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Abstract

:

This study investigates the shear behavior of reinforced concrete (RC) beams that have been strengthened using carbon fiber reinforced polymer (CFRP) grids with engineered cementitious composite (ECC) through finite element (FE) analysis. The analysis includes twelve simply supported and continuous beams strengthened with different parameters such as CFRP sheets, CFRP grid cross-sectional area, and CFRP grid size. To conduct the analysis, FE models of the RC beams were created and analyzed using ABAQUS software. Research results show that the strengthened RC beams with CFRP grids and ECC had approx. 30–50% higher shear capacity than reference RC beams. The composite action of CFRP grids with the ECCs also showed a significant ability to limit diagonal cracks and prevent the degradation of the bending stiffness of the RC beams. Furthermore, this study calculated the shear capacity of the strengthened beams using an analytical model and compared it with the numerical analysis results. The analytical equations showed only a 4% difference from the numerical results, indicating that the analytical model can be used in practice.
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1. Introduction


The deterioration of reinforced concrete (RC) structures has become increasingly severe in recent years [1,2] The deterioration not only compromises the serviceability of the structure but also poses serious safety risks for humans [3,4,5]. Corrosion, overload, fatigue, and other negative conditions have a direct impact on the performance of RC structures. Under extreme circumstances, traditional RC beams may be prone to damage and collapse, resulting in significant financial losses. Retrofitting damaged or strengthening weak RC structures with shear defects has become a major challenge in the construction sector [6,7,8,9], as it is crucial to enhance the durability and safety of these structures. As a result, developing techniques for strengthening damaged structures to increase the sustainability and durability of existing RC structures is of great practical and scientific importance [10]. In recent years, the application of Fiber-Reinforced Polymer (FRP) for repairing, strengthening, and retrofitting RC structural elements such as beams and columns has been increased [7,11,12,13,14,15,16,17] due to its lightweight, high-strength, strong corrosion resistance, and high-durability features. Bonding FRP laminates with adhesive to concrete surfaces is a common solution for external strengthening. An adhesive such as epoxy resin serves as a connector at the interface between the concrete surfaces and FRP laminates that transfers stress to the FRP laminates.



Shear strengthening of RC beams can be achieved by using different materials and methods. In recent decades, a great deal of attention has been paid to the shear strengthening of RC beams using FRP materials by either wrapping FRP or attaching the CFRP to the side of beams using adhesives such as epoxy resin [18,19,20,21,22]. However, epoxy resin has a few drawbacks including poor fire resistance, low glass transition temperature (Tg), sensitivity to UV radiation, and quick degradation in wet environments [6,23]. To overcome these shortcomings, the carbon-FRP (CFRP) grid with different cementitious materials such as UHPC for RC structures is a new strengthening method [6,24,25,26]. For example, the FRP grid improves the ultimate loading capacity and ultimate tensile capacity of the UHPC beams [24]. The FRP grid also enhances the shear and ductility of the UHPC beams [26].



Generally, several factors affect the shear strengthening of RC beams using FRP materials, as listed in Table 1. The failure mode of RC beams strengthened by FRP sheets is generally debonding, while BFRP grids prevent premature debonding failure at the interface of the concrete [6]. Meanwhile, the epoxy resin provides better bond performance at the interface of the BFRP gird with the concrete as compared with PCM. Azam et al.’s [27] comparative study concluded that the CFRP grid with cement-based mortar was slightly more effective than the CFRP sheets with epoxy resin in the shear strengthening of RC beams. Moreover, the grid size of the CFRP significantly influences the shear strength of the RC beams [28]. Guo et al. [29] investigated the application of CFRP grids with polymer-cement-mortar (PCM) shotcrete for the shear strengthening of RC beams. The shear capacity of the beam strengthened by the CFRP grids was 30–40% larger than that of the PCM-reinforced and unreinforced beams. Therefore, the effect of PCM shotcrete on the shear strength was insignificant and the CFRP grid sufficiently improved the shear capacity of the beam. Generally, the CFRP grids primarily contributed to improving the shear strength [30]. Cai et al. [31] used CFRP grids with epoxy mortar to improve the shear behavior of RC beams. The study results showed that the shear capacity of the RC beams increased up to 56%. The vertical grids of CFRP primarily contributed to the shear capacity improvement while the horizontal grids controlled the crack propagation and improved the bond behavior. Nevertheless, the RC beams strengthened with smaller grid dimensions have a better shear performance than the beams strengthened with larger grid dimensions [29]. In addition, the shear strength depends on the concrete strength and the shear span ratio of the beam [6,29]. Chen et al. [32] used CFRP meshes with UHPC for shear strengthening of corroded RC beams. The composite action between the CFRP and UHPC layer was very strong as there was no debonding during the loading test. The experimental results showed that this method substantially improves the shear capacity and crack resistance of the corroded RC beams. Nevertheless, increasing the number of layers does not necessarily increase the shear strength of the beam but leads to better ductile behavior [32].



In recent years, a new composite material named Engineered Cementitious Composite (ECC) has been developed by the mixing of cement, fine sand, other admixtures, and shortcut fibers randomly distributed in the matrix. The ECC has excellent tensile strength, high ductility, toughness performance, and durability. Studies on the mechanical properties of ECC showed that the ultimate tensile strain of ECC is much greater than 2%, which is about 200 times larger than normal concrete [33,34,35,36]. Further, the ultimate compressive strain of the ECC is twice larger than normal concrete. Meanwhile, the compressive strength of ECC is similar to normal concrete; however, the elastic modulus of ECC is about half of that of normal concrete because of the absence of coarse aggregates. Therefore, the ECC as a shear-strengthening material for RC beams is ineffective or has very low efficiency as compared with other methods.



