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The fiber-reinforced polymer is one kind of composite material made of synthetic fiber and resin, which has attracted research interests for the reinforcement of timber elements. In this study, 18 glued-laminated (glulam) beams, unreinforced or reinforced with internally embedded carbon fiber–reinforced polymer (CFRP) sheets, were tested under four-point bending loads. For the reinforced glulam beams, the influences of the strengthening ratio, the modulus of elasticity of the CFRP, and the CFRP arrangement on their bending performance were experimentally investigated. Subsequently, a finite element model developed was verified with the experimental results; furthermore, a general theoretical model considering the typical tensile failure mode was employed to predict the bending–resisting capacities of the reinforced glulam beams. It is found that the reinforced glulam beams are featured with relatively ductile bending failure, compared to the brittle tensile failure of the unreinforced ones. Besides, the compressive properties of the uppermost grain of the glulam can be fully utilized in the CFRP-reinforced beams. For the beams with a 0.040% strengthening ratio, the bending–resisting capacity and the maximum deflection can be enhanced approximately by 6.51 and 12.02%, respectively. The difference between the experimental results and the numerical results and that between the experimental results and analytical results are within 20 and 10%, respectively.
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1 INTRODUCTION
The mechanical properties of timber elements can be significantly influenced by the presence of natural defects (e.g., knots and cracks). For structural applications, timber structures can be further weakened in unfavorable environments and exhibit aging during long-term use. Therefore, for the historical timber buildings, their key structural components commonly require repairing and reinforcing in modern times; besides, for the modern timber buildings, the increasing demands for both higher strength and stiffness of their structural members would also facilitate the application of the reinforcing technology. In the past decades, timber members reinforced with steel materials have been widely studied (McConnell et al., 2014; Wei et al., 2020; Zhang et al., 2020), whereas their applications were limited due to the relatively high density and poor corrosion resistance of the steel reinforcement materials. Recently, an increasing number of investigations have been conducted on reinforcing timber structures with fiber-reinforced polymer (FRP), owing to its excellent resistance to corrosion, high strength-to-weight ratio, and the diversity of FRP products (Sun et al., 2020). The FRP is a composite material that consists of synthetic fiber as enhancement and resin as an adhesive. The common synthetic fiber used in timber structures includes glass fiber–reinforced polymer (GFRP), carbon fiber–reinforced polymer (CFRP), basalt fiber–reinforced polymer (BFRP), and aramid fiber–reinforced polymer (AFRP). The adhesion of resin that is always thermosetting can ensure the integrity of both the FRPs and the timber.
Since 1990s, some investigations have been focused on the mechanical properties of the FRP-reinforced timber beams. In 1992, Plevris and Triantafillou (1992) investigated wood elements bonded with external CFRP. The analytical results based on the proposed model of the reinforced wood members under both bending and axial forces agreed well with the experimental results. For plate-shaped FRP (e.g., plates and sheets), the externally bonding method (EBM) has been widely used due to the convenience of application. Meanwhile, glulam beams also enable the plate-shaped FRP to be embedded horizontally or vertically in the laminations of timber during the gluing process. Lu et al. (2015) tested the bending performance of the glulam beams reinforced with CFRP plates that were arranged vertically in the bottommost laminations of the timber beams by near surface mounted (NSM) techniques. Significant enhancement of the bending strength and stiffness was achieved by using the CFRP as reinforcement, and the pseudo-ductile behavior was observed in the reinforced glulam beams. Corradi et al. (2017) conducted bending tests on totally 221 wood beams reinforced with FRP sheets and found that the variability of their bending strength was much less than that of the traditional glulam beams. Gómez et al. (2019) observed that timber beams reinforced by FRP sheets on their lateral sides exhibited similar bending properties, compared to those reinforced by the FRP sheets with the same volume fraction at the bottom. Vahedian et al. (2019) tested 8 full-scale glulam beams consisting of both unreinforced beams and those reinforced with externally bonded CFRP sheets. Bending performance of the glulam beams was enhanced remarkably with an increase of the width, the length, or the bonding thickness of FRP.
