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Abstract

:

This paper proposes a new type of composite box beam combined with cold-formed thin-walled steel and glued laminated timber to develop green building structures while improving the load-carrying capacity of a single steel girder and glued timber girder. Two composite beams composed of laminated timber and Q235 cold-formed thin-walled steel were designed and fabricated. Then, the shear performance test with quadratic loading was carried out to analyze the load carrying capacity, damage modes, and deformation characteristics of the test beams, as well as their influencing factors. Subsequently, a finite element model of the composite beam was established, and the loading mode was the same as that of the test to further study the parameters affecting the shear performance of the composite beam. The results of the study indicate that steel and glued timber in composite beams connected by adhesive bonding can work and deform together under load and each give full play to its material properties, especially the composite beams, which exhibit higher shear strength than a steel or timber beam. The effects of parameters such as steel cross-sectional area, shear span ratio, steel skeleton form, and steel cross-sectional strength on the shear capacity of the composite beams were observed, among which the shear span ratio had the greatest effect on the shear capacity of the composite beams. The shear capacity decreased by 14.3% and 19.5% when the shear span ratio was increased from 1.5 to 2.0 and 2.5, respectively. The shear capacity of the combined composite beams increased by 10.6%, 6.3%, and 5.8% when the thickness was increased from 1.5 mm to 2.0 mm, 2.5 mm, and 3.0 mm, respectively. When the combination of the steel cross-section was a box beam, the overall shear-bearing capacity could be increased by 12% compared with the “I” type composite beam, although its shear stiffness was close to that of the “I” section composite beam.
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1. Introduction


Glued laminated wood (Glulam) is a new green building material with green environmental protection. It is formed by drying, planing, and other processing; stacking according to a certain cross-section combination; and sizing and pressing [1]. It has the advantage of low energy consumption, is renewable, and offers green environmental protection. Wood structures made of glulam have the characteristics of light weight, high strength, good seismic resistance and durability, thermal insulation, energy-saving properties, and environmental protection, which is in line with the direction of high performance and sustainable development. In recent years, some scholars have carried out research on glued laminated timber beams [2,3]. Rammer et al. [4] proposed a shear strength formula of a glulam rectangular beam by studying the relationship between the shear strength of the glulam beam and its size, as well as the relationship between shear strength and bending strength. Liu Weiqing et al. [5] proposed several new cross-section forms of glulam beams based on plywood, laminated wood and laminated veneer lumber, and found that their strength and stiffness were higher than those of sawn timber beams. Because pure glulam beams are prone to brittle failure due to wood fiber breakage, many scholars have begun to study the performance enhancement of glulam beams and composite members. Julio Soriano et al. [6] attempted to symmetrically implant steel bars in glulam and carry out experimental research on the bending performance. It was found that the stiffness of glulam beams with embedded steel bars was 50% higher than that of glulam beams without embedded steel bars, and the bearing capacity of normal use was increased by 53.1%. Hassanieh et al. [7] carried out a four-point bending performance test on steel-laminated veneer lumber (LVL) composite beams with self-tapping screws, bolts, and glued self-tapping screws. It was found that the bending stiffness of the bolt connection was higher than that of the self-tapping screw connection, and the glue interface of the composite beam with the glued connection had almost no slip. Li Guodong et al. [8] conducted an experimental study on the shear performance of a new type of cold-formed thin-walled steel–glulam composite beam, and used ABAQUS software (2020) for the numerical analysis. It was found that the bearing capacity and deformation capacity of the composite beam were more prominent than those of the glulam beam. Da Shi et al. [9] studied the monotonic and cyclic axial tensile behavior of bolted steel-laminated veneer lumber (LVL) and bamboo connections. By combining Hill’s yield and element removal criteria, a new, high-fidelity finite element model was proposed. Wu et al. [10] carried out the shear performance test on steel–wood composite beams, and established the calculation formula of shear capacity of composite beams according to the bending shear flow theory. Wang et al. [11] performed four-point bending on a new type of I-LVL beam strengthened by cold-formed thin-walled channel steel, and found that considering the slip effect when calculating the flexural capacity was closer to the actual deformation than the section method.



