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Abstract

:

The issue of the cut-off splicing of an additional fiber-reinforced polymer (FRP) bar in the near-surface mounted (NSM) technique for reinforced concrete (RC) beam strengthening exposed dominantly to bending is insufficiently investigated. A possible solution of this issue is a new proposed technique: a double-strap joint. It implies the widening of the groove at the cut-off location and the symmetrical installing of additional supplements of FRP reinforcement. In this research, beam strength has been determined for the following cases: additional NSM FRP reinforcement without a cut-off, with a cut-off, and without overlapping, and with different lengths of splice overlapping. A nonlinear analysis based on the finite element method (FEM) has been applied. The length of the cut-off splice of the additional FRP reinforcement with glass fibers (GFRP) was 20Ø, 40Ø, and 60Ø. The validation of the numerical model and a comparison of the results were conducted by using the authors’ experiments. It has been shown that, in the case of a cut-off of NSM GFRP bars, a significant loss in strengthening efficiency occurs, and that, with an increase in the overlapping length, this loss decreases. An overlapping length of 60Ø provides full strengthening. An efficiency assessment was carried out via the use of a parametric study, varying the FRP bar material type and its diameter for a constant splicing length.
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1. Introduction


Fiber-reinforced polymer (FRP) materials have been used for many years for repairing and strengthening reinforced concrete (RC) and prestressed structural elements exposed to bending and/or shear. Many design codes, such as those in [1,2,3], treat problems related to the application of FRPs in RC structures and give basic guidelines for their use. This being the case, two basic methods are applied: the externally bonded (EB-FRP) method and the near-surface mounting (NSM FRP) method. The EB-FRP method appeared earlier and has wider applications because of its practical values [4]. On the other hand, the NSM FRP method has significant advantages, which have been shown in many studies [5,6,7,8,9]. The basic advantage of the NSM FRP technique of strengthening compared to that of EB-FRP is based on its better adhesiveness, which mostly affects the ultimate strengths of strengthened structures [10,11,12]. One of the recent investigations regarding the EB and NSM FRP techniques, which is mainly concerned with the bond effect, is international research [13] in which 11 laboratories and seven manufacturers took part. In the mentioned paper, experimental results have been discussed and compared in order to examine the following: (1) the bonding of NSM strips and bars, (2) the influence of alternative single-bond or double-bond shear pulling setups that were adopted by the participating laboratories, and (3) the influence of different concrete mixture qualities coming from different countries on concrete strength. It has been concluded that the greatest influences on the bond strength are the axial stiffness and surface treatments of FRP NSM systems. Nevertheless, there are other factors that influence the bond effect, such as the groove dimensions, epoxy type, FRP type, and concrete quality [14,15,16].



In addition to the above, the application of the NSM FRP technique for strengthening RC structures significantly improves the protection of FRP strengthening with regard to high temperatures and vandalism [17,18]. In addition to the NSM FRP strengthening technique, the time-dependent variation in the corrosion resistance of basalt fiber-reinforced polymer (BFRP) bars reinforced geopolymer concrete in a seawater environment has also been investigated. It has been concluded that geopolymer concrete possesses better corrosion resistance compared to Portland cement concrete, while the reduction in BFRP bars’ ultimate strength in seawater is directly proportional to the bar diameter [19].



The problem of the splicing of the cut-off of FRP bars is present in cases of long structural elements and in cases of bar diameters greater than ∅10 mm, considering the limited transport length (10–12 m) and the impossibility of winding into coils [20]. To the best knowledge of the authors, the problem of the splicing of the cut-off of FRP reinforcement has not been treated sufficiently in the literature when it comes to the NSM method. It has been limited primarily to the investigation of anchoring length; that is, the bond effect [21,22]. This, among other things, is also concerned with numerical testing [23,24,25,26]. Recommendations for required anchoring lengths in cases of the classical way of cut-off splicing via longitudinal overlapping (as for steel reinforcement) relate to manufacturer’s data for specific materials, shapes, and surface treatments of the additional FRP reinforcement [20], and relate to limited classic lap splice research recommendations [27,28,29].



The aim of this research was the prediction of the behavior of beams strengthened via NSM FRP reinforcement with the splicing of an NSM FRP reinforcement cut-off in the bending zone. For the splicing of an NSM FRP reinforcement cut-off, the authors proposed a new method, called double-strap joint NSM FRP. This method implies the widening of the groove in the FRP bar cut-off zone and setting two FRP supplement bars symmetrically. The connection of the supplement and main FRP bars, as well as with concrete, is provided using epoxy. The theoretical foundation for the splicing technique is represented by the force transfer between concrete and epoxy matrices, and, furthermore, between epoxy and FRP bars, which is known as the bond effect. The bond mechanism is achieved primarily through three components: adhesion, friction, and the mechanical interaction of materials. The bond failure may occur due to the epoxy failure or concrete failure in the interaction zone. The stress–strain state describing the bond effect is three-dimensional and complex. Therefore, the theory of bonds, as well as the different analytical and numerical models for bond capacity, were the subjects of the research in the last few decades [29,30,31,32,33,34,35].