For bar-shaped FRP (e.g., bars, rods, and cords), the fabrication procedures always require slotting on the timber surface. Johnsson et al. (2007) studied pultruded rectangular CFRP rods as the reinforcement of glulam beams and investigated the influence of the anchoring length of CFRP rods on the bending performance of beams. A theoretical model was proposed, and it presented great predictions in comparison to the experimental results. Raftery and Whelan (2014) found that compared to the square grooves, the circular ones for the GFRP 61 rods exhibited more significant effect for enhancing the bending properties of the glulam beams. Fossetti et al. (2015) performed bending tests on timber beams with various dimensions, different glued-in FRP (i.e., CFRP cords, GFRP cords, and BFRP rods), and two kinds of adhesives (i.e., melamine glue and epoxy resin). It was observed that the reinforcement of FRP cords is a potential alternative to pultruded bars. Rajczyk and Jonczyk (2019) tested the glulam beams reinforced by the BFRP rods with various diameters or arrangement at the cross section of the beams. The experimental load-resisting capacities showed little correlations with the area ratio between the FRP and the glulam for different series of tested reinforced glulam beams. Lv et al. (2019) tested the pure laminated bamboo beam and the laminated bamboo beam reinforced with both non-prestressed and prestressed BFRP bar. It was found that the prestressed beams did not exhibit an enhancement in the ultimate load-resisting capacity compared to the non-prestressed beams.
Theoretical analysis methods generally consider a uniaxial constitutive model for both the glulam and the FRP along the longitudinal direction to predict the bending performance of FRP-reinforced glulam beams. The Bazan–Buchanan law (Bazan, 1980; Buchanan, 1990) was employed to reflect the longitudinal stress–strain relationship of the wood fibers in many studies (Plevris and Triantafillou, 1992; Fiorelli and Dias, 2011; Yang et al., 2016; Vahedian et al., 2019). Fiorelli and Dias (2011) employed the transformed cross section method to calculate the bending stiffness of the reinforced glulam beams and then adopted the Bazan–Buchanan law to calculate their bending strength. The model exhibited a good agreement between the experimental and theoretical results. In the study conducted by Lindyberg and Daghber (2012), a nonlinear-reinforced laminated model (i.e., the ReLAM model) was established and examined by 90 FRP-reinforced glulam beams. Results show that satisfactory load–deflection curves could be achieved via iterative procedures of the ReLAM model. Yang et al. (2016) proposed a theoretical method that could consider the size effect of the glulam and the influence of the stress distribution. A modification factor that is higher than the one used by Gentile et al. (2002) was employed in Yang’s model to consider the increase of the ultimate tensile strain in the reinforced beams.
Using the FEM program, more efficient evaluation of reinforced glulam beams could be obtained. The FEM model proposed by Raftery and Harte (2013) adopted nonlinear geometry and an anisotropic plasticity model for the compressive glulam. Acceptable accuracy of prediction on the bending performance could be obtained compared to the experimental results of the reinforced beams with or without sacrificial laminations. Two numerical models specifying elasticity and elastoplasticity for timber were proposed by Nowak et al. (2013) to predict the bending performance of timber beams reinforced by CFRP strips. The numerical load–displacement curves from numerical modeling analysis were consistent with the experimental results within the elastic stage of the timber. To analyze the bending performance of glulam beams reinforced with CFRP plates, Glišović et al. (2017) established FE models of the glulam beams reinforced with bonded CFRP plates externally or internally and the ones without reinforcement. In these models, timber was simulated as an orthotropic material, and a modification factor was employed for its tensile strength under the bending condition, whereby a good agreement of the nonlinear performance could be obtained between the numerical and experimental results.
As aforementioned, bonding FRP sheets externally is convenient for repairing or reinforcing the timber element; however, it would cause an esthetic issue, which does not coordinate with the situation that the FRP sheets are commonly adopted as an initial reinforcement for the relatively new buildings. Meanwhile, it is found that the investigations on the timber beams reinforced with the internal FRP sheets are much limited compared to those on the timber beams reinforced with the external FRP sheets. Besides, a parametric study on the internally FRP-reinforced beams was generally conducted based on the theoretical model rather than the tests or the numerical model. Therefore, this study was conducted for comprehending the enhancement efficiency of the bending performance of the glulam beams reinforced by using the internal FRP sheets.