In summary, glulam composite members have become the main research direction at present. Accordingly, due to the low elastic modulus of glued laminated wood, the elastic modulus of glulam is low, and the strength is degraded during use. It is prone to cracks and moisture, and to corrosion and insect corrosion due to environmental impact [12,13,14]. Therefore, the design of glulam composite beams needs to be able to accurately achieve the corresponding shear failure mode along the grain, and provide data support for its shear performance design. Accordingly, there are few studies on the shear performance or numerical simulation of glulam composite beams. In this paper, two cold-formed thin-walled steel–glulam composite beams were subjected to a four-point loading test. The bearing capacity, failure mode, and deformation characteristics of the test beams were analyzed. At the same time, a pure steel beam and an equal-section pine composite beam were introduced as comparison beams. The finite element model of the composite beam was established to predict the failure mode of wood under a complex stress state under the premise of accurately describing the orthogonal anisotropy of wood. The influences of the steel section area, shear span ratio, steel skeleton form, steel strength, and other parameters on the shear capacity of the composite beam were further analyzed. The purpose was to provide a reference for engineering applications involving the shear performance of steel–glulam composite beams.




2. Experimental Study


2.1. Materials and Methods


The moisture content of the Douglas fir used in the test was 12.4%, referring to “Standard for Test Methods of Timber Structures” [15], “Method of Testing in Tensile Strength Parallel to Grain of Wood” [16] and “Method of Testing in Compressive Strength Parallel to Grain of Wood” [17]. In this study, a smooth-grain tensile strength test and a smooth-grain compressive mechanical property test were carried out on glulam, while a tensile strength test was carried out on steel. The other materials which we used were provided by the manufacturer. The specimens used for the material mechanical property tests are shown in Figure 1. The mechanical property parameters of the glued wood are shown in Table 1, the mechanical property parameters of steel plate are shown in Table 2, the mechanical property parameters of the epoxy resin glue provided by the manufacturer are shown in Table 3, and the mechanical property parameters of the bolt provided by the manufacturer are shown in Table 4.



To determine the shear performance of the cold-formed thin-walled steel-glued beams under static loading, shear tests were performed on two composite beams numbered L-1 and L-2. The same tests were also conducted on two comparison beams, i.e., a steel beam SL-1and a pine beam PL-1 of the same size, to compare the shear capacity with the two composite beams. The mechanical properties of pine wood used in PL-1 are given in reference [18].



As shown in Figure 2, two pieces of cold-formed thin-walled C-beams were bolted back-to-back to form an “I”-shape, and the glulam boards were wrapped around the steel frame to form a fully enclosed box-shaped composite beam. The thicknesses of the glulam panels on the upper and lower flanges were 40 mm each, and the thicknesses of the lateral glued laminated wood panels were 20 mm each. The bolt diameters of the holes in the web of the “I”-shaped steel skeleton were 5 mm, the spacing between the adjacent holes was 300 mm, and the holes were arranged as shown in Figure 3. The length of the test beam was 2500 mm, and the lengths of the beams protruding out of the supports at both ends were 50 mm. All of the specific specimen parameters are shown in Table 5.




2.2. Loading Devices and Measurement Points


The test adopted monotonic static four-point grading loading with one end of the support as a fixed support and the other as a sliding support, and the distance between the two supports from the end of the beam was 50 mm. The mechanical jack was manually graded by a pressure transducer, jack, and distribution beam, and the loading device is shown in Figure 4. Displacement gauges were set in the span, below the loading point and above the support at the end of the beam. To measure the shear strain change in the glulam, strain gauges and displacement gauges were arranged as shown in Figure 5 and Figure 6.