Using a non-linear numerical analysis based on the finite element method (FEM), cases of cut-off splicing via additional bar-shaped FRP reinforcement have been analyzed; the length of the additional reinforcement took values of 20∅, 40∅, and 60∅. The validation of the numerical model and the comparison of the results have been conducted using the experiments of the authors. For such a validated numerical model, the influence of the diameter and type of NSM FRP bars on the strength and stiffness of the beams has been investigated. The overlapping length of the splicing for achieving the full strength of the beams has also been determined. The behavior of the beams strengthened by glass FRP (GFRP) and carbon FRP (CFRP) bars with an equal diameter (∅10) in cases of cut-off splicing with an equal supplement length (60∅) has been compared. Finally, the economic feasibility of the proposed method has been briefly presented.



The proposed double-strap joint NSM FRP splicing method’s technological preparation is as simple as needed for practical engineering applications. On the other hand, this technique provides symmetrical load transfer in the zone of an FRP bar cut-off, which is an advantage over the conventional longitudinal splicing method. This paper is intended to fully confirm the structural advantages of this method and to propose recommendations for its application in engineering practice, as well as to support currently limited research on the FRP splicing problem.




2. Materials and Methods


2.1. Experimental Research


2.1.1. Experimental Specimens


The complete procedure of the newly proposed method of cut-off splicing of additional bar-shaped GFRP reinforcement for beam strengthening, called double-strap joint NSM FRP, has been given in the authors’ previous paper [16]. The beam specimens have been tested under a four-point load disposition (Figure 1a), where the following beams have been tested: (1) B-CON beam, with steel reinforcement only and without FRP strengthening (Figure 1b); (2) B-G1 beam, strengthened within the concrete cover via NSM GFRP without a cut-off and a diameter of Ø10 mm (Figure 1c); (3) B-G2 beam, with a cut-off of the strengthening bar in the midspan of the beam (L/2) and without bypassing (Figure 1c); (4) B-G3 beam, with a cut-off of the strengthening bar in L/2 and with bypassing on both sides, 2 × Ø10, and 20 cm long (Figure 1d); and (5) B-G4 beam, with a cut-off of the strengthening bar in L/2 and with bypassing on both sides, 2 × Ø10, and 40 cm long (Figure 1d). The specimens were made of concrete with a compression strength of 31.6 MPa and with steel reinforcement with a yield strength of 400 MPa. The groove for the strengthening was cut in the specimens and GFRP bars were placed, while a MapeWrap11 epoxy was used (Figure 2). Considering that the maximal bending moment is in the middle third of the beam span, and that it decreases towards the beam supports, the development length of the straight FRP bar in the ending third of the span is sufficient for the anchoring and force transfer from the FRP bar to the epoxy and then on concrete. Consequently, the bond mechanism [29,33] provides composite action of the concrete, epoxy, and FRP bar.




2.1.2. Experimental Testing


The samples have been tested via the continual application of load by a hydraulic press, where the test was in the “displacement control mode” with a constant growth rate of deflection of 0.02 mm/s. Deflection was measured via linear variable displacement transducers (LVDTs), while the strains in concrete, as well as in steel and GFRP reinforcement, have been recorded using LVDTs with a base of 100 mm and strain gauges with a base of 6 mm. A data acquisition system with an automatic data-reading period of 1 s has been used for measure sampling. The measuring setup scheme has been presented in Figure 1a,d, and the specimen during the testing has been presented in Figure 3.



The results of the experimental tests of the strengthening effects, with and without a cut-off of additional NSM GFRP reinforcement, and a comparison with a control (unstrengthened) beam have been obtained. The analysis of results encompassed presenting the strength and stiffness of the tested specimens, as well as the strains in the tensioned basic (steel) and additional (GFRP) reinforcement, as well as those in the concrete. Additionally, a presentation of the failure mechanism of the tested specimens for different strengthening configurations regarding the occurrence and propagation of cracks has been provided. It was concluded that the absence of cut-off splicing provides beam failure due to a dominant crack at the cut-off location, while when introducing the double-strap joint splicing the failure occurs at the endings of the supplement grooves via concrete peeling-off. For details of the experimental program and experimental results, the reader is referred to reference [16].