In this article, 18 glulam beams, unreinforced and reinforced with internally embedded CFRP sheets, were studied based on the four-point bending tests. Parametric analysis was carried out for investigating the influences of the reinforcement ratios, the CFRP strength, and the arrangement of CFRP sheets on the bending performance of glulam beams. A finite element model was developed to simulate the performance of CFRP-reinforced beams via commercial program ABAQUS. Meanwhile, a theoretical model considering the typical failure mode of the CFRP-reinforced glulam beams was used to predict their bending performance.
2 MATERIALS AND METHODS
2 Materials
2.1.1 Timber
In this study, glulam was manufactured with the Douglas fir. The mechanical properties of the glulam were tested according to ASTM D143-14 (2014) and GB/T 15777-2017 (2017), and listed in Table 1. The density and moisture content of the Douglas fir were tested according to GB/T 1931-2009 (2009) and GB/T 1933-2009 (2009). An average density of 527.83 kg/m3 with a coefficient of variation (COV) of 6.10% was obtained; meanwhile, the average moisture content was 10.46% with a COV of 4.68%.
TABLE 1 | Mechanical properties of the glulam.
[image: Table 1]2.1.2 FRP
There were two types of CFRP sheets used as reinforcement for the glulam beams. The tensile properties of the CFRP sheets were obtained based on the tests conducted by the manufacturer according to GB 50728-2011 (2011). The experimental results are listed in Table 2, where H and L represent the CFRP with an MOE of 2.35 × 105 MPa and 2.04 × 105 MPa, respectively. The thickness and the width of both CFRP sheets were 0.167 and 100 mm, respectively.
TABLE 2 | Tensile properties of the FRP sheet.
[image: Table 2]2.1.3 Adhesive
A single-component polyurethane adhesive (PU adhesive) was employed for gluing Douglas fir laminations together along the same orientation. Based on a pull-out test, the bonding performance of the adhesive was examined. In the pull-out test, axial tension was applied to a CFRP sheet bonded between two Douglas fir blocks by using the identical PU adhesive. The tensile failure occurred in the CFRP sheets without delamination occurring between the CFRP and the blocks. It proved that PU adhesive was valid and suitable for manufacturing CFRP-reinforced glulam beams in this study.
2.2 Specimen Preparation
Six groups of 18 glulam beams were tested based on a four-point bending test configuration, as shown in Figure 1. The specimen details are listed in Table 3. The tested glulam beams consisted of nine layers of Douglas fir laminations with a cross-sectional dimension of 140 mm × 33 mm or 120 mm × 33 mm. The length of Douglas fir laminations was 3,000 mm. For the reinforced beams, 3,000-mm-length CFRP sheets were embedded horizontally on the tensile side of the beams. CFRP-reinforced glulam beams were fabricated based on the following procedures: 1) preparation of laminations (e.g., drying, grading, planning, and surface cleaning); 2) fixing CFRP sheets on the designated lamination; 3) gluing, pressing, and conditioning the beam specimens; and 4) planning and sanding the surface of beams to remove residual adhesive when the curing strength was reached. An identical 300-mm height was obtained approximately for the cross section of both unreinforced and reinforced glulam beams. The thickness of the FRP layer was not counted. Two groups of unreinforced glulam beams were employed as benchmark specimens in this study, as shown in Figure 1. Other four groups of CFRP-reinforced glulam beams were designed to investigate the influences of the CFRP strengthening ratio, the CFRP MOE, and the CFRP arrangement on the bending performance of reinforced glulam beams. The CFRP strengthening ratio is calculated as the ratio of the cross-sectional area of the CFRP sheet to that of the glulam beam. For the label of the specimens, W and N represent the 140-mm-width specimens and the 120-mm-width specimens, respectively; H and L represent the specimens reinforced by a CFRP with an MOE of 2.35 × 105 MPa and 2.04 × 105 MPa, respectively. The numbers from 1 to 3 were used to label the replicates in each group.
[image: Figure 1]FIGURE 1 | Cross sections of specimens: (A) group W; (B) group N; (C) group WH; (D) group NH; (E) group WL; and (F) group WH+H.