3. Experimental Phenomena and Analysis


3.1. Failure Mode


Figure 7 shows the loading damage process of composite beam L-1. At the beginning of the loading process, the deflection in the span of the composite beam increased with the load, and then there was a gradual sound of degumming; when the load was 50kN, cracks appeared at the gluing site of the flange and the lateral gluing site, and the cracks expanded along the longitudinal direction as the load increasing. When the load reached 140 kN, the lateral laminated timber plate was located at 1/2 of the height of the beam, and a wooden star appeared. The load continued to be loaded, the crack expanded along the direction of the grain until a sudden loud sound was heard, and a shear split was produced between the lower flange plate and the rubber layer. When the load value reached 200 kN and continued loading, the deflection in the span increased, but the load value decreased, and the composite beam lost its bearing capacity.



Figure 8 shows the loading damage process of the composite beam L-2. When the load reached 65 kN, a slight debonding sound appeared in the shear span section, and the frequency of the debonding sound gradually increased as the loading continued. Firstly, cracks in the glue layer appeared near the loading point in the shear span area, while no obvious abnormalities were seen in the pure bending section. The longitudinal cracks unfolded along the fiber layer at the fracture until the end of the beam, and when the load reached 150 kN, the fracture in the tensile zone below the loading point, bending damage occurred, and the composite beam lost its load-carrying capacity. After unloading, the shear crack was not a longitudinal straight crack, but was oblique. Our analysis revealed that the crack development process encountered wood joints, which caused the crack trend to shift.




3.2. Load Deflection Curve Analysis


The load deflection curve of the composite beams is shown in Figure 9. Figure 9 shows that the specimen underwent elastic, elastic–plastic, and plastic failure stages during loading. In the elastic phase, from the beginning of the loading to 1/2 of the ultimate load value, the span deflection of the composite beam increased linearly with the increase in load. The cold-formed thin-walled steel and glulam in the combined beam showed good overall working performances, and were able to work together. When the composite beam entered the elastic–plastic stage, with the increase in load value, the load midspan deflection curve gradually deviated from the straight line and no longer showed a linear change. The stiffness of the composite beam gradually decreased, and the deflection grew faster. When the ultimate bearing capacity was reached, the bearing capacity decreased due to the gradual increase in cracks in the glulam and the fracture of the glued layer, but at this time, the member continued to carry the load and continued to deform, meaning that the composite beam had good elasticity. When the shear span ratio of the composite beam was 2, the maximum bearing capacity of L-1 was 9.2% higher than that of PL-1, and 4.6 times higher than that of SL-1 with external unbonded glulam.




3.3. Load–Strain Curve Analysis


Figure 10 shows the load–strain curves of the L-1 and L-2 composite beams. The strain changed linearly with the increase in load. When the composite beam entered the plastic stage, the curve tended to shift, but the two sides of the curve were still close to a symmetrical distribution, indicating that the glulam and steel can deform synergistically during the stress process.




3.4. Cross Section Height–Strain Curve Analysis


Figure 11 is the cross-section height–strain curve of the composite beam. The mid-span strain of composite beams L-1 and L-2 changed linearly with the height of the section before failure. From the beginning of the loading process to the end, the neutral axis position basically did not shift, which satisfies the plane section assumption.





4. Finite Element Analysis


4.1. Finite Element Modeling


This paper used ABAQUS finite element software to simulate and analyze the smooth shear performance of the glulam beams. Since glulam has complex mechanical properties and there are differences in strength values in the same direction, according to the existing functions of ABAQUS, the intrinsic structure relationship of wood in the down-grain shear direction has not been defined in the material library. Thus, a computer subroutine was prepared to establish a user unit for the cold-formed thin-walled steel–glulam composite beam, which was used to numerically simulate and analyze the shear resistance of the composite beam.