2.2. Finite Element Modeling


2.2.1. Model Description


In this research, a numerical model for analyzing the RC beams strengthened via the NSM method with FRP bars and the innovative double-strap joint has been proposed through the use of the FEM and Abaqus/Standard 6.13 software. The model validation has been conducted by comparing the load–deflection diagrams for all of the experimentally tested beam cases, as well as load–strain diagrams for GFRP bars in model B-G4. The proposed numerical models have also been used for a parametric analysis of the strengthened RC beams.



The geometry of the FE models of the RC beams has been created according to the geometry of the test beams (Figure 1) [16]. The geometry of beam B-G3 has been presented in Figure 4a, and the geometry of the reinforcement and GFRP bars has been presented in Figure 4b. The geometry of all other beams is analogous, except for some small changes in the epoxy and GFRP geometry due to the (non)existence and length of the double-strap joint.



In the experimental setup, one end of the RC beams had pinned support, and the other end had roller support. These supports were not modeled in detail, but appropriate boundary conditions have been defined. Namely, in the support axes, at a distance of 150 mm from the beam ends, the displacements of the nodes at the bottom side of the beam have been restrained. For the pinned support, all three translations have been restrained, and for the roller support, only vertical and lateral translations have been restrained (Figure 4a). In the experimental tests, load has been applied via steel plates set at thirds of the span. In the numerical models, this was simplified, such that steel plates were omitted, but the load has been applied as surface load across the top surface of the concrete beams (Figure 4a).



The mechanical properties of concrete (compression strength and modulus of elasticity), as well as the tensile strength and modulus of elasticity of GFRP and steel reinforcement bars have been experimentally determined [16], and they are presented in the following sections of the article.




2.2.2. Material Model of Concrete


In this research, the concrete material has been modeled via the use of a concrete damage plasticity (CDP) material model. The stress–strain diagram (σc − εc) of concrete under compression (Figure 5a) was defined based on recommendations [36], such as the following equation:


   σ c  =   k η -  η 2    1 +   k - 2   η    f c  ;     η =    ε c     ε  c 1     ;     k = 1.05  E c     ε  c 1      f c    ,  



(1)




where the following is the case:



εc1 = 0.00205, which is the strain at the maximal stress.



εcu1 = 0.00350, which is the ultimate strain.



fc = 31.60 MPa, which is the compressive strength.



Ec = 32.80 GPa, which is the modulus of elasticity.



The elastic behavior of the analyzed concrete under compression was 0.4fc = 12.64 MPa (with a correspondent strain of 0.000385).



The characteristics of the concrete under tension (σt − εt diagram) have been defined via the use of the relation given in [37]:


   σ t  =  f t         ε  c r      ε t        0.40   ,  



(2)




where the following is the case:



ft is the concrete tensile strength.



εcr is the strain at the concrete tensile strength.



The tensile strength of concrete (ft) has been defined according to the relationship proposed in [38], and by compressive strength (fc):


   f t  = 0.34    f c    = 0.34   31.60   = 1.911    MPa .  



(3)
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Figure 5. Stress–strain diagram for concrete: (a) compression; (b) tension. 






Figure 5. Stress–strain diagram for concrete: (a) compression; (b) tension.



[image: Applsci 13 12387 g005]





The strain that corresponds to the tensile strength was εcr = 0.00005826. This value defines the boundary of the elastic behavior of the analyzed concrete under tension. A stress–strain diagram of the concrete under tension is presented in Figure 5b.



The plastic behavior of concrete is described as the damage of concrete due to both compression and tension in the adopted CDP model. This model has been selected as adequate for modeling quasi-brittle materials [39,40,41]. Several input parameters need to be defined for the CDP material model, and these values are adopted according to the recommendations [39,40,41] and presented in Table 1.



The CDP model enables the reducing of the initial modulus of elasticity that arises owing to concrete damage. This is realized by means of damage parameters for compression, dc, and for tension, dt [39,42], and they are determined by the following relations:


   d c  = 1 -    σ c     f c    ;      d t  = 1 -    σ t     f t    .  



(4)







Damage parameters have been defined with respect to inelastic strains, εcin, and with respect to cracking strains, εtcr, for compression and tension, respectively (Figure 6). Based on these data, the plastic strain in compression and tension have been calculated by software [39].




2.2.3. Material Model of Epoxy


The material characteristics of the epoxy have been modelled with the same material model used for concrete, i.e., the CDP material model. All of the details provided in the previous Section 2.2.2, stand for the modeling of the material characteristics of the epoxy, with the remark that the modulus of elasticity is Ee = 4000 MPa, the compressive strength, fce, is 70 MPa, and the tensile strength, fte, is 19.10 MPa. All of these parameters have been adopted according to the manufacturer’s data [20]. The stress–strain diagrams of the epoxy at compression and tension are presented in Figure 7, and the dependencies of the damage parameters on strains of the epoxy are shown in Figure 8.