Given the fact that FRP grids are able to improve the shear capacity of the RC beams, and to take the advantage of features of ECC, a new composite material was proposed in this study for the shear strengthening of RC beams. In this method, FRP grids were attached on both sides, and the soffit of the RC beam was within layers of ECC, as shown in Figure 1. The ECC layers have two purposes: (i) to make a much stronger bond between the FRP grids to the substrate concrete, and (ii) to strengthen the RC beam. For this purpose, a simply supported beam and a continuous RC beam were selected from the literature [37] for shear strengthening through numerical analysis. The selected RC beams were modeled with ABAQUS Finite Element (FE) software [38]. The models were then analyzed and validated with the results of the experiments [37]. Thereafter, the effectiveness of CFRP grids with ECC for shear strengthening of the RC beams was studied using the validated models. Further, the effect of different parameters including CFRP grid size, and CFRP grid cross-sectional area were studied and compared with the reference beams and beams strengthened with CFRP sheets. Lastly, calculation formulae for the shear capacity of the RC beam strengthened with the proposed composite material were given and compared with the numerical analysis.




2. Methodology


2.1. Experimental Study [37]


Pellegrino and Modena [37] investigated the shear behavior of RC beams strengthened with CFRP wraps. In total, 12 RC beams were tested in the laboratory including 3 reference beams and 8 beams with externally bonded U-wrapped CFRP. The CFRP was wrapped on both sides and the soffit of the beams. Figure 2 shows the detailed dimensions of the beams, steel reinforcements, and stirrups as well as the location of loads and supports. Four steel bars of 30 mm diameter were used for the tensile and compressive reinforcement of the beam. Steel bars of 8 mm diameter were used for stirrups with a spacing of 170 mm for both types of beams, as illustrated in Figure 2c. As shown in Figure 2, two configurations, i.e., a simply supported beam (Figure 2b) and a continuous beam (Figure 2a) were considered for shear testing of the beams in order to maximize the shear and bending moment acting at support. In other words, the beams were designed to fail due to shear before flexural failure. A 500 kN hydraulic jack was used for the three- or four-point flexural tests. Two strain gauges were installed on the beams in vertical and horizontal directions and one strain gauge was installed at a 45-degree inclination with respect to the horizontal direction, as shown in Figure 2a,b. More details of the experimental work can be found in the reference [37]. In the current study, eight of the twelve beams with the details shown in Table 2 were selected for FE modeling, validation, and further comparisons. These beams were further used for strengthening by the CFRP grid with ECC.




2.2. Beams’ Details


In this research, a total of 12 RC beams were used for shear behavior investigations, as listed in Table 3. Two of these beams, namely, A-C-17 and A-S-17 were the reference beams, which had the same detailing as the experimental work (see Table 2). Two beams, namely, CR-C-17 and CR-S-17 were strengthened with CFRP sheets, which also had the same detailing as the experimental work (see Table 2). For shear strengthening of RC beams using CFRP grids with ECC, two parameters, i.e., CFRP grid size and cross-sectional area of CFRP grids were considered, as shown in Table 3. The procedure for strengthening the RC beams using the CFRP grid with ECC is as follows: (i) after cleaning the surface of the RC beams from the dirt and dust, a 10 mm thick layer of ECC was applied to the surface of the concrete; (ii) then, the CFRP grid was cut based on the dimension of the beam and placed on the beam; and (iii) another 10 mm thick layer of ECC was applied on the beam, as shown in Figure 1 [23,29]. Therefore, in total, 8 beams were strengthened by a CFRP grid with ECC and categorized as Series II to Series V in Table 3. It should be noted that the same strengthening scheme was used for both the continuous beams and the simply supported beam. The CFRP grid having square meshes with untwisted yarns, continuous carbon fiber, and impregnated with thermoset epoxy resin was used for strengthening. The nominal dimensions of the CFRP grid were 50 mm × 50 mm and 100 mm × 100 mm.




2.3. Numerical Modeling


The general purpose of ABAQUS FE software [38] was used for FE modeling and analysis. This section describes the numerical modeling of the beams in detail.



2.3.1. Geometric Modeling and Boundary Conditions


The concrete beams with dimensions shown in Figure 1 were modeled with three-dimensional solid elements. The steel reinforcements, stirrups, and CFRP grids were modeled with two-dimensional wire elements. The CFRP sheets with a thickness of 0.165 mm were modeled with three-dimensional shell elements. In addition, the ECC layer with a thickness of 20 mm was modeled with three-dimensional solid elements. The same loading and boundary conditions of the experiment were used in the FE modeling, as shown in Figure 3.





2.3.2. Material Modeling


The Concrete Damage Plasticity (CDP) was employed to model the concrete behavior under tension and compression [38,39]. The Poisson’s ratio and Young’s modulus were used for determining the linear elastic and isotropic behaviors of concrete in tension and compression. Nonlinear behavior was definable concerning inelastic strains as well as the associated yield stresses. Figure 4a,b shows the stress–strain relation of concrete used for the material modeling. The compressive and tensile strengths of the concrete were 41.4 MPa and 3.76 MPa, respectively [37]. As shown in Figure 4c, the bilinear isotropic hardening model was used to simulate the behavior of steel reinforcements, which is ideal for elastic-plastic materials. Steel material with the mechanical properties given in Table 4 was used for modeling the steel sections.



