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This work studies the improvement in the inelastic mechanical property of steel-concrete composite beams strengthened by carbon-fiber-reinforced polymer (CFRP) laminates under a negative moment. First, the monotonic loading test was designed and performed on an inverted simply supported beam to simulate the negative moment regions of continuous composite beams. Second, the finite element analysis (FEA) on flexural capacity and cracking resistance in negative moment regions of the composite beams was carried out with ANSYS software. A series of mechanical indexes including the load-deflection curve, component strain, and crack propagation were obtained from the FEA model and verified through the test data. The results showed that the FEA model can accurately predict the general mechanical behavior of composite beams under negative moments, and the calculation results considering the interface slip effect were closer to the experimental values. Finally, based on the FEA model, the parametric study on static behavior in negative moment regions of composite beams strengthened with/without CFRP laminates was conducted. The effects of the CFRP layout width, layout position, layer number, longitudinal reinforcement ratio, and shear connection degree on the bearing capacity of the composite beams were considered. The CFRP laminates can effectively improve the bending resistance of composite beams under negative moments. At a low reinforcement ratio, the bearing capacity was greatly affected by the layout width and layer number of the CFRP laminates, but the rate of increase was not significant when the layer number was more than 3. The reinforcement ratio had a great influence on the bearing capacity of composite beams under negative moments, but the influence of the shear connection degree was not remarkable.
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1 INTRODUCTION
In recent decades, new materials or structures have been widely used in civil engineering (Qin et al., 2020; Zhang et al., 2021; Zhang et al., 2022; Lin et al., 2022). As a relatively new form of construction in China, steel-concrete composite structures have been popularized in bridge engineering because of the full use of properties of the two materials (Wang et al., 2017; Wang et al., 2021). However, steel-concrete continuous composite beams have problems such as concrete cracking and compression buckling of the bottom profile under a low static load level due to the existence of a negative moment at the middle support position (Hamoda et al., 2017). In recent decades, considerable research has focused on the static behavior of composite beams under negative moments with experimental tests (Song et al., 2018; Fan et al., 2020), theoretical methods (Fan, 2003; Nguyen et al., 2009), and numerical calculations (Chen et al., 2011; Lin and Yoda, 2014). At present, the calculation and analysis methods have tended to be mature and can serve the design well. Compared with traditional building materials such as steel, reinforcing bar, and concrete, carbon-fiber-reinforced polymers (CFRPs) have excellent properties of lightweight, high strength, and corrosion and fatigue resistance, and they has been widely used in the construction and reinforcement of engineering structures. Studies showed that reinforced concrete structures (Hawileh et al., 2013; Hawileh et al., 2014), steel beam structures (Teng et al., 2015; Ghafoori et al., 2015), and steel-concrete composite structures (Tavakkolizadeh and Saadatmanesh, 2003; Karam et al., 2017) can be effectively improved in terms of flexural bearing capacity, fatigue life, and cracking performance after strengthening with CFRP laminates.
The nonlinear static behavior of defective curved steel beams strengthened by CFRP laminates was studied using the ANSYS software, and the results of the analysis showed that the utilization of CFRP laminates for strengthening the curved beams could recover the lost strength to some extent (Keykha, 2019). The model test and finite element analysis (FEA) of composite beams with CFRP laminates in negative moment regions were carried out to study the flexural mechanical behavior and cracking resistance, and the results showed that the introduction of CFRP laminates can effectively improve the cracking performance and bearing capacity (El-Zohairy et al., 2017). The flexural behavior of pre-damaged steel-concrete composite beams reinforced with CFRP laminates was studied through the experimental test of 10 beams, and the mechanical properties could be restored at a certain proportion. Meanwhile, the use of mechanical anchors in the pre-damaged steel-concrete composite beams could improve the structural strength, obviously (Karam et al., 2017). To analyze the flexural strength of steel-concrete composite beams strengthened with a pre-stressed CFRP plate, an analytical solution was proposed by applying experimental and finite element methods, and it was found that the stiffness and strength of steel-concrete composite beams could be improved effectively by using CFRP plates, and the FEA results were in good agreement with the test results (Deng et al., 2011). The flexural performance of steel beams reinforced with anchored hybrid composites was analyzed and discussed, and the multiple influencing parameters involved in the length of fiber-reinforced polymers (FRPs), the thickness of the FRP, and the number of anchors were investigated in detail (Sweedan et al., 2016).