TABLE 3 | Information of specimens.
[image: Table 3]2.3 Four-Point Bending Tests
The four-point bending test setup is shown in Figure 2. The glulam beams were simply supported with a net span of 2,700 mm and were loaded at two-thirds of the points. Three linear variable differential transducers (LVDTs) were used to measure the displacement of the beams, in which two of them were placed at the top of the beam where the two simple supports were located underneath and the other one was placed at the mid-span of the glulam beams. Five equally spaced strain gauges were mounted on the lateral side of one glulam beam of each group to record the flexural deformation of its cross section. All the bending tests were conducted with a 500-kN hydraulic actuator. A preliminary 5-kN preload was applied and maintained to the glulam beams for around 5 min; subsequently, a vertical loading with a displacement-based loading rate of 4 mm/min was applied to the glulam beams until failure occurred.
[image: Figure 2]FIGURE 2 | Four-point bending test setup.
3 EXPERIMENTAL RESULTS
3.1 Failure Modes
For all the specimens, the bending failure occurred due to the fracture of the bottommost lamination in the pure bending area. Overall, all the bending failure belongs to a brittle failure mode, whereas some slight distinctions existed in the specific destruction phenomena between unreinforced glulam beams and CFRP-reinforced glulam beams.
For unreinforced beams, that is, the benchmark groups (group W and group N), no obvious damage occurred on the surface of the bending specimens during the initial loading process. When approaching the failure load, continuous cracking noise was heard which was immediately followed by a sudden failure of the whole beam. Mostly, the failure was caused by the brittle fracture of the knots existing at the bottom of the specimens, as shown in Figure 3A. Overall, one preliminary crack was developed originally from the fractured knots, and then was propagated diagonally upward along the timber grain, causing the glulam peeling. Furthermore, another crack development pattern was observed in the specimen N-2, as shown in Figure 3B. It is characterized by a longitudinal continuous crack formed preliminarily along the centerline of the bottom of the glulam, and then the crack is propagated, forming a final fracture zone in the bending specimens.
[image: Figure 3]FIGURE 3 | Bending failure of unreinforced beams: (A) crack at knots and (B) longitudinal crack.
For the CFRP-reinforced glulam beams in the groups of WH, NH, WL, and WH+H, a preliminary crack formed at the bottom of the pure bending area of the reinforced specimens, as shown in Figures 4A–C. During the loading process, the crack propagated at a slower speed until the bending failure, compared to the unreinforced beams. Meanwhile, for the bending specimens in group WH+H with the highest strengthening ratio, the outermost wood fibers on the compressive side of the cross sections wrinkled evidently (Figure 4D). In the specimen WH+H-1, the CFRP sheets were damaged in the form of out-of-plane tearing (Figure 4E) most likely due to the out-of-plane effect of timber peeling or being pierced by the edge fractured timber. During the bending test of one CFRP-reinforced glulam beam, the tearing failure of the CFRP sheet occurred subsequently after the severe fracture was observed in the neighboring timber lamination. It means that the loss of the bending capacity of the reinforced glulam beam actually originated from the tensile failure of the bottommost lamination. Since almost no debonding failure was observed in the adhesive layer before the failure of the reinforced beams, it indicates that little slip occurred between the FRP sheet and the timber laminations.
[image: Figure 4]FIGURE 4 | Bending failure of reinforced beams: (A) crack at knots; (B) longitudinal crack; (C) crack in the area without knots; (D) wrinkling on the compressive side of beam in group WH+H; and (E) tearing of the CFRP sheets.
It was revealed that the unpredictable dominant fracture on the tensile side of the glulam cross section prevented unreinforced beams from ductility behavior, resulting in an overall brittle damage mode, whereas the addition of the CFRP sheets could mitigate the brittle damages featured by a preliminary crack from the knots. For instance, in the CFRP-reinforced specimens of WH-1, WH-2, NH-3, and WH+H-2, the preliminary crack was propagated originally from an area without knots, as shown in Figure 4C. The wrinkling of the timber fibers indicates that the compressive resistance of the glulam in the reinforced specimens can be more fully utilized than that in the unreinforced specimens. It can be inferred that the failure mode of the specimens would be transformed from a brittle tensile failure to a relatively ductile compressive failure when increasing the CFRP strengthening ratio.