The material of CFRP sheets had an elastic modulus of 230 GPa, an ultimate strength of 3.45 GPa, and a Poisson’s ratio of 0.26 [37]. Two grades of CFRP grids CR5 and CR8 were selected based on the product datasheet provided by the manufacturer [42]. The difference between the two grades is the area of the cross-section of the CFRP grids. The linear elastic model, as shown in Figure 4c, was used for the CFRP sheets and girds. Both grades of the CFRP grids had an elastic modulus of 100 GPa and a tensile strength of 1400 MPa. The cross-sectional area of CR5 was half of CR8. The mechanical properties listed in Table 5 were used to model the CFRP grid materials in the FE software [23,43].



As a cement-based material, ECC also has the same compressive behavior as a concrete material. However, no unified relation is currently available to define the stress–strain relationship of the ECC. Therefore, the compressive stress–strain relation of concrete was chosen for modeling the ECC material. As Figure 4d shows, a bilinear stress–strain curve was used for modeling the ECC based on the mechanical properties given in Table 6 [40,41].



2.3.3. Mesh Discretization


An eight-node linear brick element with reduced integration and hourglass control (C3D8R) was used for solid elements, i.e., concrete and ECC. A two-node linear truss element with three degrees of freedom in each node (T3D2) was used for the wire elements, i.e., rebars, stirrups, and CFRP grids. In addition, the quadrilateral shell element (S4R) with reduced integration was used for the shell element, i.e., CFRP sheets. In order to maximize the convergence rate and minimize the computational time, a convergence study was performed. For this purpose, one of the reference beam models (A-S-17) was selected and its ultimate load at vertical, horizontal, and 45-degree inclination was compared with the experimental results [37]. As a result, the mesh size of 30 mm was found to be optimal and used for all the beam models for consistency. Figure 5 shows the general view of the mesh detailing of beam models in the FE software.





2.4. Validation of the FE Models


In order to evaluate the accuracy numerical model, the force-deformation curves and tensile crack pattern of the FE analysis were compared and validated with the experimental results [37]. Figure 6 compares the load-axial deformation curves of one of the reference beams (A-S-17) obtained from the FE analysis with the experimental results. In the experiment, the axial deformations were directly collected from the strain gauges (See Figure 2). As Figure 6 demonstrates, numerical curves of the load and axial deformations closely followed the experimental curves. The obtained yield loads from the numerical analysis in three directions of deformations, i.e., 45° deformation (ε45), horizontal deformation (εh), and vertical deformation (εv) were very close to that of the experimental tests. The yield forces at the inclined deformation angle of 45 of this beam from the experiment and FE analysis were 195 kN and 182 kN, respectively. The ultimate load of the numerical model at the 45-degree inclined deformation was 314 kN, which was close to 308 kN obtained from the experimental results. The obtained yield loads at the horizontal direction from the FE analysis and experiment were 226 kN and 227 kN, respectively. Meanwhile, the ultimate loads at the horizontal direction obtained from the FE analysis and experiment were 326 kN and 317 kN, respectively, which shows about 2.8% differences. Further, the yield forces in the vertical direction from the numerical and experimental analyses were 185 kN and 180 kN, respectively (about a 3% difference). The obtained ultimate load at the vertical direction from the numerical and experimental analyses were 325 kN and 316 kN, respectively, which indicates a 2.9% difference.



Figure 7 compares the curves for the shear force against the shear deformation of the A-S-17 beam obtained from the FE and the experimental analyses. The shear deformation was calculated using the following equation [37]


γ = 2ε45 − εh − εv



(1)







It can be seen from Figure 7 that the curve trend of the shear force deformations calculated based on numerical and experimental analyses was almost the same. The yield shear force obtained from the experiment and FE analysis was 165 kN. Further, the maximum ultimate shear strengths calculated by the FE analysis and experimental results were 198 kN and 193 kN, respectively, which only indicate a 3% difference.



The results of the shear strength of the reference beams and beams strengthened with CFRP sheets obtained from the FE analysis were also compared with the experimental results, as shown in Table 7. As this table shows, the difference between the shear capacity of the beams obtained from the FE analysis and the experimental study was relatively small.



Figure 8 compares the crack patterns of the FE analysis and the experimental results for the A-C-17 and A-S-17 beams (reference beams). In the experimental study, the A-C-17 beam with continuous beam configuration had a major diagonal crack and several other diagonal (with 45° angle) cracks originated from the loading positions to the nearest support [37]. This failure mechanism is a typical shear-tensile failure in RC beams. Similarly, in the FE analysis diagonal cracks were also observed between the support and loading locations, as shown in Figure 8a. For the A-S-17 beam having the simply supported configuration, the diagonal cracks were almost the same and were mainly started from loading to the nearest support in the experimental test. The crack pattern of this beam in the FE analysis was also the same as the experiment, where several closed space diagonal cracks were started from the support and extended to the loading location, as shown in Figure 8b. Therefore, it can be concluded from the load-deformation curves, shear strength, and failure mechanism of the beams that there is a good agreement between the FE analysis and the experimental tests.





3. Results and Discussion


This section explains the results for the reference beams and five types of shear-strengthened beams (see Table 3) to evaluate the effectiveness of the shear strengthening by the CFRP grids and ECC. The results include the failure mechanism, load-axial deformations curves, and shear force-shear deformation curves. In addition, the shear capacity calculation formulas for RC beams strengthened with CFRP grids and ECC are given.