2.2.4. Material Model of Steel Reinforcement and GFRP Bars


For steel reinforcement, a bilinear kinematic hardening model was adopted (Figure 9a). The modulus of elasticity of reinforcement was E = 205 GPa, the yield stress was fy = 400 MPa, and the tangent modulus was Et = 11,828 MPa, according to the mechanical properties of reinforcement used for the experimental specimens. The GFRP bars have been modeled as a linear elastic material with a modulus of elasticity, E, of 47 GPa, and an ultimate tensile strength, fu, of 760 MPa (Figure 9b).




2.2.5. Finite Element Mesh


The RC beam and epoxy were meshed with solid hexahedral FE with three translational degrees of freedom per node (denoted in the software as C3D8R) [39]. The “shear locking” phenomenon was prevented via reduced integration for stiffness matrix determination [39,43]. The steel reinforcement and GFRP bars have been meshed with truss FE with 2 nodes, having axial stiffness only (denoted in the software as T3D2) [39]. An appropriate cross-section area has been defined according to the diameter of longitudinal reinforcement, stirrups, and GFRP bars. A mesh convergence analysis has been conducted for model B-CON in order to check mesh sensitivity and to determine the optimal FE mesh size. In this analysis, five FE sizes have been varied, namely 12.5, 20, 25, 30, and 50 mm. For a comparative analysis, vertical displacement in the beam midspan at a load of 2500 daN has been selected. It has been concluded (Figure 10) that the mesh with an FE size of 50 mm was too coarse, and the results have become stable for an FE size lower than or equal to 30 mm. Consequently, for further research, an FE size of 25 mm has been adopted as optimal from the perspective of required computer resources and the accuracy of results. In cases of strengthened beams, the FE size for epoxy modeling was 10 mm, because of its small dimensions compared to the dimensions of the RC beam cross-section and expected stress concentration in the epoxy. The FE mesh of model B-G3 is shown in Figure 11, as a representation.




2.2.6. Modeling of Interaction between Different Materials


The modeling of the interaction between the epoxy and concrete has been carried out with cohesive contact elements, as recommended in [28]; the maximal normal contact stress has been set to 70 MPa and the maximal contact shear stress to 3 MPa, according to the manufacturer’s data [20]. Damage evolution has been described via fracture energy of 15 MPa, based on the available and proven models [28,44]. Interaction surfaces of epoxy and concrete are presented in Figure 12a, again for model B-G3. The contact between concrete and steel reinforcement, as well as between the epoxy and the GFRP bars, has been ideally modeled without slip, using the built-in embedded region function of the software (Figure 12b).






3. Results and Discussion


3.1. Model Validation


The validation of the numerical model has been conducted by comparing the force–deflection diagrams obtained experimentally [16] and numerically for all of the analyzed models (Figure 13a–e). Based on a comparative analysis of the numerical and experimental load–deflection ratios, one may notice very good agreement of the results up to failure, which confirmed the model validation. Full agreement of the results has been achieved in the first and second load-deflection branches for all of the analyzed models, i.e., in the elastic regime and after the crack opening up to the steel reinforcement yield. A slight disagreement of the results is noticeable in the third branch of the load–deflection diagrams. Namely, after the yield of the steel reinforcement, a sudden loss in beam stiffness occurs. Due to the highly nonlinear problem, at this stage some discrepancy in the numerical and experimental results occurs. Nonlinear phenomena in this problem are caused by concrete cracking, steel reinforcement yielding, concrete crushing in the compression zone, the bonding effect between the concrete and the epoxy, and the heterogeneity of the concrete in the experimental beams. Considering all of the abovementioned conditions, one may conclude that the obtained numerical results are in good agreement with the experimental ones. Certain deviations have been noticed for the beams B-G2 and B-G4. Model B-G2 is with the cut-off of the strengthening FRP bar in the midspan, but without bypassing (splicing). Therefore, after the steel reinforcement yield, an abrupt development of a crack in the midspan occurs, leading to the loss of the effectiveness of the additional FRP bar and causing the beam behavior to be similar to that of the control beam without FRP strengthening. This highly nonlinear effect influenced the slight disagreement in the numerical and experimental results (Figure 13c). On the other hand, model B-G4 showed somewhat higher stiffness (Figure 13e) because of the longer groove filled with epoxy, which possesses better mechanical characteristics than those of concrete. After the moment of the steel reinforcement yield and sudden crack propagation, the numerical results are stabilized, indicating a convergence towards the experimental results. Considering everything mentioned, the numerical models can be treated as reliable in the sense of the load–deflection ratios of the analyzed models.