3.2 Load–Deflection Behavior
The load–deflection curves of all the specimens are shown in Figure 5. The load dropped dramatically once the ultimate loading-resisting capacity was reached, indicating that a brittle failure occurred in the bending specimens. Only slight distinction can be identified in the load–deflection curves of the three replicates per group, which indicates a relatively stable bending performance of the beams tested in this project.
[image: Figure 5]FIGURE 5 | Load–deflection curves: (A) group W; (B) group N; (C) group WH; (D) group NH; (E) group WL; and (F) group WH+H.
The mechanical properties of glulam beams are listed in Table 4, in which, Fu represents the ultimate load-resisting capacity, Mu represents the ultimate bending-resisting moment, and Du represents the maximum deflection. By comparing the performance parameters between the unreinforced specimens and the CFRP-reinforced specimens with identical cross-sectional dimensions, the increasing ratio for each property was calculated per group. The apparent bending stiffness EappI was calculated based on Eq. 1 according to ASTM D198-15 (2015), which was corresponding to the apparent MOE Eapp, in which l0 is the net span of beams; F1 and F2 are equal to 0.1Fu and 0.4Fu, respectively; D1 and D2 are the deflections corresponding to F1 and F2, respectively.
[image: image]
TABLE 4 | Mechanical properties of glulam beams.
[image: Table 4]As listed in Table 4, compared to the unreinforced specimens, the Mu of the reinforced specimens was enhanced with a range from 4.48 to 8.82%, whereas their maximum deflection Du was enhanced more significantly with a range from 9.24 to 18.32%. The strengthening ratio was adopted within the range from 0.1 to 2.0% in the relative references (Raftery and Whelan, 2014; Yang et al., 2016; Gómez et al., 2019). In contrast, the bending capacity Mu of the CFPR-reinforced beams was not significantly enhanced, due to the relatively small CFRP strengthening ratio adopted within the range from 0.04 to 0.08% in the study. Compared to the unreinforced specimens, the increasing ratios of the EappI for the groups of WH, NH, and WH+H are less than 3%. It indicates that the addition of the CFRP sheets has little enhancement for the EappI of the glulam beams. Similar findings were reported by Yang et al. (2016). The difference between the increasing ratio of the Mu and that of the EappI can be attributed to the higher COV of timber MOE than that of the timber parallel-to-grain strength. Besides, as shown in Table 1, the negatively increasing ratio (i.e., −2.11%) of the EappI might also indicate that a significant variability exists for the timber MOE, resulting into the reduction of the EappI. Besides, for the specimens reinforced by the H-CFRP in the groups of WH, NH, and WH+H, the increasing ratio of the Mu or that of the Du can be enhanced with an increase of the CFRP strengthening ratio, which indicates that more wood fibers on the compressive side of the bending specimen were yielded.
For the influence of the MOE of the CFRP sheets on the bending performance of glulam beams, compared to the unreinforced specimens, the Mu and the Du of the specimens reinforced with the H-CFRP in group WH were increased by 6.51 and 12.02%, respectively, whereas the Mu and the Du of those reinforced with the L-CFRP in group WL were only increased by 4.48 and 9.24%, respectively. It indicates that the bending performance of the glulam beams can be enhanced more significantly when using the reinforcement of the CFRP sheets with a higher MOE. Such a conclusion is based on the condition that no premature failure of the CFRP or no slip failure between the glulam and the CFRP layer occurred during the bending tests.
For the influence of the CFRP arrangement on the bending performance of glulam beams, the Mu and the Du of the specimens reinforced with two layers of CFRP in group WH+H were 0.97 kN·m higher and 2.17 mm larger than those of the specimens reinforced with one layer of CFRP in group WH, respectively. Although the strengthening ratio of the specimens in group WH+H is twice that of the specimens in group WH, the increasing ratios of Mu or the Du were not doubled. It is because that the tensile strain of the CFRP sheet is reduced with an increase of the distance from the bottom of the beam to the position that the CFRP is arranged in; therefore, arranging the CFRP sheet higher from the bottom of the beam would result in a less enhancement of the glulam bending performance, compared to arranging it more close to the bottom of the beam.