The direction needs to be specified when defining the material properties of glulam. The orthogonal three-way axis and three-way section diagram are shown in Figure 12, and the three elastic principal directions of longitudinal (L), radial (R), and chordal tangential direction (T) are represented by the numbers 1, 2, and 3. In this paper, the elastic stage of glulam is regarded as orthogonal anisotropy. The nine engineering constants of the elastic stage of glulam are shown in Table 6, and the material direction of the glulam beams is schematically shown in Figure 13.



To make the model easy to converge, when defining the mesh properties, the twenty-node quadratic hexahedral cell reduction integral C3D20 was used for the meshing of the glulam, and the eight-node linear reduction integral cell C3D8R was used for the meshing of the steel plate. The meshing diagram is shown in Figure 14. The assumptions for the establishment of the finite element model were as follows: (1) The yielding of the material conforms to the simplified Hashin yield criterion [19,20,21]; and (2) the material is, ideally, linearly elastic before yielding to shear, and enters the plastic flow stage after yielding.



The finite element analysis in this paper completed the web-plate interaction setup by the following two steps. First, the “Embedded region” command was used to achieve cooperative deformation between the bolt and the steel section. The “surface-to-surface contact” command was used to prevent the web plates from separating from each other. The upper and lower flange glulam boards and the glulam boards of the two sides used “tie” binding constraints. The upper flange of the plywood and the upper flange of the steel section were connected by a “Cohesive” unit to obtain a relative slip between the interfaces of the two materials.




4.2. Finite Element Model Stress Analysis


This paper analyzes only a composite beam with a shear-to-span ratio of 2.5. As shown in Figure 15, the initial loading was located in the shear span area on the left and right sides of the glulam plate. Firstly, the shear stress concentration area appeared near the neutral axis near the bottom of the loading point. The maximum shear stress was 7.29 MPa, with the neutral axis as the reference line. The shear stress on the upper and lower sides was symmetrically distributed and decreased in a gradient; the farther away from the neutral axis, the smaller the shear stress. The minimum was 7.11 MPa, indicating that cracks did not appear in the shear span section. When the load reached 168kN, the shear stress in the concentrated area was roughly between 8.11–8.30 MPa. It was located at 1/2 of the beam height, exceeding the shear strength of the parallelepiped. Shear damage occurred in the model, after which the fiber linkage damage expanded rapidly until the final penetration of the bending shear section was reached, marking a loss of shear resistance in the composite beam. This damage phenomenon was consistent with the test phenomenon.



Figure 16 shows the distribution of stress clouds in the loading process of thin-walled sections when the shear-to-span ratio was 2.5. When the load reached 110 kN, the stress at the flange of the thin-walled section first reached a maximum of 265 MPa at the location corresponding to the loading point, and then began to enter the plastic stage. When we continued to load, the stress at the upper and lower flanges of the pure bending section gradually increased until reaching 129 kN, completely entering the plastic stage; at this time, the stress values of the left and right sides of the rolled edge had not yet reached the steel yield strength, and the stress size from the root of the flange decreased step by step. When loaded to 153 kN, the stress at the web of the steel section near the loading point increased from the upper and lower side to 1/2 of the height of the beam, but only a small part reached the yield strength. At the same time, stress distribution in the shear span section was observed, in which the maximum stress at the flange was 184 MPa and the maximum stress at the web was 157 MPa, both of which were lower than its yield strength.



Figure 17 shows the load deflection curve between the test value and the simulated value of the shear capacity of the composite beam L-2. It can be seen that the initial slope and curve trends of the finite element simulation results and the test results were in good agreement in the elastic stage, but there was a slight separation between the two in the plastic stage. The reason for this is that the test beam had an initial crack, which reduced its deformation performance. The relative error between the experimental value and the simulated value of the ultimate load and deflection of the composite beam was less than 10%. The simulation phenomena corresponded to the experimental phenomena, and the finite element model was able to accurately reflect the failure process and the corresponding deflection deformation of the composite beam.