The failure mechanism represented by crack propagation, as well as the shear stress propagation (bond stress) at the contact of the epoxy and the concrete, has also been analyzed. Exceeding this stress proved to be the main cause of failure. A comparative analysis between the numerical and the experimental test has been conducted, considering both parameters (the cracks and the bond effect). It has to be mentioned that the crack development in the CDP model has been defined via the damage parameter in tension. Other research recommends that a crack opens at strains several dozen times greater than the strain at tension strength [45,46]. In this research, the value of the damage parameter, dt, of 0.80, which corresponds to a strain 50 times greater than the strain at tension strength, has been adopted as the crack opening.



Representative models for the analysis of the cracks and bond stresses were B-G1, without the cut-off of GFRP reinforcement, and B-G4, with cut-off bypassing realized via supplemental GFRP bars of 40Ø (40 cm) in length. One may conclude that cracks open uniformly at the strengthened beam without GFRP cut-off, and that cracks do not intersect the epoxy because it has a higher tensile strength (Figure 14). On the concrete–epoxy interface, a maximal contact shear stress of 3 MPa has been reached. As a consequence, slippage of the epoxy occurs, which leads to the relocation of the critical zone and to the redistribution of the shear stresses. This is more prominent in the region starting from the load application zone towards the supports (Figure 15). All of these results are in good accordance with the experimental ones, presented in [16]. The cracks are uniformly distributed in the case of model B-G4 (Figure 16), which indicates that the bypassing of the cut-off gives effects, and this is in concordance with the experimental results. Analogously to the experimental results [16], the numerical analysis confirmed the occurrence of the exceeding of the shear stress (bond stress) on the epoxy–concrete joint, which leads to the concrete peeling-off. This occurs because of the increased stiffness of the cross-section at the beginning of the groove widening for inserting supplemental GFRP bars (Figure 17). On the other hand, the failure of model B-G2 (with a cut-off of the GFRP, but without bypassing) was caused by a dominant crack that extends from the bottom tension zone all the way up to the compression zone in the midspan section (Figure 18). This result is similar to the experimentally obtained one, confirming that GFRP reinforcement with a cut-off but without splicing has a marginal influence on beam strengthening.



The final step in the validation of the numerical model was a comparation of the strains in the GRFP bars with the experimentally obtained results for model B-G4 (Figure 19). It could be concluded that there was satisfactory agreement of the numerical and experimental results in the case of the main GFRP bars, and a slight discrepancy in the results in the case of the GFRP strap joint. Considering the high nonlinearity of the problem, which depends on several physical and mechanical parameters, one may consider that the agreement was satisfying, thus confirming the validity of the numerical model.




3.2. Numerical Analysis of the Required Splicing Length of the GFRP


Based on the experimentally obtained results and linear extrapolation [16], it has been determined that the length of the supplement of 60Ø (60 cm) provided beam strength equal to the beam without a GFRP cut-off. An NSM GFRP bar spliced in this way has the same strengthening effect as a GFRP reinforcement without a cut-off. The extrapolation method is not reliable enough; therefore, one of the main goals of this paper was to confirm this conclusion completely, based on a developed and validated numerical model. According to the postulates presented in Section 2.2., a numerical model of a beam strengthened by GFRP reinforcement with both-sided overlapping at the cut-off location with a length of 60 cm has been created. The ground for determining the efficiency of the strengthening was a comparative analysis of a load–deflection diagram. Figure 20 presents, side-by-side, the experimental and numerical load–deflection diagram for the beam without a cut-off of GFRP reinforcement (B-G1), and for the beam with splicing overlapping of 60 cm. Based on the results, one may conclude that elastic stiffness and stiffness after crack occurrence coincide completely. The stiffness of the beam after the yielding of the basic reinforcement is in good correlation with the experimental results.



One may notice that the beam with a double-strap joint of 60 cm exhibits an approx. 5% greater force value at the occurrence of the yield of the basic reinforcement. Additionally, at the ultimate load the deflection in the midspan is about 10% lower. The reason for such results is the increase in the overlapping length, i.e., of the groove, which contains the epoxy and two inserted FRP bars, and thus exhibits higher stiffness and lower beam ductility. An increased groove length increases the adhesion at the joint between the concrete and the epoxy, and, at the same time, the epoxy also has a higher tensile strength compared to that of concrete. This is manifested after the occurrence of the yielding of the basic reinforcement (steel), which can be seen on the diagram in Figure 20.