3.3 Strain Distribution of the Mid-Span
By taking one bending specimen from group W and another from group WH+H as examples, the load–strain curves and the strain profile of the two specimens are plotted in Figure 6. The maximum strains existing at the top or bottom fibers of the cross section of the beams were obtained from the bending tests, as listed in Table 5. It should be noted that the de-lamination failure occurred in the specimens of group N, which brought difficulties for measuring their cross-sectional maximum strains; therefore, the maximum strains of the specimens in group N are not listed in Table 5.
[image: Figure 6]FIGURE 6 | Strain distribution: load–strain curves of (A) group W and (B) group WH+H; and strain profile of (C) group W and (D) group WH+H.
TABLE 5 | Experimental results of the strain profile.
[image: Table 5]As shown in Figure 6A, load–strain curves of the unreinforced specimen are almost linear, whereas as shown in Figure 6B, nonlinear behavior is illustrated for the load–strain curve from the uppermost fiber existing in the cross section (i.e., 150 mm) of the reinforced specimen. As listed in Table 5, when increasing the strengthening ratio from 0.4 to 0.8, the increasing ratio of the maximum compressive strain and that of the maximum tensile strain are enhanced from 25.93 to 57.20% and from 19.69 to 29.30%, respectively. It is also stated by Gentile et al. (2002) and Yang et al. (2016) that in FRP-reinforced glulam beams, the maximum tensile strain of wood fibers can be enhanced with an increase of the FRP strengthening ratio. It is noted that the maximum tensile strain of the tested beams is just 4,500 με, which indicates that the corresponding maximum tensile stress is much less than the tensile strength of the FRP sheet. It implies that the design of the reinforced beams was conservative, resulting into the little utilization of the CFRP strength. According to test results presented herein, an FRP sheet with a lower tensile strength is recommended for the FRP-reinforced glulam beams.
It should be noted that the negatively increasing ratio of −3.81% for the specimens in group WL might be caused by the glulam wrinkling that occurred during their bending tests, which increased the errors of the strain measured by the strain gauges mounted on the side surface of glulam beams. As shown in Figure 6C, the position of the neutral axis shows a downward trend in the cross section of the unreinforced specimen in group W, when the vertical load applied on the bending specimens increases. However, for the cross section of the CFRP-reinforced specimen in group WH+H, the position of its neutral axis almost remains stable, as shown in Figure 6D. The reason might be that for the unreinforced glulam specimen, the potential of further utilizing its compressive fibers is higher than that of utilizing the compressive fibers in CFRP-reinforced glulam beams.
4 NUMERICAL ANALYSIS
4.1 Model Development
A numerical analysis was conducted based on a commercial FEM program, ABAQUS (2020). The FEM models of all the six groups of specimens were developed to simulate the bending performance of both unreinforced and reinforced glulam beams. In these models, a solid part was created to represent the entire glulam beam. For the models of the reinforced specimens, an additional shell part was created to represent the CFRP sheets. The geometric dimensions of the FE models were identical to those of the specimens in the bending tests. In the model, no part was created for simulating the adhesive layer, whereas for considering the qualified bonding behavior between the glulam and the CFRP sheets, an “embedded region” was used to attach the part representing the CFRP to that representing the glulam, which is capable of coordinating the nodal displacements between two parts defined separately. Simple supports were defined on both ends of the bending specimens. The 8-node linear element type C3D8R and the 4-node doubly curved shell element type S4R were used for simulating the glulam and CFRP sheets, respectively.
For reducing the numerical calculation efforts, an isotropic material model featured by bilinear stress–strain relationship under compression and tension was assigned to the glulam, as shown in Figure 7. The material parameters in Figure 7 were defined based on the parallel-to-grain compressive tests on the small clear specimens, in which m was adopted as 0.1 based on the previous studies on the timber bending performance (Bazan, 1980; Buchanan, 1990; Gentile et al., 2002; Yang et al., 2016). Moreover, it should be noted that the adopted isotropic material properties of timber could also effectively avoid both the shear-bending failure and local perpendicular-to-grain compressive failure of timber, which is caused by the lower perpendicular-to-grain strength of timber and the smaller span-to-depth ratio of beam specimens. An isotropic material model featured by linear elasticity while without degradation section was assigned to the CFRP sheets, as shown in Figure 8. The input material parameters for the two types of CFRP sheets in the model were based on the mechanical properties listed in Table 2.