Although some studies have been done to explore the mechanical behavior of steel-concrete composite beams strengthened by CFRP laminates, most of the CFRP laminates were bonded to steel beams under positive moments. There are few reports focusing on the influence of CFRP reinforcement technology on the mechanical properties and cracking control in composite beams under negative moments. In addition, the FEA theory has become an important way to study the mechanical mechanism of structures in recent years. By establishing a fine FEA model, the reliability of the model test and theoretical analysis can be verified, and the application scope of experimental and theoretical methods can be further extended to the analysis of the mechanical behavior of complex structures under various actions (Fan, 2003). It is difficult to analyze the whole process of structural loading according to the traditional method, because of the significant nonlinear characteristics of composite beams under the action of negative moments. At this point, the FEA method can be used to analyze the inelastic mechanical properties of the structure.
This study is to understand the inelastic mechanical behavior of steel-concrete composite beams upgraded with CFRP laminates under negative moments. To simulate the negative moment regions of continuous composite beams, a monotonic loading test is performed on a plain beam in an inverted simply supported position. An FEA model is developed and validated through the test results with ANSYS software, and a series of mechanical indexes, such as load-deflection curve and component strain, are obtained. Based on the FEA model, CFRP laminates are introduced to strengthen the concrete slab, and the mechanical properties of composite beams under negative moments strengthened with/without CFRP laminates are compared and analyzed. Through the parametric analysis, the influences of the CFRP layout width, layout position, layer number, longitudinal reinforcement ratio, and shear connection degree on the bearing capability of structures are determined. It is expected to provide a reference for practical engineering design and application of such structures.
2 OUTLINE OF THE EXPERIMENT
Considering the characteristics of negative moments at the bearing position of continuous composite beam bridges in practical engineering, an inverted simply supported beam is designed and performed in this study to simulate this region. The dimension details of the test beam are shown in Figure 1. The total longitudinal length of the specimen is 3,900 mm and the calculated span is 3,500 mm. The height of the specimen is 500 mm, consisting of the concrete slab with a thickness of 150 mm and an I-beam with the height of 350 mm. The width of the concrete slab is 600 mm and the concrete strength grade is C50. The HRB400 hot-rolled ribbed steel bars are used in the concrete slab, of which the longitudinal and transverse diameters are 16 and 10 mm, respectively. The ratio of the longitudinal reinforcing bars is 4.0%. The grade of the whole steel beam adopts Q345, and the thicknesses of the web, top flange, and bottom flange are 12 mm, 12, and 14 mm, respectively. The interface between the steel beam and the concrete slab is equipped with stud connectors to resist longitudinal shear force. The shear connection degree of the test beam is designed to be 0.95 with a diameter, height, and spacing of 16, 90, and 100 mm, respectively. The set-up of the static test is shown in Figure 2.
[image: Figure 1]FIGURE 1 | Dimension details of the test specimens (unit: mm): (A) front elevation; (B) side elevation.
[image: Figure 2]FIGURE 2 | Static test set-up.
The compressive strength of the concrete cube is tested according to relevant regulations before the loading test. According to the test results, the averages of the cube compressive strength and axial tensile strength are 51.2 and 3.44 MPa, respectively. In addition, three tensile specimens are taken from tensile steel bars with a diameter of 16 mm and from steel plates with a thickness of 12 and 14 mm, respectively, and then the steel properties are tested. The average values of the tensile yield strength of the rebars, web (or top flange), and bottom flange of the steel beams are 592, 443, and 391 MPa, respectively. The average values of the ultimate tensile strength are 718, 608, and 520 MPa, respectively. All the material properties are shown in Table 1.
TABLE 1 | Material properties of the specimen materials.
[image: Table 1]3 FINITE ELEMENT MODEL
Steel-concrete composite beams are composed of different materials, and the mechanical behavior depends on the properties of each material and the interaction between each member. It is difficult to study the whole loading process of the composite structure by the traditional analytical method because of the significant nonlinear characteristics after the cracking of the concrete slab under the action of negative moments. In addition, the model test has certain limitations such as the high cost of manpower, material resources, and financial resources. Then, the FEA method can be used to analyze the mechanical properties of the steel-concrete composite beams under negative moments and the inelastic strengthened beams bonded with the CFRP.