3.1. Failure Mechanism


In order to comprehensively study the failure mechanism of the beams, the crack patterns (tensile crack) and stress results of the numerical analysis are briefly discussed in this section. Since the shear behavior of simply supported beams was more profound, only the results of the simply supported beams are presented here. Figure 9 shows the crack patterns of a reference beam and beams strengthened with different methods at the ultimate load. The CFRP sheets slightly reduced the shear diagonal cracks and some of the flexural cracks, as shown in Figure 9b. In general, CFRP grids and ECC not only reduced the shear cracks but also reduced the flexural cracks of the beams, as shown in Figure 9c–f. By comparing the CRG5-S-17 beam with the CRG′5-S-17 beam (Figure 9c,e) and the CRG8-S-17 beam with the CRG′8-S-17 beam (Figure 9d,f), it can be seen that the beams with the larger CFRP grid size had a lesser number of shear cracks and smaller crack widths. Further, the beams strengthened with the larger cross-sectional area of CFRP grids (CRG8-S-17 and CRG′8-S-17) had smaller shear cracks as compared with those beams strengthened with the smaller cross-sectional area of CFRP grids (CRG5-S-17 and CRG′5-S-17). It is worth mentioning that the flexural cracks significantly reduced for the beam with the largest cross-sectional area of CFRP grids and smallest grid size (CRG8-S-17) as compared to other strengthened beams.



Figure 10 shows the stress distributions of the reference and strengthened simply supported beams in detail. For the reference beam, the stresses in the concrete diagonally span from the loading position to the supports (in both shear and moment areas), as shown in Figure 10a. Similarly, the stress concentration for reinforcements of the reference beam was at the stirrups and tensile bars below the loading position, as shown in Figure 10e. However, for the beam strengthened with CFRP sheets (CR-S-17), the stress distributions in the concrete (Figure 10b) and reinforcements (Figure 10f) were significantly reduced in shear and moment areas. The stress distributions in concrete and steel bars of the beams with CFRP grids and ECC (CRG5-S-17 and CRG8-S-17) were further reduced as compared to the reference beam (A-S-17) and beam with the CFRP sheet (CR-S-17). This indicated that the combined action of the CFRP grids with the ECC layers enhanced the shear capacity of the reinforced beams, and effectively limited the spread of concrete cracks. For the CFRP sheet of the CR-S-17 beam, the stress was diagonally distributed from the loading to the support, and the maximum stress was located in the vicinity of the support, as shown in Figure 10i. Further, the stress distributions of the CFRP grids of CRG5-S-17 and CRG8-S-17 beams were relatively similar; however, the maximum stress of CFRP grids of the CRG8-S-17 beam was about 12% larger than the CRG5-S-17 beam, as shown in Figure 10j,k. This is because the cross-sectional area of the CFRP grids of the CRG8-S-17 beam was larger than the CRG5-S-17 beam, which led to higher loading bearing capacity and stresses.




3.2. Load-Deformation Response


Figure 11 shows the load-deformation curves of reference and strengthened beams. It can clearly be seen that all of the strengthened beams had higher strength than the reference beam. The CRG8-S-17 and CRG5-S-17 beams had better load-deformation responses as compared with other beams. This means that the CFRP grid size is a governing factor in this shear-strengthening method. The load-deformation response of the beam improved as the CFRP grid size was reduced. Nevertheless, the load-deformation response of the CRG8-S-17 beam outperformed the CRG5-S-17 beams due to the larger stiffness of the CFRP girds. The maximum ultimate load of the CRG5-S-17 beam was 46.2%, 37.68%, and 37.68% larger than the reference beam at 45°, horizontal, and vertical deformations, respectively. Comparatively, the ultimate load of the CRG8-S-17 beam at 45°, horizontal, and vertical deformations was 2.5%, 2.4%, and 2.4% larger than the CRG5-S-17 beam, respectively, while the cross-sectional area of the CFRP gird of CRG8-S-14 was double that of CRG5-S-17. Although the load-deformation responses of the beam strengthened by CFRP sheets (CR-S-17) were better than the reference beam, its responses were less significant as compared with beams strengthened with CFRP grids and ECC. By comparing Figure 11a with Figure 11b,c, it can be seen that the effect of the gird size of CFRP girds was more profound for the load-deformation response at a 45-degree inclination than the horizontal and vertical deformation. The ultimate load of the CRG5-S-17 beam at a 45-degree inclination, horizontal, and vertical deformation was 7%, 4%, and 3%, respectively.



Table 8 summarized the results of the flexural cracking load (Pcr), the shear cracking load (Vcr), the ultimate load at an incline of 45 degrees, vertical, and horizontal deformations, and their corresponding strain values. For the continuous beam configuration (A-C-17), the flexural and shear cracking loads were slightly smaller than the simply supported beam (A-S-17). In addition, the ultimate shear loads of the continuous beam were smaller but with larger strains (in three directions) than the simply supported beam. In other words, the failure mode of the continuous beam failed flexural-shear failure. After strengthening the continuous beam with different configurations, the flexural and shear cracking loads were found to be larger than that of the simply supported strengthened beams. On the other hand, after strengthening beams with different schemes, the ultimate shear forces (in three directions) of the simply supported beam were larger than that of the continuous beam. This means that the shear strengthening of the continuous beam improves its serviceability state better than the ultimate state. Among all the strengthen schemes, the flexural and shear cracking loads as well as the ultimate loads were the largest for the strengthened beams with the largest cross-sectional area of CFRP grids and the smallest CFRP grid size (CRG8-C-17 and CRG8-S-17 beams). When the CFRP grid size increased (from 50 mm to 100 mm), the flexural and shear cracking loads as well as the ultimate loads of the beam decreased. However, when the cross-sectional area of the CFRP grid increased, the loading response of the beam also increased.