The confirmation of the conclusion regarding the failure mechanism has been conducted through the analysis of the crack pattern, expressed as the damage parameter in tension, as well as through observing the shear (bond) stress at the concrete–epoxy interface. The results of the analyzed model with a GFRP splicing length of 60 cm (Figure 21 and Figure 22) have been compared with the results of model B-G1 (Figure 14 and Figure 15). The analysis results show that the crack pattern is uniform, similar to beam B-G1. The obtained shear (bond) stresses at the concrete–epoxy interface confirm that this stress has been exceeded at the beginning of the widening of the groove for cut-off bypassing, as well as in the zone starting from the load application towards the supports. This indicates that the failure mode of the concrete beam with a GFRP splicing of 60 cm is the same as in the remained splicing cases (B-G3 and B-G4). It is worth mentioning that, in the numerical models, the tensile strength of the GFRP reinforcement is also achieved at the ultimate load, which is in concordance with the experimentally measured strains in the GFRP reinforcement of beam B-G1 [16].



Based on these results, one may confirm that the complete splicing of a GFRP reinforcement with a cut-off in the system double-strap joint can be achieved via the use of supplemental bars with a length of 60Ø. Compared to the required overlapping length of 110Ø in the classic lap splice method [28], it can be concluded that the proposed splicing method requires less overlapping length to achieve the same bearing capacity as in the case of NSM FRP strengthening without a cut-off of the additional FRP bar. It should be mentioned that some research proposes overlapping lengths of 70Ø–90Ø and 40Ø–50Ø in the classic lap splice method of CFRP bars and GFRP bars, respectively, but the research is focused on the splicing of FRP bars as reinforcement of flexural concrete members, but not on the NSM FRP strengthening technique [27].




3.3. Parametric Study


The validated numerical model presented in Section 2.2. has been applied for a parametric study of the influence of the diameter and type of FRP bars (glass and carbon) on the mechanical characteristics of the strengthened beams without a cut-off. Furthermore, a parametric analysis of the influence of the type of FRP bar on beam strength has been conducted for a constant length of double-strap joint splicing of 60Ø.



Within the parametric analysis of the influence of the diameter of FRP bars without a cut-off on the characteristics of the strengthened beams, cases with diameters of Ø8, Ø10, and Ø12 have been analyzed. For all of the quoted bar diameters, an analysis with glass (GFRP) and carbon (CFRP) fibers has been conducted, taking the values of the modulus of elasticity, E = 148.10 GPa, and the ultimate tensile strength, fu = 1940 MPa, for the CFRP bars (Figure 9b). Although the different FRP types, reflected in different stress–strain relationships (Figure 9b), as well as surface treatments, influence the bond strength [14,34], it is considered to be the case that the anchoring length of FRP bars in the first and third sections of the beam span is sufficient to provide composite action. Figure 23 presents force–deflection diagrams obtained numerically. One may conclude that, in cases of applications of GFRP without a cut-off, with an increase in the diameter from Ø8 to Ø10, and finally to Ø12, strength is increased by about 10%. Compared to the beams strengthened with GFRP bars, the beams strengthened with CFRP bars with the same diameter produce higher strength and stiffness of the beam, but lower beam ductility (ratio of the displacement at the ultimate load and the displacement at the yield of the primary steel reinforcement). The reason for this is the higher modulus of elasticity of the CFRP reinforcement, as well as the higher bond stress at the concrete–epoxy joint, which lead to more brittle failure compared to the case of beam strengthening with the GRFP bars. With an increase in the CFRP bar diameter, strength is increased for about 5%, which represents a slightly lower value compared to the strength increase in the case of the application of GFRP bars. It should be mentioned that, for the smallest diameter (Ø8), the application of CFRP instead of GFRP bars provides higher beam strength for approximately 20%. This effectiveness decreases with an increasing FRP bar diameter. Nevertheless, the choice between the application of the GFRP and CFRP bars for RC beam strengthening should be protracted by cost analysis as well, considering the higher price of CFRP bars.



The result of the analysis of the influence of the fiber type (GFRP, CFRP), for a constant bar diameter (Ø10) and for an overlapping length of 60Ø, is that it provides strength of a strengthened beam equal to the case of a beam with an FRP bar without a cut-off (Figure 24). This result fully confirms the conclusion that an overlapping length of 60Ø is required for the same strengthening effect as in the case of a beam without an FRP bar cut-off, regarding the FRP bar type.