3.1 Element Type and Meshing
The concrete slab is modeled by using a three-dimensional (3D) solid element SOLID65, which has the effects of tensile cracking and compression crushing. This type of element is defined by eight nodes and each node has 3°of freedom. The steel beam is simulated by using a SHELL43 element, each node of which has 6°of freedom of translation and rotation. This element has the characteristics of plasticity, creep, stress rigidness, large deformation, large strain, and element of life and death. The steel block at the loading position is developed by the SOLID45 element, with the characteristics of plasticity, creep, expansion, stress hardening, large deformation, large strain, and initial stress input. The number of nodes and degrees of freedom in SOLID45 are identical to those in SOLID65. The longitudinal reinforcing bars are simulated by a 3D truss element LINK8, each node of which has 3°of freedom. This type of element can bear axial tension and compression but not bending moment, with the characteristics of plasticity, creep, stress rigidification, and large deformation. A non-linear spring element COMBINE39 is used to simulate the longitudinal shear behavior of the stud connectors. The element has unidirectional characteristics with a nonlinear generalized force-deformation curve, and each node has 3°of freedom. At present, the element types used to simulate CFRP laminates include SOLID46 with layered structure characteristics and SHELL41 with membrane characteristics. In addition to the characteristics mentioned previously, SOLID46 allows more than 250 layers of different materials, with stress hardening and large deformation properties. SHELL41 is defined by four nodes, each of which has 3°of freedom. This type of element only has the plane inner membrane stiffness but no out-of-plane bending stiffness. It has the characteristics of stress rigidness, large deformation, non-linearity, and element of life and death. According to the contrast, the mechanical properties of SHELL41 are more consistent with the loading state of CFRP laminates in structural reinforcement. Thus, this element is used to simulate CFRP laminates in the modeling process of this study.
When the load acting on the composite beam is in the normal service stage, the slip between the steel and concrete is negligible compared with the slip between the steel beam and concrete slab (Nie et al., 2004). Therefore, it can be assumed that a good bond relationship exists between reinforcement and the concrete, and the coupling of node degrees of freedom is adopted in modeling. When CFRP laminates are introduced to strengthen the concrete slab of composite beams, high strength epoxy resin is usually used as a reliable adhesion agent, which can better realize the bond between the CFRP laminates and the concrete slab. Thus, it is also assumed that CFRP laminates and the concrete slab are perfectly bonded during the establishment process of the FEA model. The existing literature shows that the phenomenon of lifting will be produced between the steel beam and the concrete slab under the action of the load, and a certain tension will be generated in the studs. However, compared with the longitudinal slip, this phenomenon has little effect on the overall performance of composite beams. Therefore, the lateral and vertical degrees of freedom of the adjacent nodes at the interface between the top flange of the steel beam and the concrete slab are coupled to achieve the purpose of ignoring the lifting effect (Fan, 2003). The final FEA model is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Establishment of the finite element model.
3.2 Material Constitutive Relation
3.2.1 Concrete
In this study, the classic Hognestad model (Hognestad, 1951) is adopted to represent the stress-strain constitutive relationship of concrete, as shown in Figure 4. During the developing process of the FEA model, the multi-linear isotropic strengthening model (MISO) is used to define the curve. From Figure 4, we can see that a descending section existed in the stress-strain curve of the concrete in the tension process. But different from the case of compression, it is generally considered that the concrete is damaged when it reaches the ultimate tensile strength. Thus, only the ascending section of the straight line in the tensile process is considered. During the FEA, the axial tensile strength ft′ can be obtained from the axial compressive strength of the cylinder fc′ by using the following conversion relation:
[image: image]
[image: Figure 4]FIGURE 4 | Stress-strain constitutive relation of the concrete.
3.2.2 Steel
Considering the elasticity and strengthening characteristics of the stress-strain curves of the steel, the bilinear kinematic strengthening model (BKIN) is used to simulate the constitutive relationship of steel beams or reinforcing bars during the modeling process, as shown in Figure 5. From Figure 5, we can see that the stress-strain curve will be simplified to a gentle oblique line after the steel reaches the yield point fy. To ensure the convergence of model calculation, the strengthening modulus Es’ is uniformly taken as 1/20,000 of the elastic modulus Es by referring to the selection method in the literature (Fan, 2003), and the constitutive curves under tension and compression are assumed to be the same. In addition, the ultimate tensile strain of longitudinal tensile reinforcement is equivalent to 0.01 in this study (GB 50010-2010, 2010).
[image: Figure 5]FIGURE 5 | Stress-strain constitutive relation of the rebar.