Figure 12 presents the shear force relationship with the shear deformation derived from Equation (1). Practically, there is shear deformation until the yield load is negligible and after this point, cracks develop on the concrete. Once the beams enter the strain hardening stage, the shear reinforcement yields, and eventually plastic deformation occurs until failure. It can be seen from Figure 12 that the shear strength of all strengthened beams was much larger than the reference beam at yield as well as the plastic stage. Similar to the load-axial deformation curves, the shear force-shear deformation curve of the CRG8-S-17 beam outperformed other strengthened beams. In addition, the beams strengthened with smaller CFRP grid sizes (CRG8-S-17 and CRG5-S-17) had higher shear capacity than the beams with bigger CFRP grid sizes (CRG′8-S-17 and CRG′5-S-17).



Table 9 summarizes the shear capacity and load contribution of each strengthening method for all the beams. In general, the improvement of the shear capacity of the simply supported beams strengthened with different schemes was more profound than the continuous beams. This was mainly because the simply supported beams were subjected to a pure shear load while the continuous beams were subjected to a shear-flexural load. The maximum increase in the shear force of the beam strengthened with CFRP sheets (CR-S-17) was about 31%. However, the maximum improvement of the shear for the beams strengthened with CFRP grids and ECC (CRG8-S-17) was 49%. As this table indicates, the effect of CFRP grid size was more profound in improving the shear capacity of the beam than the cross-sectional area of CFRP grids.




3.3. Analytical Model


Generally, the total shear capacity of concrete structures externally strengthened is simply the summation of the shear contribution of the concrete (VCON), the available shear of the steel shear reinforcement (VST), the shear contribution of externally bonded CFRP grid (Vg), and shear carried by the ECC (VECC):


V = Vcon + Vst + VECC + Vg



(2)







The shear carrying capacity of concrete (Vcon) is [44,45]:


   V con  (  V ECC  )   =      β d   β p   β n   f  v c d    b w  d    γ b     



(3)




where,    γ b    is the safety factor (   γ b    = 1.3), and d is the effective height of the beam. The value for coefficient βn relies on the bending moment and the stress caused by the axial forces and since no axial compressive force is applied in this research, βn = 1, and fvcd, βd, and βp can be obtained from the following equations:


   f  v c d   = 0.20    f c ′   3   



(4)






   β d  =     1000  d   4   



(5)






   β p  =   100  P w   3   



(6)






   P w  =    A f       b w  d      



(7)




where,    f c ′    is the compressive strength of the concrete, Pw is the longitudinal reinforcement ratio, bw is the width of the section, and Af is the cross-sectional area of the tension reinforcement.



The shear capacity of ECC-reinforced structural members can be calculated as [46,47]:


Vecc = Vc,ecc + Vf,ecc



(8)




where, Vc,ecc is the shear carried by the member, and Vf,ecc is the shear carried by fibers. The shear capacity equation of the ECC-reinforced members is similar to the shear capacity equation of concrete; however, with a smaller coefficient, which is 0.7. This is mainly due to the absence of coarse aggregates in ECC that weaken the interlocking of the aggregates. Accordingly, Vc,ecc and Vf,ecc are calculated as:


   V  c , e c c   = 0.7 × 0.2    f  e c c  ′   3  ×    1 d   4  ×   100  ρ w   3  × t × d  



(9)






   V  f , e c c   =      f  t , e c c     t a n  β u      × t × z  



(10)




where, f′ecc and ft,ecc are the compressive and tensile yield strength of ECC, respectively, t is the ECC thickness, βu is the angle between the diagonal crack on the surface with the member axis and it is generally taken as 45 degrees. z is the distance between the location of the resultant compressive stress and the centroid of the tensile steel, which is generally equal to d/1.15.



The shear capacity of the stirrups is


   V  s t   =    A w   f y    sin α + cos α   z   S ×  γ b     



(11)




where, fy is the yield strength of the shear rebar, Aw is the total cross-sectional area of the stirrups, α is the angle between the shear rebar with member axis, S is the stirrup spacing, and generally the    γ b    coefficient is 1.15.



Moreover, an analytical model for the shear capacity of FRP grids can be calculated by an analytical model given in the references [29,30]. The analytical model accounts for the shear contribution of the horizontal and vertical CFRP grids as well as the shear span ratio of the RC beams. The equation of for shear capacity of CFRP is:


   V g  =   2 ·  E W  · [  ρ v  ·  ε  u v   · ( sin  α v  + cos  α v  ) + K ·  ε  u h     sin  α h  + cos  α h    ] · Z    γ b     



(12)




where, αv and αh are angles between vertical and horizontal grids with axial orientation, respectively, ρv and ρh are the cross-sectional areas in vertical and horizontal grids per unit of length, respectively, k is the ratio between the shear contribution of vertical grids and horizontal grids, EW is the Young’s modulus of CFRP grids, d is the effective height of the beam, the value of the coefficient    γ b    is 1.15. εuv, and εuh are the effective strains of vertical and horizontal grids, respectively, which are:


   ε  u v   =   (  1  0.0352  ρ v  + 0.0079   )  2  ×   10   − 6    



(13)






   ε  u h   = k ·  ε  u v    



(14)




where, k is the comparing coefficient related to the contribution of the shear between vertical and horizontal grids and it is:


  k =  e  − 0.612      a d    + 0.365   ≥ 0.23  



(15)




where,  a  is the shear span of the beam.