4.3. Load–Span Deflection Analysis


Figure 18 shows the load deflection curve during the static loading process of the composite beam with different shear–span ratios; from the figure, it can be seen that the different curve changes of the shear–span ratios were the same. The initial loading was the elastic stage, and the load and deflection curve represented linear growth. Continuous loading was maintained with more than 66–70% of the ultimate load, that is, when the cold-formed thin-walled steel flange yielded, the curve began to deviate from the linear state, thus entering the elastic–plastic state. The stiffness of the composite beams decreased, and deflection increased more rapidly, soon reaching the ultimate load, which was composite beam in the shear span section of the shear damage. The simulation ended when the lateral plywood of the composite beam broke down due to parallelepiped shear.




4.4. Load-Strain Curve Analysis


Figure 19 shows the strain–beam-height relationship curve of the test beam at the mid-span section. According to the curve trend, it can be seen that the strain at the corresponding position of the glulam and steel sections in the elastic stage increased when loaded to 70% of the ultimate load; the strain curve at nodes 5 and 6 began to deviate from the linear state; the strain change was nonlinear; and the thin-walled steel flange entered the yielding stage. We continued to increase the load of the model with the shear-to-span ratios of 1.5 and 2.0, and the rate of the increase in tensile and compressive strain values at 5 and 6 suddenly and sharply decreased, and the previous and subsequent strain values changed less.



Figure 20 shows a schematic diagram of the locations of sections 1-1 and 2-2, as well as the locations of measurement points. Sections 1-1 and 2-2 were close to l0/6 and l0/3, respectively. Figure 21 shows the strain–section height relationship graph of the thin-walled steel–glulam composite beams at sections 1-1 and 2-2. When a certain load was applied, the strain value varied linearly with the section height, while the strains of glulam and skeleton I steel exhibited gradient changes, and the observed neutral axis moved very slightly. The section strains remained flat, indicating that the flat section assumption still holds even if there is shear strain. In the late stage of loading, due to the excessive load, a stress concentration occurred near the mat. The compressive strain value of the glulam located at sections 2-2 grew more quickly than that of the tensile area. This changing trend was weakened when the shear span was relatively large, and the shear-bearing capacity decreased.




4.5. Comparative Analysis of Strain


Figure 22 shows a maximum strain value comparison diagram of the test and simulation results of the composite beam L-2 (strain gauge 2, strain gauge 4, and strain gauge 6 are negative values, and positive values are shown for convenience). It can be seen from Figure 22 that the error between the simulated value and the experimental value of the strain gauge on the glulam was large. The analysis revealed that this was due to the geometric defects of the glued laminated timber itself. As the load continued to increase, the interior of the glulam gradually appeared, resulting in the actual test strain value and the finite element simulation strain value.





5. Analysis of Factors Influencing Shear Resistance


5.1. Section Area of Steel Sections


Table 7 shows the influence of steel plate thickness on the bearing capacity of composite beams. Figure 23 shows the load-cold-formed thin-walled section thickness relationship curve. The cross-sectional area of the cold-formed thin-walled section had a certain degree of influence on the shear-bearing capacity of the composite beam. Taking the shear-span ratio of a 2.5 composite beam as an example, when the section thickness increased from 1.5 mm to 2.0 mm, the shear rigidity increased by 1.21%, and the shear-bearing capacity of the composite beam increased by 10.6%. When the section thickness increased from 2 mm to 2.5 mm, the shear rigidity increased by 1.19%, and the shear-bearing capacity of the composite beam increased by 6.3%. When the section thickness increased from 2.5 mm to 3.0 mm, the shear rigidity increased by 1.18%, and the shear capacity of the composite beam increased by 5.8%. This shows that the shear capacity of the composite beam increased with the increases in the area of the steel section, and the larger the increase in the area of the steel section, the larger the change in the shear capacity of the composite beam.