3.2.3 Shear-Slip Relationship of Stud Connectors
For stud connectors, various shear-slip curves have been proposed. The calculation method in this study adopts the highly recognized exponential model proposed by Ollgaard et al. (1971) as shown in Figure 6, and the specific form is as follows:
[image: image]
where, Q is the shear force of the studs; s is the slip generated at the welding position of the studs; Qu is the ultimate shear bearing capacity of studs; and [image: image] where Asu is the cross-sectional area of studs and fsu is the tensile strength of the studs.
[image: Figure 6]FIGURE 6 | Shear-slip relationship of stud connectors.
3.2.4 Carbon-Fiber-Reinforced Polymers Laminates
When reaching the ultimate tensile stress, the CFRP laminates will fracture directly, and the stress immediately drops to 0. The ultimate tensile strain of the CFRP laminates is generally 0.015–0.02. In this study, it is assumed that CFRP laminates are an ideal linear elastic material with a designed thickness of 0.167 mm. The tensile elastic modulus, the ultimate tensile strength, and the Poisson ratio are equivalent to 2.2 × 105 MPa, 3,200 MPa, and 0.2, respectively.
4 FINITE ELEMENT ANALYSIS MODEL VALIDATION AND DISCUSSION
4.1 Load-Deflection Curve
Based on the static test performed previously, an FEA model is established and verified in this section. It is worth explaining that the load-deflection curve of a structure generally includes a rising section and a descending section, and the latter is related to the ductility of the structure. However, the maximum deformation in the FEA is difficult to realize because of the low convergence and accuracy in the simulation calculation. Therefore, this study focuses on the failure state of the component corresponding to the peak load, and does not consider the maximum deformation of the descending section. The comparison result of calculated and tested values of the load-deflection curve is shown in Figure 7. The two calculation curves by the FEA model take into account two working conditions with slip and without slip effects between the concrete and the steel beam. When interface slip is considered, a spring element COMBINE39 is used to simulate the shear performance of the studs. When interface slip effect is not considered, the freedom degrees of nodes in the contact interface between the concrete and the top flange plate are coupled. As can be seen from the figure, the influence of interface slip effects can be ignored before the service load (50% Fu), because the finite element calculation results of the two cases coincide well. When the structure enters the elastic-plastic stage, the slip effect has a certain influence on the mechanical properties of the structure, mainly in the smaller flexural stiffness with considering the slip effect than that without considering. But the slip has little influence on the ultimate bearing capacity of composite beams. In addition, the bending stiffness obtained by the FEA model is higher than the experimental value, especially in the nonlinear stage. The assumption of a perfect bond between reinforcement and the concrete in the modeling process and the neglect of the weakening effect of shear connectors in concrete slabs are the main reasons for the difference in the results. But from the overall trend, the load-deflection curve calculated by the finite element is in good agreement with the experimental data, and the calculated results considering the interface slip effect are closer to the experimental values. The influence of the slip effect is considered in the FEA of the following contents.
[image: Figure 7]FIGURE 7 | Comparison of calculated and tested values of the load-deflection curve.
The comparison of calculated and tested values of the test beam at the characteristic points are shown in Table 2, including the cracking state of the concrete slab, the normal limit state of the beam when the deflection reached the ultimate value (i.e., L/600), and the states of the compressive yield of the bottom profile, the tensile yield of longitudinal reinforcing bars, and the limit state of structure bearing capacity. L/600, fsy, fry, and fu in Table 2 represent deflections at the mid-span of each aforementioned stage, respectively. It can be seen from the table that the model calculation results of load or deflection at each characteristic point are quite consistent with the test values. Especially for the load, the error between the calculated and tested values is basically within 5%. It shows that the FEA model in this study can obtain an accurate inelastic mechanical behavior of a composite structure under negative moments.
TABLE 2 | Comparison of calculated and tested values at characteristic points.
[image: Table 2]4.2 Load-Strain Curve
In the FEA model, the strain of the bottom profile at the loading position is affected by the cushion block. Thus, the strain curves at the bottom of the web and the middle of the top steel profile are selected and compared with the experimental values. For the strain curve of the reinforcing bar, the main tension bar closest to the web of the steel beam at mid-span is selected as the research object. The comparison results of load-strain calculation curves and test values of the steel beam and the reinforcing bar are shown in Figure 8. It can be seen from the figure that the calculated strain of the steel beam is in good agreement with the experimental values. Because of the influence of concrete cracking, there is some deviation between the calculated and the experimental results after the structure enters the yield stage. But in general, the FEA model accurately simulates the loading process of the inverted composite beams. The results show that the reinforcing bars and steel beams in the negative moment region can work well together and give full play to their plastic deformation abilities.