A comparison of the shear force of the strengthened beams obtained by the numerical analysis and the theoretical models [29,46] is made in Table 10. The shear capacity of the strengthened beams from the numerical analysis was relatively close to those obtained from the theoretical models. The average ratio of shear capacity of the beams obtained by the numerical analysis and the above analytical model was 1.04, which was close to unity. Further, the average ratio of shear capacity of the beams obtained by the numerical analysis and above analytical model by the Japan Society of Civil Engineers (JSCE) [46] was 1.07, which was also close to unity. Given that the analytical models slightly overestimate the shear capacity of the strengthened beams, it is safe to use them for design calculations.





4. Conclusions


This paper studies the shear capacity of RC beams strengthened with CFRP grids within externally bonded ECC layers through numerical analysis. For this purpose, two RC beams were selected from the literature [37] and modeled in Abaqus FE software [38]. Thereafter, the application of the proposed strengthening method for shear strengthening of the beams was investigated in terms of failure mechanism and load-deformation responses. Lastly, the analytical model for calculating the shear capacity of beams strengthened by this method was given. Based on the obtained results, the following conclusions are drawn:




	
The CFRP grids and ECC were effective in delaying and reducing the diagonal shear crack as well as the flexural cracks in the RC beam. Comparatively, the CFRP grids and ECC controlled the diagonal shear cracks in the beams better than the CFRP sheets. Stress analysis showed that the CFRP grid was the primary strengthening member for improving shear performance, while ECC layers mainly acted as bonding agents.



	
The effect of the shear strengthening of the simply supported beam with the proposed method was more profound as compared with the continuous beam. It was primarily due to the failure mechanism of the beams that the simply supported beam was designed to fail due to shear while the mode of the continuous beam was a shear-flexural failure. Nevertheless, the proposed shear strengthening also reduced the flexural cracks in the continuous beam.



	
The load-deformation responses of beams strengthened with CFRP grids and ECC showed significant improvement compared to reference beams and those strengthened with CFRP sheets. The shear capacity of the RC beams was greatly improved from 30% to 50% after strengthening with the CFRP grids and ECC.



	
The main governing factor for increasing the shear capacity of the beam with the proposed method was the CFRP grid size. The shear capacity of simply supported beams strengthened with smaller CFRP grid sizes was 8% and 10% larger than the simply supported beams strengthened with larger CFRP grid sizes, respectively. Therefore, as the CFRP grid size increased, the ultimate shear strength of the beam reduced.



	
The shear capacity of the beam strengthened by the CFRP grids and ECC was calculated using the analytical model and the Japan Society of Civil Engineers (JSCE). The average shear capacity ratios of the numerical results with those calculated based on the analytical model and JSCE were 1.04 and 1.07, respectively. While the analytical models slightly overestimated the shear capacity (compared to numerical results), they were deemed safe for design purposes.



	
In summary, this numerical study demonstrated the effectiveness of the proposed strengthening method in improving the shear behavior of RC beams. Future research should explore the application of this method in experimental studies.
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Figure 1. Details of the strengthening beams by CFRP grids with the ECC method. 
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Figure 2. Schematic diagram of the loading position, support conditions, and the reinforcement detailing of the beams [37]. 
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Figure 3. Loading and boundary conditions of (a) continuous beam, and (b) simply supported beam models in the FE software. 






Figure 3. Loading and boundary conditions of (a) continuous beam, and (b) simply supported beam models in the FE software.



[image: Buildings 13 01034 g003]







[image: Buildings 13 01034 g004 550] 





Figure 4. Constitutive material models used in FE modeling [40,41]. 
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Figure 5. Mesh detailing of the reference beam model in FE software. 
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Figure 6. Comparison of the load-axial deformation curves of the reference beam (A-S-17) obtained from numerical analysis and the experiment [37]. 
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Figure 7. Comparison of the shear force-shear deformation curves of the reference beam (A-S-17) obtained from numerical analysis and the experiment [37]. 
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Figure 8. Concrete crack patterns of (a) A-C-17, and (b) A-S-17 beams. 
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Figure 9. Concrete crack patterns of (a) A-S-17, (b) CR-S-17, (c) CRG5-S-17, (d) CRG8-S-17, (e) CRG′5-S-17, and (f) CRG′8-S-17 beams. 
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Figure 10. Stress distribution of reference and strengthened beams. 
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Figure 11. Load-axial deformation curves of the reference and strengthened beams. 
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Figure 12. Shear force-shear deformation curves of reference and strengthened beams [37]. 
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Table 1. General parameters and their effects using FRP materials for the shear strengthening RC beams.
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	Ref.
	Type of Shear Strengthening of Beams
	Parameters
	Effect





	[6]
	BFRP grid with epoxy resin
	Epoxy resin
	
	
Improve the bonding interface between the BFRP gird and the concrete interface



	
Control the diagonal cracks








	[6]
	BFRP sheets or BFRP gird with epoxy resin
	BFRP sheets

BFRP gird
	
	
BFRP sheets fail due to premature failure debonding, while BFRP grids prevent the premature failure