5.2. Shear-to-Span Ratio


Figure 24 shows the relationship between load deflection curves for different shear-to-span ratios, taking the cold-formed thin-walled steel composite beam with a thickness of 2.5 mm as an example. After entering the elastoplastic stage, the composite beam with a shear-to-span ratio of 1.5 quickly reached the maximum load, and shear damage occurred. The combination beam, with a shear-to-span ratio of 2.5, showed obvious ductility characteristics, the bearing capacity was able to grow slowly in the larger displacement interval, and the composite beam with the shear-to-span ratio of 2 varied between 1.5 and 2.5. The cutting ratio from large to small, with cutting resistance, increased by 14.7% and 20.1%, respectively. It can be seen that the shear–span ratio greatly influenced the shear-bearing capacity, and the larger the shear-span ratio, the lower the shear-bearing capacity of the composite beam and the lower the overall stiffness.




5.3. Steel Skeleton Form


As shown in Figure 25, it can be seen that the slope of the curve was the same for the “I” combination form and the box combination form during the entire process, from the beginning of loading to the final result regarding damage. Therefore, changing the steel skeleton form has little effect on the shear stiffness of the composite beam, but it can improve the overall shear-bearing capacity of the composite beam. The shear-bearing capacity of the box combination form increased from 168.01 kN to 188.88 kN compared with the “I” combination form, which increased by 12%.




5.4. Strength of the Steel


Figure 26 compares the load deflection curves of the combined beam under different steel yield strengths. In the elastic phase, there was almost no difference between the slopes of the curves of the composite beam, and the strength of the steel sections had less influence on the shear stiffness of the composite beam. When the load increased, the composite beam with steel types Q235, Q345, and Q460 entered the elastic–plastic phase. By comparison, we found that by increasing the strength of the thin-walled section steel, the shear-bearing capacity of the combined beam was improved. Still, for the overall stiffness of the composite beam, the change before and after the increase in section steel strength to a certain value was small.





6. Conclusions


There are two damage modes of composite beams under four-point loading:




	(1)

	
Bond damage caused by the composite damage of smooth shear and glued beam fracture within the shear span area;




	(2)

	
During the loading process, the shear span section first appears as a longitudinal crack with a small angle in the transverse direction, and then continues to load until the lower right flange of the span is pulled out. At this time, the composite beam undergoes bending shear composite failure.









According to the results reflected in the shear test and the finite element analysis of the composite beam carried out in this paper, it can be concluded that:




	(1)

	
According to the load–strain curve of the shear test section, it can be determined that the strain of the composite beam section basically maintains a straight-line shape during the loading period, which is proportional to the distance from the neutral axis, so the composite beam section can be assumed to be a flat section.




	(2)

	
The shear span ratio had the greatest influence on the shear-bearing capacity of the composite beams. When the shear span ratio increased from 1.5 to 2.0 and 2.5, the shear-bearing capacity decreased from 213.41 kN to 182.11 kN and 168.80 kN, respectively, with decreases of 14.7% and 20.1%, respectively. The greater the ratio, the greater the shear-bearing capacity of the composite beam. The larger the ratio, the lower the shear capacity of the composite beam.




	(3)

	
The greater the thickness of the steel, the greater the shear performance of the composite beam with the increase in the thickness of the steel.




	(4)

	
When the steel skeleton adopts a box-shaped combination form, although the shear stiffness of the section changes little, the shear-bearing capacity (calculated stiffness) is increased by 12% compared with the “I”-shaped combination form.




	(5)