[image: Figure 8]FIGURE 8 | Comparison of calculated and tested values of strain in the steel beam and the rebar: (A) strain curves of the steel beam; (B) strain curves of the rebar.
4.3 Yield State of the Bottom Profile
Figure 9 shows the Mises equivalent stress cloud at the yield load of the bottom steel profile (701.8 kN). As can be seen from the figure, the maximum compressive stress of the steel beam occurs at a position about 20 cm away from the loading point, due to the existence of vertical stiffeners. At this moment, the maximum compressive strain reaches about 2,000 με, and then the steel plate enters the yield stage during the subsequent loading process. This phenomenon is consistent with the observation of the test.
[image: Figure 9]FIGURE 9 | Equivalent stress distribution at yield loading of the bottom flange plate (unit: Pa).
4.4 Crack Propagation
As can be seen from Table 2, the finite element calculation result of the cracking load of concrete slabs is basically consistent with the test value, accounting for about 6.5% of the ultimate load. After reaching the cracking load of concrete, the ANSYS program will record the cracking situation of SOLID65 in each loading step and represent the cracking and fracturing behavior with circles and octagons, respectively. Figure 10 shows the crack propagation of a half-span concrete slab under different load grades. As can be seen from the figure, the initial cracks occur near the mid-span of the concrete slab, and then gradually propagate to the beam end with the increase of load grade. When the load reaches about 40% Fu, all transverse cracks appear basically, and several inclined cracks occurred near the support position which is consistent with the phenomenon observed in the test process.
[image: Figure 10]FIGURE 10 | Simulation of crack propagation of the concrete slab under different load levels: (A) load to the Fcr; (B) load to the 25% Fu; (C) load to the 40% Fu; and (D) load to the Fu.
5 PARAMETRIC STUDY
The FEA model of the test beam is developed as mentioned previously, and the comparison and verification between calculation results and test data are carried out. Based on the FEA model, the parametric study on the bearing capacity in negative moment regions of composite beams strengthened with CFRP laminates is conducted in this section. The parameters considered include CFRP layout width, layout position, layer number, longitudinal reinforcement ratio, and shear connection degree.
5.1 Effect of Layout Width of Carbon-Fiber-Reinforced Polymers Laminates
To analyze the influence of the CFRP layout width on the mechanical properties of composite beams in negative moment regions, the layout width of CFRP laminates in the FEA model is equivalent to 100, 200, 300, 400, 500, and 600 mm respectively, under the premise of keeping the structural size of composite beams unchanged, as shown in Figure 11. Table 3 shows the cracking load, reinforcement yield load, and ultimate load of composite beams with different widths of CFRP laminates. The reinforcement ratio is chosen as 4.0% and 0.5%. It can be seen from the table that the mechanical properties of composite beams under negative moments with CFRP laminates are improved to a certain extent, especially when the reinforcement ratio is low. It is mainly manifested in the following aspects: the CFRP laminates can improve the crack resistance of the concrete slab in the negative moment region of composite beams, and the cracking load can be increased by about 5.0%; when the reinforcement ratio is high, the load at the yield stage of the reinforcing bar in the concrete slab with CFRP laminates is increased by less than 5% compared with the composite beam without CFRP laminates, and the growth rate reaches to 18.6% under a low reinforcement ratio; when the reinforcement ratio is high, the ultimate load of the composite beam with CFRP laminates is increased within 12% compared with the beam without CFRP, and the growth rate tends to be stable when the layout width exceeds 300 mm (Figure 12A); however, the growth rate at a low reinforcement ratio can reach up to 25.2%, and the ultimate load increases linearly with the increase of the layout width (Figure 12B).
[image: Figure 11]FIGURE 11 | Arrangement of the CFRP with different widths.
TABLE 3 | Calculated values by the FEA with different widths of the CFRP.
[image: Table 3][image: Figure 12]FIGURE 12 | Curve of the ultimate load varied with CFRP width: (A) reinforcement ratio ρ = 4.0%; (B) reinforcement ratio ρ = 0.5%.