[image: Figure 7]FIGURE 7 | Stress–strain relationship of glulam in the FEM model.
[image: Figure 8]FIGURE 8 | Stress–strain relationship of FRP in the FEM model.
4.2 Numerical Results and Discussion
The stress distribution of σ11 at a failure point for group WH+H is shown in Figure 9. As it can be seen in Figure 9A, the stress distribution of glulam belongs to a typical pure bending failure mode. As shown in Figure 9B, the maximum tensile stress (i.e., 1,638 MPa) of the CFRP sheet is much less than its tensile strength of 3,500 MPa, which is also observed in other reinforced models. It indicates that the tensile strength of the CFRP has the potential of being further utilized by adopting some other methods in the CFRP-reinforced glulam beams (e.g., the prestressing technology).
[image: Figure 9]FIGURE 9 | Stress distribution of σ11 in (A) glulam and (B) CFRP sheets for the FEM model of group WH+H.
Taking the groups of W and WH+H as examples, both their experimental and numerical load–deflection curves are plotted in Figure 10. As shown in Figure 10, the numerical curves fit well with the experimental ones, especially during the initial linear-elastic stage. Since the fracture of the bending glulam was not simulated in the model, the load from the numerical curves does not decline dramatically when the mid-span deflection increases beyond the point of the maximum load. Due to an immediate overall failure following the maximum load in beam specimens, modeling the decline section of load-deflection curves is meaningless for this research.
[image: Figure 10]FIGURE 10 | Comparison of load–deflection curves between the numerical results and the experimental results of (A) group W and (B) group WH+H.
A comparison was conducted between the numerical and experimental results including the maximum bending-resisting moment Mu and the apparent bending stiffness EappI, as listed in Table 6. For the Mu, ideal agreement can be achieved with a range of difference between 0.31 and 11.17%. For the unreinforced specimens, the Mu from the numerical model is higher than that from the experimental Mu due to the knots existing in unreinforced specimens, whereas such a trend does not exist for the reinforced specimens. For the EappI, the numerical values were calculated based on Eq. 1 from numerical curves, and a range of difference between 7.37 and 16.13% exists between the numerical EappI and the experimental EappI. For both the unreinforced and the reinforced specimens, the numerical EappI is lower than the experimental EappI. It indicates that the adopted MOE of the glulam in the FEM models is lower than the actual bending MOE of the glulam specimens.
TABLE 6 | Comparison of the numerical results to the experimental results.
[image: Table 6]5 THEORETICAL ANALYSIS
A general analytical model was employed to theoretically predict the bending-resisting moment Mu,r and the bending stiffness Esf,rI of reinforced glulam beams, based on the following assumptions: 1) the strain profile remains linear during the whole loading process; 2) the longitudinal stress–strain relationship of the glulam follows the Bazan–Buchanan law (Bazan, 1980; Buchanan, 1990), where the compressive behavior is bilinear and the tensile behavior is linear as shown in Figure 11, in which m was adopted as 0.1 based on the tests on the glulam properties; and 3) the stress–strain relationship of CFRP sheets in tension is linear, as shown in Figure 8.
[image: Figure 11]FIGURE 11 | Stress–strain relationship for glulam in the theoretical model (Bazan, 1980; Buchanan, 1990).
The analytical model for predicting the bending-resisting moment of glulam beams reinforced with one layer of the CFRP sheet is illustrated in Figure 12. The bending failure occurs when the tensile stress of the glulam bottom fibers reaches their tensile strength fgtu. The tensile strength fgtu of the bottom fibers in the theoretical model was considered identical with the bending strength fm,r that was calculated based on Eq. 2, in which fm,un is the bending strength of unreinforced beams calculated based on their experimental bending-resisting moment Mu,un; α is the modification factor for considering the enhancement of the maximum tensile strain as the addition of CFRP reinforcement. The value of α was adopted as 1.2 herein, since for glulam beams reinforced with one CFRP sheet, the increasing ratio of their experimental maximum tensile strain was around 20%, as listed in Table 5. The depth of the neutral axis hgc can be calculated by introducing the mathematical relations and the values of variables into the internal force equilibrium condition in Eq. 3. Then the bending-resisting moment Mu,r can be calculated from Eq. 4.