	
The strength of different types of steel led to no obvious change in the elastic stage. After entering the plastic stage, the composite beams with high steel strength had greater deformation capacity and ultimate bearing capacity. The steel strength increased from Q235 to Q265, Q345, and Q460 in turn, and the shear-bearing capacity increased by 7.8%, 7.1%, and 4.9% respectively. The increase rate decreased with the increase in the strength grade of the steel; thus, it is impossible to improve the overall shear-bearing capacity by increasing the strength of steel.
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Figure 1. Test specimen for mechanical properties of materials. (a) Glulam tensile specimens along the grain. (b) Glulam compression specimens along the grain. (c) Steel tensile specimen. 
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Figure 2. Form of a composite beam section (mm). 
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Figure 3. Cold-formed thin-walled section steel web at the hole position (mm). 
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Figure 4. Composite beam-loading device. 
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Figure 5. Strain gauge and displacement meter arrangement (mm). 
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Figure 6. Span section measurement point arrangement. 
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Figure 7. Composite beam L-1 damage process. (a) When loading to 50 kN, the left side was partially opened. (b) Crack in the left adhesive layer. (c) One-half smooth shear crack on the right side beam height when loaded to 140 kN. (d) Fracture of rubber layer and shear damage to one-half of the beam height when loaded to 200 kN. 
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Figure 8. Composite beam L-2 damage process. (a) The shear span section cracked when loaded to 65 kN. (b) Oblique cracks in the shear span section. (c) Splitting cracks into purely curved sections. (d) Loaded to 150 kN when the pure bending section loading point under the wing edge glue plywood board pulled off. 
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Figure 9. Composite beam load - deflection curve. 
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Figure 10. Load-strain curve of the composite beam. (a) L-1 load-strain curve. (b) L-2 load-strain curve. 
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Figure 11. Cross-section height-strain curve of composite beam. (a) Cross-section height-strain curve of L-1. (b) Cross-section height-strain curve of L-2. 
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Figure 12. Orthogonal three-way axes and three-way sections of glulam. 
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Figure 13. Glulam material direction. (a) Schematic diagram of lateral glulam material direction. (b) Diagram of the upper and lower flange plywood material direction. 
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Figure 14. Cell meshing: (a) C-beam meshing; (b) glulam meshing; (c) bolt meshing; (d) composite beam meshing. 
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Figure 15. Shear damage process of glulam. 
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Figure 16. Stress cloud variation in the thin-walled section steel. 
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Figure 17. Comparison of experimental and simulated values. 
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Figure 18. Load deflection curves of composite beams with different shear-to-span ratios. (a) Load deflection curves for different section thicknesses at a shear-to-span ratio of 1.5. (b) Load deflection curves for different section thicknesses at a shear-to-span ratio of 2.0. (c) Load deflection curves for different section thicknesses at a shear-to-span ratio of 2.5. 






Figure 18. Load deflection curves of composite beams with different shear-to-span ratios. (a) Load deflection curves for different section thicknesses at a shear-to-span ratio of 1.5. (b) Load deflection curves for different section thicknesses at a shear-to-span ratio of 2.0. (c) Load deflection curves for different section thicknesses at a shear-to-span ratio of 2.5.



[image: Buildings 13 02903 g018]







[image: Buildings 13 02903 g019a][image: Buildings 13 02903 g019b] 





Figure 19. Load-strain curves of different shear span ratios. (a) Load-strain curve when the shear-to-span ratio was 1.5. (b) Load-strain curve when the shear-to-span ratio was 2.0. (c) Load-strain curve when the shear-to-span ratio was 2.5. (d) Load-strain curve when the shear-to-span ratio was 3.0. 
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Figure 20. Locations of measurement points of the composite beam. 
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Figure 21. Strain curve of shear-span section. (a) Strain relationship of the 1-1 section at a shear-to-span ratio of 1.5. (b) Strain relationship of the 2-2 section at a shear-to-span ratio of 1.5. (c) Strain relationship of the 1-1 section at a shear-to-span ratio of 2.0. (d) Strain relationship of the 2-2 section at a shear-to-span ratio of 2.0. (e) Strain relationship of the 1-1 section at a shear-to-span ratio of 2.5. (f) Strain relationship of the 2-2 section at a shear-to-span ratio of 2.5. 
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Figure 22. Comparison of experimental and simulated maximum strain value. 
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Figure 23. Load–plate thickness curves of composite beams with different shear-to-span ratios. 






Figure 23. Load–plate thickness curves of composite beams with different shear-to-span ratios.