5.2 Effect of the Layout Position of Carbon-Fiber-Reinforced Polymers Laminates
When the concrete slab in the negative moment region of the composite beam is not bonded with CFRP laminates within the full width, an FEA model considering the layout position (Figure 13) is carried out to analyze the impact on the bearing performance of composite beams. In the FEA model, the total width of the CFRP layout is designed as 300 mm, and the reinforcement ratio of longitudinal reinforcement in the concrete slab is designed as 0.5%. The calculation results show that the load-deflection curves of the composite beams with the different layout positions of CFRP laminates coincide well, as shown in Figure 14A. When the total layout width of the CFRP laminates remains unchanged, the different layout positions have little effect on the bearing performance of the composite beam, with a cracking load, reinforcement yield load, and ultimate load of about 63, 490, and 830 kN, respectively. Figure 14B shows the curves of the maximum tensile stress of CFRP laminates varied with load. It can be seen that the maximum tensile stress of the CFRP laminates in the three layouts is basically the same before concrete cracking. However, the maximum tensile stress of the CFRP laminates arranged in three columns is smaller than that of the other two forms after the crack appears. Therefore, to reduce the stress of the CFRP laminates and control the crack width at the edge of the concrete slab, the CFRP laminates should be reasonably distributed along the width of the concrete slab in practical applications.
[image: Figure 13]FIGURE 13 | Arrangement of the CFRP with different positions.
[image: Figure 14]FIGURE 14 | Variation curves of deflection and CFRP stress: (A) load-deflection curve; (B) load-maximum tensile stress of the CFRP curve.
5.3 Effect of Layer Number of Carbon-Fiber-Reinforced Polymers Laminates
In practical engineering, the load-bearing performance of the structure is often guaranteed by increasing the number of CFRP adhesive layers. But this method tends to be conservative, resulting in a waste of materials. To study the influence of the layer number of CFRP laminates on the mechanical properties of composite beams under the action of negative moments, the numerical modeling and calculation analysis of composite beams with 1–5 layers of CFRP laminates on concrete slabs were carried out. The width of CFRP laminates is designed as 600 mm and it is arranged in three columns. Table 4 shows the cracking load, reinforcement yield load and ultimate load of composite beams with different layer numbers of CFRP laminates. The reinforcement ratio is chosen as 4.0% and 0.5%. It can be seen from the table that the cracking load of the concrete slab bonded with CFRP laminates can be increased by about 5.0%. But with the increase in the layer number, there is no significant improvement. When the reinforcement ratio is high, the load at the yield stage of the reinforcing bar in the concrete slab bonded with CFRP laminates is increased by less than 10% compared with the composite beam without CFRP laminates. However, the load-bearing performance of composite beams with more bonded layers is not significantly improved on the whole (Figure 15A). When the reinforcement ratio is low, the bearing performance of the composite beam with 1 ∼ 3 layers of CFRP laminates is greatly improved. The yield load of the reinforcing bar is increased by 26.5% and the ultimate load is increased by 30.3% when three layers of CFRP laminates are arranged. However, with the further increase in the number of adhesive layers, the load-bearing performance is not significantly improved (Figure 15B). In practical engineering, a reasonable number of layers should be arranged in combination with design requirements and theoretical calculations.
TABLE 4 | Calculated values by the FEA with different layers of CFRP.
[image: Table 4][image: Figure 15]FIGURE 15 | Curve of the ultimate load of the composite beam varied with CFRP layers: (A) reinforcement ratio ρ = 4.0%; (B) reinforcement ratio ρ = 0.5%.
5.4 Effect of the Longitudinal Reinforcement Ratio
To study the influence of the longitudinal reinforcement ratio on the bearing capacity in negative moment regions of composite beams, the FEA model is developed with reinforcement ratios of 0.5%, 1.5%, 2.5%, 3.5%, and 4.5%, under the condition of keeping the structure and size of the composite beams unchanged. The layer number of CFRP laminates is designed as 1. The width of CFRP laminates is designed as 600 mm, and the layers are arranged in three columns. The curves of the ultimate bearing capacity of composite beams under negative moments with/without CFRP laminates varied with the reinforcement ratio are given in Figure 16. It can be seen from the figure that the longitudinal reinforcement ratio has a great influence on the bearing performance in the negative moment region of the composite beam. The ultimate load increases with the increase in the reinforcement ratio, and the growth rate reaches 15% ∼ 45%. Compared with the composite beam without CFRP laminates, the ultimate load of the composite beam bonded with CFRP laminates is increased by 10% ∼ 15%.