3.4. Practical and Economic Feasibility


The practical and economic aspects of the proposed double-strap joint method for FRP bar splicing have been analyzed relative to the classic lap splice method. One hypothetic RC beam with a length of 6 m, strengthened with one FRP bar of Ø10, is chosen for this analysis. Required groove sizes and the consumption of materials are compared in Table 2 for both cases of FRP splicing. The required groove cross-section for the double-strap joint method is 20 × 20 mm, with the grove widening to 50 × 20 × 600 mm in the cut-off zone. In the case of the classic lap splice method, it is assumed that the groove width is equal to the double value of the required groove width for one FRP bar, i.e., the groove cross-section is 40 × 20 mm, considering that such a solution provides better results regarding the beam strength compared to the solutions with two grooves (one groove for each FRP bar) [28]. It is determined that the required overlapping length is 60Ø and 110Ø for the double-strap joint and classic lap splice method, respectively, considering that these overlapping lengths provide beam strengths equal to cases of beams with continual additional FRP bars. It should be mentioned that this analysis covers required quantities of FRP bars, epoxy, and primer for concrete surface preparation. The consumption of epoxy is 1.55 kg/m2 per mm of thickness, and the consumption of primer is 300 g/m2, where both values have been adopted according to the manufacturer’s data [20]. Based on the conducted analysis, one may conclude that the double-strap joint method requires about 40% less groove volume/epoxy and about 25% less groove surface area/primer compared to the classic lap splice method for the analyzed case. In addition to savings in material, the required execution time is less in the case of the double-strap joint method, which is also a very important factor in such an analysis. These results should provide more benefits regardless of the negligibly higher required FRP length (less than 1.50% in the analyzed case). It is worth mentioning that a cost analysis has not been provided here, because the costs of the material and construction work are different in different countries.





4. Conclusions


The proposed method for the splicing of the FRP bar cut-off by both-sided overlapping, called “double-strap joint NSM FRP”, showed very good results regarding providing mechanical characteristics of beams, compared to strengthening realized by a bar without a cut-off [16]. Non-linear numerical FEM models for the analysis of the behavior of beams strengthened via NSM FRP reinforcement with different overlapping splicing lengths have been presented. The influence of the diameter and type of NSM FRP bars on the strength and stiffness of the beams has been investigated as well. In the end, the practical and economic feasibility of the double-strap joint method has been shown in comparison to the classic lap splice method. Based on the presented results, the following conclusions can be drawn:




	
The results of the nonlinear numerical analysis of RC beams strengthened by the NSM FRP technique, loaded to bending according to the four-point load disposition, showed very good agreement with the experimental results regarding the load–deflection relationships, failure mechanisms, and strains in the GFRP bars. Therefore, the model is validated.



	
The concrete damage plasticity material model is suitable for a numerical analysis of concrete and epoxy with the appropriate definition of the parameters of the material mechanical properties (see Section 2.2.2 and Section 2.2.3).



	
In most cases, beam failure occurs due to the exceeding of the shear stress between the concrete and the epoxy (bond stress) in the zone starting from the load application towards the supports as well as at the beginning of the groove for inserting the supplemental bars for splicing.



	
It has been shown that an overlapping length of 60∅ provides an increase in beam strength equal to the increase in strength in the case of an NSM FRP bar without a cut-off.



	
With an increase in the diameter of the FRP bars (Ø8, Ø10, and Ø12), the strength of the strengthened beams increases for about 10% in the case of GFRP bars and about 5% in the case of CFRP bars.



	
Via the application of CFRP bars instead of GFRP bars, one achieves higher beam strength, but lower beam ductility, for the same diameters used. Therefore, choosing between CFRP and GFRP bars for the strengthening of the RC beam should be based on the load-bearing requirements, but with the limitation of preventing the brittle failure of the strengthened beam under the ultimate design loads.



	
The failure mechanism is qualitatively the same regardless of the material of FRP bars, but in the case of CFRP a more prominent peeling-off at the concrete–epoxy joint occurs.



	
Potential savings in the material and construction time are possible via the application of the proposed double-strap joint method compared to the classic lap splice method.








A numerical analysis showed that, for an overlapping length of 60Ø, the proposed way of splicing of FRP bars with a cut-off (“double-strap joint NSM FRP”) achieves full beam strength, as in the case of FRP bars without a cut-off, regardless of the material used (GFRP or CFRP). This important conclusion is very significant for everyday engineering practices when the splicing of the additional FRP reinforcement in the NSM strengthening technique is necessary.