[image: image]
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[image: Figure 12]FIGURE 12 | Theoretical model for predicting the Mu of the reinforced glulam beams.
The analytical model of glulam beams reinforced with two layers of the CFRP sheet is similar to that shown in Figure 12, except that totally two layers of CFRP sheets were positioned in the tensile area of their cross section. It should be noted that the value of α should be adopted as 1.3 herein, since the increasing ratio of the experimental maximum tensile strain was around 30% for glulam beams reinforced with two layers of CFRP sheets, as listed in Table 5.
For facilitating the follow-up comparison between the experimental and analytical properties, the experimental shear-free bending stiffness Esf,rI that could reflect the pure bending mechanism of reinforced glulam beams was induced from the experimental apparent bending stiffness Eapp,rI that actually reflected both the bending and shear mechanisms, based on Eq 5 from the ASTM D198-15 (2015). In Eq 5, λ is the factor calculated based on Eq. 6, which can exclude the influence from the existing shear deformation on the bending stiffness. The G12 in Eq. 6 was the shear modulus calculated from Eq. 7, where E1 and E2 are the MOE parallel-to-grain and perpendicular-to-grain, respectively; ν12 and ν21 are Poisson’s ratios according to the Wood handbook (Ross, 2010). Furthermore, the theoretical shear-free bending stiffness Esf,rI of reinforced glulam beams can be calculated by using the transformed section method. In this transformed section method, the adopted glulam MOE Eg is equal to the shear-free MOE Esf,un of unreinforced glulam beams, which can be calculated based on Eq. 8, in which the Eapp,unI is the experimental apparent bending stiffness of unreinforced glulam beams. The experimental results of both the Mu,r and the Esf,rI, and their predictive results from the analytical model are listed in Table 7.
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TABLE 7 | Comparison of the theoretical results to the experimental results.
[image: Table 7]As listed in Table 7, ideal accuracy can be obtained between the experimental results and the predictive results with a difference of within 10%, in terms of both the bending-resisting moment Mu,r and the shear-free bending stiffness Esf,rI. It indicates that once the bending strength and the MOE of the glulam as well as the MOE of CFRP are determined, the bending performance of CFRP-reinforced glulam beams can be predicted accurately. It should be noted that the experimental Mu,r was slightly lower than the predicted Mu,r from the analytical model, which might be caused by the knots existing in the glulam bending specimens.
6 CONCLUSION
In this article, the bending performance of 18 glulam beams, unreinforced or reinforced with internally embedded CFRP sheets, was studied based on the four-point bending test; besides, both numerical analysis and theoretical analysis were also conducted. The conclusions can be drawn as follows:
1) All bending beams illustrate a brittle failure mode that resulted from the fracture of the bottommost lamination in the pure bending area. For unreinforced beams, the failure is mainly caused by the sudden brittle fracture of knots, whereas reinforced beams exhibited a slower failure process with observed crack propagating and wrinkling on the compressive side.
2) Since no slip failure occurred between the CFRP sheet and glulam in tests, PU adhesive is proven to be a suitable adhesive for the fabrication of CFRP-reinforced glulam beams.
3) Both the bending–resisting capacity and the maximum deflection of reinforced beams were enhanced with an increase of the CFRP strengthening ratio, and the bending performance can be enhanced more significantly when the CFRP sheets with a higher MOE were employed in glulam beams.
4) In reinforced beams, a nonlinear behavior was observed on the compressive side of beams, and the increasing ratio of the maximum compressive strain and tensile strain is up to 57.20 and 29.30%, respectively.
5) The numerical load–deflection curves of reinforced and unreinforced glulam beams agree well with the experimental curves; besides, a satisfactory difference within 10% exists between the experimental bending performance and the bending performance obtained from the general theoretical model.
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MOE 20 50 x 50 x 160 349.16 50.86 14.76
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