[image: Figure 16]FIGURE 16 | Curve of the ultimate load varied with the longitudinal rebar ratio.
5.5 Effect of the Shear Connection Degree
To study the effect of the shear connection degree on the bearing performance in negative moment regions of composite beams, the FEA model is developed with shear connection degrees of 40%, 60%, 80%, 100%, and 100%, under the condition of keeping the structure and size of composite beams unchanged. The longitudinal reinforcement ratio, the width of CFRP laminates, the layer number, and the column number of CFRP laminates are designed as 0.5%, 600 mm, 1, and 3, respectively. The curves of the ultimate bearing capacity of composite beams under negative moments with/without CFRP laminates varied with shear connection degrees are given in Figure 17. During the whole loading process of the FEA, it is found that when the shear connection degree is more than 40%, the maximum slip at the composite beam interface does not exceed 0.2 mm, which is less than the ultimate slip value of the stud connection (Fan, 2003). That is, no shear failure of the connectors occurs during structural loading. It can be seen from the analysis in Figure 17 that the ultimate load of the composite beam bonded with CFRP laminates is increased by about 15% compared with the beam model without CFRP laminates under the same loading conditions. However, the shear connection degree has little effect on the bearing capacity of the composite beam under negative moments. When the shear connection degree is 100% and above, the bearing capacity of the composite beam bonded with CFRP laminates in the negative moment region increases by about 5%, while the growth rate of the ultimate load of composite beams without CFRP laminates is less than 3%. This phenomenon is consistent with the research results in the existing literature (Loh et al., 2004), that is, the ultimate bearing capacity of composite beams in the negative moment region does not significantly decrease when the shear connection degree is reduced from 100% to 33%. However, considering the factors such as the fatigue performance of the connector and the complex force in the negative moment region, it is still recommended to design the studs based on the relevant specification (BS EN 1994-2, 2005; BS 5950, 1990), that is, the degree of shear connection should not be less than 100%.
[image: Figure 17]FIGURE 17 | Curve of the ultimate load varied with the degree of shear connection.
6 CONCLUSION
In this study, the FEA model of composite beams under negative moments is developed with ANSYS software by selecting reasonable elements and material constitutive relations. The inelastic mechanical behavior of the test beam is simulated and calculated, and the accuracy of the FEA model is verified by the comparative analysis with the test results. Then the influence of CFRP laminates on the bearing performance of composite beams under negative moment is considered, and a parametric analysis is further carried out. The main conclusions are as follows:
(1) The FEA model can accurately predict the general mechanical behavior of steel-concrete composite beams under the action of negative moments. The finite element calculation results considering the interface slip effect are closer to the experimental values. The assumption of a perfect bond between reinforcement and the concrete and the neglect of the weakening effect of shear connectors in concrete slabs are the main reasons for the higher nonlinear stiffness of the FEA model than the experimental results.
(2) According to the analysis of the effect of the layout width of CFRP laminates, it is found that the bonded CFRP laminates can effectively improve the flexural performance of composite beams under negative moments. The crack resistance of the concrete slab bonding with CFRP laminates can be improved with the cracking load increasing by about 5.0%.
(3) From the analysis of the effect of the layout position of CFRP laminates, it can be seen that a different layout position has little influence on the load-bearing performance of composite beams, when the total width of CFRP laminates keeps unchanged. The maximum tensile stress of the CFRP laminates arranged by different layout methods remains almost unchanged before concrete cracking, while the maximum stress of CFRP laminates arranged in three columns is less than that of the other two forms after the crack appears.
(4) From the analysis of the influence of the layer number of CFRP laminates, it can be concluded that the load-bearing performance of the composite beams bonded with 1 ∼ 3 layers of CFRP laminates is greatly improved when a low reinforcement ratio is designed. But the bearing performance is not significantly improved with the further increase in the number of layers. Compared with the low reinforcement ratio, the number of bonded layers has no significant effect on improving the bearing performance of composite beams with the high reinforcement ratio.
(5) From the analysis of the effect of the longitudinal reinforcement ratio and shear connection degree, it is found that the longitudinal reinforcement ratio has a great influence on the bearing performance in the negative moment region of composite beams bonded with CFRP laminates, while the influence of shear connection degree is not significant. However, it is still suggested that the shear connection degree in the negative moment region of composite beams should not be less than 100% from the design point of view.
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