



	4
	G1.7-300-W
	300
	260
	510
	1.7
	1.96
	1020
	400
	175
	54
	GFRP



	5
	G1-600-N
	600
	520
	600
	1
	1.15
	1200
	400
	175
	54
	GFRP



	6
	G1-600-W
	600
	520
	600
	1
	1.15
	1200
	400
	175
	54
	GFRP



	7
	G1.7-600-W
	600
	520
	1020
	1.7
	1.96
	2040
	400
	175
	54
	GFRP



	8
	G1-800-N
	800
	695
	800
	1
	1.15
	1600
	400
	175
	54
	GFRP



	9
	G1-800-W
	800
	695
	800
	1
	1.15
	1600
	400
	175
	54
	GFRP



	10
	   S j   1-600-N
	600
	554
	600
	1
	1.08
	1200
	150
	175
	54
	Steel



	11
	   C k   1-600-N
	600
	520
	600
	1
	1.15
	1200
	400
	175
	54
	CFRP



	12
	   G 1 - 600 - N -   AT  l    
	600
	520
	600
	1
	1.15
	1200
	400
	175
	54
	GFRP



	13
	G1-600-W-AT
	600
	520
	600
	1
	1.15
	1200
	400
	175
	54
	GFRP



	14
	G1-600-N-30
	600
	520
	600
	1
	1.15
	1200
	400
	175
	30
	GFRP



	15
	G1-600-W-30
	600
	520
	600
	1
	1.15
	1200
	400
	175
	30
	GFRP







a Beam depth; b Effective depth of the concrete section; c Shear span; d Centre to centre of the beam span; e Development length of the longitudinal reinforcement; f Beamwidth; g Deep beam reinforced with GFRP top and bottom rebars; h Deep beam with no web reinforcement; i Deep beam with web reinforcement; j Deep beam with the absence of top reinforcement; k Deep beam reinforced with CFRP top and bottom rebars; l Specimen with FRP rebars.
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Table 2. Mechanical characteristics of steel, GFRP, and CFRP rebars.






Table 2. Mechanical characteristics of steel, GFRP, and CFRP rebars.





	
Type of the Rebar

	
Diameter of Rebar, db, (mm)

	
    Area   of   Flexural   Rebar ,    A f  ,   (  m    m  2  )    

	
Yield Stress, fy, (MPa)

	
Ultimate Stress (ffu) (MPa)

	
Modulus of Elasticity, Ef, (GPa)

	
      A   f      E f    ( MN )    

	
Poisson Ratio






	
Steel

	
12

	
98

	
548

	
650

	
200.8

	
19.7

	
0.3




	
GFRP

	
10

	
73

	
-

	
1100

	
62.6

	
4.6

	
0.3




	
16

	
180

	
-

	
920

	
48.7

	
8.8

	
0.3




	
20

	
278

	
-

	
760

	
43.5

	
12.1

	
0.3




	
CFRP

	
12

	
98

	
-

	
2300

	
130

	
12.7

	
0.3
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Table 3. First flexural and diagonal cracks’ loads based on the experimental outputs [50].






Table 3. First flexural and diagonal cracks’ loads based on the experimental outputs [50].





	
Specimen

	
G1-300-N

	
G1-300-W

	
G1.7-300-N

	
G1.7-300-W

	
G1-600-N

	
G1-600-W

	
G1.7-600-W

	
G1-800-N

	
G1-800-W

	
S1-600-N






	
First flexural cracking load (kN)

	
Mid-span

	
300

	
275

	
145

	
140

	
570

	
510

	
270

	
800

	
690

	
550




	
Over middle support

	
270

	
250

	
145

	
140

	
540

	
500

	
270

	
780

	
680

	
540




	
Main diagonal cracking load (kN)

	
660

	
580

	
447

	
430

	
1150

	
945

	
785

	
1700

	
1490

	
1300




	
Failure load (kN)

	
937.3

	
1005.8

	
547.8

	
639.7

	
1388

	
1439.4

	
1000.5

	
1957.1

	
2050.3

	
1500.2
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