[image: Buildings 13 02903 g023]







[image: Buildings 13 02903 g024] 





Figure 24. Load deflection curves for different shear-to-span ratios. 
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Figure 25. Load deflection curves of composite beams with different steel skeleton forms. 
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Figure 26. Load deflection curves of composite beams with different steel strengths. 
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Table 1. Physical and mechanical properties of glulam.
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	Material
	Moisture Content (%)
	Tensile Strength (MPa)
	Compressive Strength (MPa)
	Shear Strength (MPa)
	Tensile Elastic Modulus (MPa)
	Compressive Elastic Modulus (MPa)





	Glulam
	12
	86.46
	42.29
	8
	9777.8
	9053










 





Table 2. Physical and mechanical properties of steel plates.
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	Material
	Measured Thickness (mm)
	Tensile Strength (MPa)
	Yield Strength (MPa)
	Elastic Modulus (MPa)
	Poisson Ratio





	Q235
	2.0
	325.53
	218.63
	196,412.17
	0.3










 





Table 3. Physical and mechanical properties of epoxy resin adhesive.






Table 3. Physical and mechanical properties of epoxy resin adhesive.





	Material
	Tensile Strength (MPa)
	Elastic Modulus (MPa)
	Poisson Ratio





	Epoxy resin adhesive
	50
	4000
	0.15










 





Table 4. Physical and mechanical properties of bolt.






Table 4. Physical and mechanical properties of bolt.





	Material
	Tensile Strength (MPa)
	Elastic Modulus (MPa)
	Poisson Ratio





	Bolt
	500
	200,000
	0.3










 





Table 5. Cold-formed thin-walled steel–glulam composite beam parameters.






Table 5. Cold-formed thin-walled steel–glulam composite beam parameters.





	
Specimen

	
Flange Glulam Thickness (mm)

	
Lateral Glulam Thickness (mm)

	
C section Size (mm × mm × mm)

	
Connection Method

	
Shear Span Ratio






	
L-1

	
40

	
20

	
120 × 50 × 20 × 2.0

	
Adhesive connection

	
2




	
L-2

	
40

	
20

	
120 × 50 × 20 × 2.0

	
2.5




	
PL-1

	
40

	
20

	
120 × 50 × 20 × 2.0

	
2




	
SL-1

	
-

	
-

	
120 × 50 × 20 × 2.0

	
-

	
2











 





Table 6. Flexible phase engineering constants.
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	D1111

(N/mm2)
	D2222 = D3333

(N/mm2)
	D1122 = D1133

(N/mm2)
	D2233

(N/mm2)
	D1212 = D1313

(N/mm2)
	D2323

(N/mm2)





	11,532.10 × 106
	942.98 × 106
	620.28 × 106
	611.72 × 106
	723.74 × 106
	193.00 × 106










 





Table 7. Effect of steel plate thickness on the bearing capacity of composite beams.
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Shear–Span Ratio

	
Plate Thickness (mm)

	
Shear Rigidity

(kN)

	
Ultimate Carrying Capacity (kN)

	
Carrying Capacity Increase Rate (%)






	
1.5

	
1.5

	
19,667,937.3

	
205.29

	
-




	
2.0

	
19,904,900.4

	
213.41

	
-




	
2.5

	
20,141,864.0

	
239.41

	
-




	
3.0

	
20,378,826.6

	
260.53

	
-




	
2.0

	
1.5

	
19,667,937.3

	
168.70

	
−17.82




	
2.0

	
19,904,900.4

	
182.11

	
−14.67




	
2.5

	
20,141,864.0

	
204.49

	
−14.59




	
3.0

	
20,378,826.6

	
220.88

	
−15.22




	
2.5

	
1.5

	
19,667,937.3

	
152.60

	
−25.67




	
2.0

	
19,904,900.4

	
168.80

	
−20.90




	
2.5

	
20,141,864.0

	
179.60

	
−24.98




	
3.0

	
20,378,826.6

	
190.10

	
−27.04
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