The scope of this paper did not encompass some other significant parameters, such as the following: surface treatment of the bars, concrete quality, groove dimensions, and groove disposition. The effectiveness of the proposed double-strap joint method has been researched for the case of pure bending, but research on other loading conditions is important as well. Defining the bypassing length of the cut-off as a function of the mentioned parameters is a task for future research in order to complete the proposed method.
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Figure 1. Experimental specimens: (a) beam disposition; (b) cross-section of an unstrengthened beam (model B-CON); (c) cross-section of a strengthened beam without a cut-off (model B-G1) and a strengthened beam with a cut-off and without bypassing (model B-G2); and (d) cross-section of a strengthened beam with a cut-off and with different lengths of bypassing (models B-G3 and B-G4). 
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Figure 2. Preparation of the test specimens: (a) cutting of the groove for GFRP strengthening; (b) FRP installation and detail of the double-strap joint; and (c) epoxy installation. 
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Figure 3. Experimental test: (a) front view of test specimen; (b) back view of test specimen with instruments. 
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Figure 4. FE model B-G3: (a) beam geometry and boundary conditions; (b) geometry of reinforcement and GFRP bars. 
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Figure 6. Damage parameters in the CDP model of concrete: (a) compression; (b) tension. 






Figure 6. Damage parameters in the CDP model of concrete: (a) compression; (b) tension.



[image: Applsci 13 12387 g006]







[image: Applsci 13 12387 g007] 





Figure 7. Stress–strain diagram for epoxy: (a) compression; (b) tension. 
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Figure 8. Damage parameters in the CDP model of epoxy: (a) compression; (b) tension. 






Figure 8. Damage parameters in the CDP model of epoxy: (a) compression; (b) tension.



[image: Applsci 13 12387 g008]







[image: Applsci 13 12387 g009] 





Figure 9. Stress–strain diagrams: (a) steel reinforcement (bilinear kinematic material model); (b) GFRP and CFRP reinforcement (linear elastic material model). 
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Figure 10. Mesh convergence analysis for model B-CON. 
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Figure 11. FE mesh of model B-G3: (a) beam; (b) steel and GFRP bars. 
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Figure 12. Modeling of interaction between different materials: (a) cohesive contact surfaces of concrete and epoxy; (b) bond connection between concrete/epoxy and reinforcement/GFRP. 
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Figure 13. Comparative analysis of the force–deflection diagrams: (a) B-CON; (b) B-G1; (c) B-G2; (d) B-G3; and (e) B-G4. 
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Figure 14. Damage parameter in tension for model B-G1. 
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Figure 15. Shear stress (bond) at the concrete–epoxy interface for model B-G1. 






Figure 15. Shear stress (bond) at the concrete–epoxy interface for model B-G1.



[image: Applsci 13 12387 g015]







[image: Applsci 13 12387 g016] 





Figure 16. Damage parameter in tension for model B-G4. 
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Figure 17. Shear stress (bond) at the concrete–epoxy interface for model B-G4. 






Figure 17. Shear stress (bond) at the concrete–epoxy interface for model B-G4.



[image: Applsci 13 12387 g017]







[image: Applsci 13 12387 g018] 





Figure 18. Damage parameter in tension for model B-G2. 
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Figure 19. Strains in the GFRP bars and GFRP strap joint for model B-G4. 
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Figure 20. Comparative analysis of the force–deflection diagram of model B-G1 and the model with a double-strap joint length of 60 cm. 
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Figure 21. Damage parameter in tension for a model with a double-strap joint length of 60 cm. 
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Figure 22. Shear stress at the concrete–epoxy interface for a model with a double-strap joint length of 60 cm. 
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Figure 23. Influence of the diameter and type of FRP bar without a cut-off on the strength and stiffness of the strengthened beams. 






Figure 23. Influence of the diameter and type of FRP bar without a cut-off on the strength and stiffness of the strengthened beams.



[image: Applsci 13 12387 g023]







[image: Applsci 13 12387 g024] 





Figure 24. Comparative analysis of the force–deflection diagram of the CFRP and GFRP model with a double-strap joint length of 60 cm. 
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Table 1. Input parameters for the CDP material model.
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	Parameter
	Value





	Dilation angle, ψ
	30°



	Flow potential eccentricity, є
	0.1



	Ratio of the biaxial compressive and uniaxial compressive yield stress, σb0/σc0
	1.16



	Ratio of the second stress invariant on the tensile meridian to that on the compressive meridian at initial yield, K
	0.666



	Viscosity parameter, μ
	0.0001










 





Table 2. Economic analysis.






Table 2. Economic analysis.





	Splicing Method
	FRP Length (m)
	Groove Volume (m3)
	Groove Surface Area (m2)
	Epoxy (kg)
	Primer (kg)





	Double-strap joint
	7.20 (101.41%)
	0.00276 (57.50%)
	0.363 (75.63%)
	4.278 (57.50%)
	0.109 (75.63%)



	Classic lap splice
	7.10 (100%)
	0.00480 (100%)
	0.480 (100%)
	7.440 (100%)
	0.144 (100%)
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