	[6]
	BFRP grid
	Grid orientation (0° and 45°)
	
	
Increasing the grid angle to 45° significantly improves the shear performance in terms of crack resistance and maximum shear capacity








	[29]
	CFRP grid with PCM shotcrete
	CFRP Grid size
	
	
Smaller grid interval leads to higher shear strength








	[27]
	CFRP sheet with epoxy and CFRP gird with mortar
	CFRP sheet

CFRP grid

Mortar and epoxy
	
	
Mortar able to better control the diagonal cracks



	
CFRP gird with mortar offers better ultimate shear strength








	[28]
	CFRP grid with MBC
	Grid size
	
	
Smaller grid size leads to higher ultimate shear strength
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Table 2. Details of beams in the experimental work (adapted with permission from [37]; copyright 2006 American Concrete Institute). (Unit: mm.)
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	No.
	Beam
	Tension

Reinforcement
	ρ
	Stirrup

Diameter
	Stirrup

Spacing
	ρw
	Strengthening

Layer
	a/d
	Beam Configuration





	1
	A-C-17
	4φ30 mm
	0.075
	8
	170
	0.00392
	-
	3
	Continuous



	2
	A-S-17
	4φ30 mm
	0.075
	8
	170
	0.00392
	-
	3
	Simply supported



	3
	CR-C-17
	4φ30 mm
	0.075
	8
	170
	0.00392
	CFRP
	3
	Continuous



	4
	CR-S-17
	4φ30 mm
	0.075
	8
	170
	0.00392
	CFRP
	3
	Simply supported
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Table 3. Details of the beams (adapted with permission from [37]; copyright 2006 American Concrete Institute). (Unit: mm.)
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Series

	
No.

	
Beam

	
Tension

Reinforcement

	
ρ

	
Stirrup

Dia.

	
Stirrup

Spacing

	
ρw

	
Strengthening Layer

	
CFRP Grid Type

	
Grid Size, S

(mm × mm)

	
a/d

	
Beam

Configuration






	
Reference

beams

	
1

	
A-C-17

	
4φ30 mm

	
0.075

	
8

	
170

	
0.00392

	
-

	
-

	
-

	
3

	
Continuous




	
2

	
A-S-17

	
4φ30 mm

	
0.075

	
8

	
170

	
0.00392

	
-

	
-

	
-

	
3

	
Simply supported




	
Series I

	
3

	
CR-C-17

	
4φ30 mm

	
0.075

	
8

	
170

	
0.00392

	
CFRP

	
-

	
-

	
3

	
Continuous




	
4

	
CR-S-17

	
4φ30 mm

	
0.075

	
8

	
170

	
0.00392

	
CFRP

	
-

	
-

	
3

	
Simply supported




	
Series II

	
5

	
CRG5-C-17

	
4φ30 mm

	
0.075

	
8

	
170

	
0.00392

	
CFRPG5 + ECC

	
CR5

	
50 × 50

	
3

	
Continuous




	
6

	
CRG5-S-17

	
4φ30 mm

	
0.075

	
8

	
170

	
0.00392

	
CFRPG5 + ECC

	
CR5

	
50 × 50

	
3

	
Simply supported




	
Series III

	
7

	
CRG8-C-17

	
4φ30 mm

	
0.075

	
8

	
170

	
0.00392

	
CFRPG8 + ECC

	
CR8

	
50 × 50

	
3

	
Continuous




	
8

	
CRG8-S-17

	
4φ30 mm

	
0.075

	
8

	
170

	
0.00392

	
CFRPG8 + ECC

	
CR8

	
50 × 50

	
3

	
Simply supported




	
Series IV

	
9

	
CRG′5-C-17

	
4φ30 mm

	
0.075

	
8

	
170

	
0.00392

	
CFRPG5 + ECC

	
CR5

	
100 × 100

	
3

	
Continuous




	
10

	
CRG′5-S-17

	
4φ30 mm

	
0.075

	
8

	
170

	
0.00392

	
CFRPG5 + ECC

	
CR5

	
100 × 100

	
3

	
Simply supported




	
Series V

	
11

	
CRG′8-C-17

	
4φ30 mm

	
0.075

	
8

	
170

	
0.00392

	
CFRPG8 + ECC

	
CR8

	
100 × 100

	
3

	
Continuous




	
12

	
CRG′8-S-17

	
4φ30 mm

	
0.075

	
8

	
170

	
0.00392

	
CFRPG8 + ECC

	
CR8

	
100 × 100

	
3

	
Simply supported








Note: CFRPG is the CFRP grids.
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Table 4. Mechanical properties of steel reinforcement.
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	Bar Dia.

(mm)
	Area

(mm2)
	Yield Stress

(MPa)
	Ultimate Strain

(%)
	Ultimate Stress (MPa)
	Modulus of Elasticity (GPa)





	30
	706.5
	534
	0.15
	717
	193



	8
	50.24
	534
	0.15
	717
	193
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Table 5. Mechanical properties of CFRP girds used in the simulation [23,43].
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Grade

	
Cross-Sectional Area of Bar (mm2)

	
Interval of Grids, S

(mm × mm)

	
E11 (GPa)

	
G12

(GPa)

	
      υ   12      

	
XT

(MPa)

	
XC

(MPa)

	
YT

(MPa)

	
YC

(MPa)

	
SL

(MPa)

	
ST

(MPa)






	
CR5

	
13.2

	
50 × 50

	
100

	
4

	
0.29

	
2000

	
600

	
1200

	
150

	
50

	
50




	
100 × 100




	
CR8

	
26.4

	
50 × 50

	
100

	
4

	
0.29

	
2000

	
600

	
1200

	
150

	
50

	
50




	
100 × 100








Notes: E11: longitudinal elasticity modulus, G12: shear modulus,     υ   12    : Poisson’s ratio, XT: tensile strength in fiber direction, XC: compressive strength in fiber direction, YT: tensile strength in matrix direction, YC: compressive strength in matrix direction, SL: longitudinal shear strength, and ST: transverse shear strength.
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Table 6. Mechanical properties of ECC (adapted with permission from [23]; copyright 2018 Elsevier).
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	Material
	Tensile

Strength

(MPa)
	Elastic

Modulus

(GPa)
	Maximum

Strain (%)
	Compressive

Strength (MPa)





	ECC
	3.8
	16.9
	3.04
	30.2
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Table 7. Comparison of the shear strength of the beams from the numerical and experimental [37].
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	Beams
	VFEM (kN)
	VEXP (kN)
	Difference (%)





	A-C-17
	183.57
	185.2
	0.9



	A-S-17
	192.74
	198.1
	2.71



	CR-C-17
	231.50
	238.1
	3



	CR-S-17
	253.02
	247.3
	2.26
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Table 8. Summary of loads and strain of the beams.
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	Beam
	Pcr (kN)
	Vcr (kN)
	Pu45 (kN)
	εu45
	Puv (kN)
	εuv
	Puh (kN)
	εuh





	A-C-17
	113.00
	157.00
	293.03
	0.00987
	311.09
	0.01128
	314.47
	0.00236



	A-S-17
	119.00
	165.00
	308.46
	0.00940
	326.36
	0.01074
	326.33
	0.00225



	CR-C-17
	130.78
	218.30
	327.06
	0.00921
	342.04
	0.01101
	336.34
	0.00221



	CR-S-17
	128.67
	210.47
	403.00
	0.00923
	418.86
	0.01010
	426.69
	0.00225



	CRG5-C-17
	197.50
	300.40
	380.79
	0.00789
	404.05
	0.00900
	367.48
	0.00190



	CRG5-S-17
	168.00
	257.00
	450.96
	0.00725
	449.33
	0.00829
	449.29
	0.00175



	CRG8-C-17
	215.00
	318.50
	383.46
	0.00781
	405.85
	0.00889
	406.91
	0.00186



	CRG8-S-17
	183.00
	270.00
	462.19
	0.00710
	460.53
	0.00809
	460.48
	0.00169



	CRG′5-C-17
	180.00
	274.00
	346.89
	0.00823
	369.51
	0.00940
	361.27
	0.00199



	CRG′5-S-17
	130.00
	226.87
	420.87
	0.00815
	431.83
	0.00942
	435.55
	0.00197



	CRG′8-C-17
	199.00
	294.00
	356.04
	0.00783
	378.17
	0.00923
	400.76
	0.00193



	CRG′8-S-17
	144.50
	215.00
	428.07
	0.00786
	437.03
	0.00813
	440.51
	0.00187
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Table 9. Summary of shear capacity of beams.
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	Beam
	VTotal

(kN)
	Shear Span Ratio, (a/d)
	Increase in Shear Strength (%)
	VFRP grid + ECC

(kN)
	VFRP (kN)





	A-C-17
	183.57
	3
	-
	-
	-



	A-S-17
	192.74
	3
	-
	-
	-



	CR-C-17
	231.50
	3
	26.12
	-
	47.93



	CR-S-17
	253.02
	3
	31.28
	-
	60.28



	CRG5-C-17
	240.54
	3
	31.04
	56.97
	-



	CRG5-S-17
	280.93
	3
	45.75
	88.19
	-



	CRG8-C-17
	245.71
	3
	33.86
	62.15
	-



	CRG8-S-17
	287.93
	3
	49.38
	95.19
	-



	CRG′5-C-17
	238.54
	3
	29.95
	54.98
	-



	CRG′5-S-17
	265.35
	3
	37.8
	72.61
	-



	CRG′8-C-17
	240.20
	3
	30.85
	56.64
	-



	CRG′8-S-17
	268.71
	3
	39.42
	75.97
	-
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Table 10. Comparison of the shear capacity of beams obtained by the theoretical model and numerical analysis.






Table 10. Comparison of the shear capacity of beams obtained by the theoretical model and numerical analysis.





	Beam
	VFEM (kN)
	V [29] (kN)
	V [46] (kN)
	VFEM/V [29]
	VFEM/V [46]





	CRG5-C-17
	240.54
	230.28
	221.93
	1.05
	1.08



	CRG5-S-17
	280.93
	266.88
	259.86
	1.05
	1.08



	CRG8-C-17
	245.71
	240.41
	229.40
	1.02
	1.05



	CRG8-S-17
	287.93
	269.21
	269.21
	1.07
	1.10



	CRG′5-C-17
	238.54
	229.54
	220.86
	1.04
	1.08



	CRG′5-S-17
	265.35
	260.12
	252.49
	1.04
	1.05



	CRG′8-C-17
	240.20
	233.99
	228.42
	1.03
	1.05



	CRG′8-S-17
	268.71
	265.80
	257.53
	1.01
	1.04
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