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Abstract

:

This paper presents research on a new type of fabricated steel–wood composite floor material in the style of a slab-embedded beam flange, using test methods and finite element numerical analysis to study the flexural load-bearing performance of the composite slabs. Through experimental phenomena, the failure process and mechanism of the composite floor are analyzed, and the deformation performance and ultimate bearing capacity of the composite floor material are assessed. Through numerical analysis of the finite element model, the influence of the connection mode of the floor and the composite beam, the type and number of connectors, and the width of the flange of the composite beam on the bending performance of the composite beam–slab system is studied. The research results show that the fabricated steel–wood composite floor slab has good load-bearing and deformation performance. The self-tapping screw connection of the floor slab is better than the ordinary steel nail connection, and the reasonable screw spacing is 100–150 mm. Increasing the flange width of the composite beam can significantly improve the load-bearing capacity of the steel–wood composite floor component.






Keywords:


composite structure; steel-wood combination; experimental research; finite element analysis












1. Introduction


The production process of traditional building materials consumes a lot of energy and causes serious pollution problems. The development and promotion of environmentally friendly and energy-saving building materials are of great significance to the sustainable development of human society. Compared to other materials, wood has the advantages of lightweight, high strength, easy processing, low carbon, environmental protection, etc. It is a typical green building material and is favorably used in residential buildings.



Assembly timber structure refers to a structure constructed by factory-prefabricated wooden structure components and parts and using on-site assembly as the main method [1,2]. Cold-formed thin-walled steel is lightweight steel that is bent in a cold state to obtain a variety of economical cross-sections. Combining wood and cold-formed thin-walled steel in a certain way can form steel-wood composite components with various cross-sectional forms, which can not only obtain a larger section radius of gyration and moment of inertia and improve the rigidity and load-bearing capacity, but also, with the help of wood’s restraint on thin-walled steel, the problem of premature buckling of thin-walled steel can be effectively solved, and the good effect of saving steel and reducing cost can be realized, which reflects the superiority in a new high-performance combination structure [3].



Several studies have recently conducted research on steel–wood composite structures. Loss and Buick Davidson [4] conducted an experimental study on the failure modes of composite slabs under horizontal loads. The results show that the main deformation of the slab is concentrated at the beam–beam joints and the steel–wood composite material has good elastic properties without fracture. Xia Yonghui [5] studied the influence of steel plate thickness and other factors on the natural vibration and bending characteristics of composite slabs. The results show that increasing the thickness of steel and plywood can significantly improve the load-bearing capacity and vibration serviceability of composite panels. The test results of Li Yushun [6] show that the overall working performance of the profiled steel plate–bamboo plywood composite slab is excellent; the bamboo plywood board and the steel plate have a good combined effect and have higher load-bearing capacity and rigidity. Yang Yue [7] studied the flexural performance and failure mode of a steel–concrete composite slab and gave the calculation formula for the flexural bearing capacity. L. Xu and F.M. Tangorra [8] carried out a recent study on the vibration characteristics of cold-formed steel-supported lightweight residential floor systems. On-site tests were also conducted to evaluate the actual vibration performance of the cold-formed steel-supported lightweight residential floor systems. Zhou Xuhong [9] conducted a monotonic static load test on the bearing capacity of a thin-walled steel beam-oriented strand board (OSB) composite slab. The results show that the cold-formed steel joists-OSB composite floor has higher bearing capacity and lower deformation; reducing the screw spacing can improve the bearing capacity of the composite slab. The abovementioned scientific research and [10,11,12,13] have detailed beneficial explorations and obtained valuable conclusions on the combination methods, materials and bending performance of steel–wood composite structures.



The assembly and construction process of multi-story and high-rise wooden structure houses is column (wall) → beam → slab. The size of the floor lap and installation interface provided by ordinary rectangular cross-section wooden beams is small, and the assembly quality of the slab and beam is not easy to control. Under the action of large horizontal load, the shear force of the connecting parts (screws, bolts, etc.) between the plate and the beam is relatively large, which is likely to cause the failure of the force transmission of the beam and plate. This paper proposes a beam–slab system in the form of slab-embedded beams. The floor slab can be directly embedded into the board grid formed by prefabricated beams during assembly. The accuracy of installation is high, and the limiting effect of the beam on the floor can reduce the stress level of the assembly parts and provide the reliability of the beam–slab system. In the system, the prefabricated beam is a thin-walled steel–glulam composite beam, which can greatly reduce the weight of the beam. The lower part of the beam is a double “C”-shaped cold-formed thin-walled steel composite section, and the upper part adopts a special shaped cross-section with a middle protrusion (the height of the protrusion is the same as the thickness of the floor), which can form a groove between the beams during the installation of the floor. The wide and thick flanges of the composite beams provide sufficient space for the assembly and connection of the floor slabs and ensure good assembly performance of the floor slab and the composite beams. This form of beam can be adapted to medium- and small-span OSB floor slabs and large-span cross-laminated timber plate.



At present, there is no research on steel-wood composite beam–slab structure systems in the literature, and the performance of beam–slab collaboration in fabricated beam–slab systems is not clear. This paper uses the methods of experiments and finite element numerical analysis to study the assembly performance of composite beams and slabs; the flexural load-bearing capacity and the failure mode of the special shaped cross-section steel-wood composite beam and steel–wood composite slabs composed of composite beams and floor slabs. Moreover, this paper uses the finite element analysis method to explore the key factors affecting the bearing capacity of the steel-wood composite floor.




2. Test Overview


2.1. Specimen Design


The multi-span continuous slab–beam system in the project is shown in Figure 1a. Due to the limitation of the test loading equipment, the test piece shown in Figure 1a cannot be loaded in a laboratory. In the experimental research, the test model is correspondingly simplified. The simplified model shown in Figure 1b can characterize the stress state of the middle section of the continuous floor; therefore, the design and processing of the test model have been carried out.



The cross-section design of the steel–wood composite beam used in the test and analysis is shown in Figure 2. The outer profile size of the lower double “C”-shaped cold-formed thin-walled steel composite cross-section was 100 × 100 mm, and the upper laminated material was 100 mm plywood (single layer thickness is 25 mm; 3 layers in total); the size of the partially protruding glulam (glued laminated timber) was 100 mm × 25 mm and the size of the extended flanges on both sides was 100 mm × 50 mm. The wooden floor choice was a 25-mm-thick OSB.



The two composed sets of experimental samples were processed and made by professional factories; the dimensions of the parts are shown in Table 1. The two groups of specimens were named ZHLB-1 and ZHLB-2. Between them, ZHLB-1 utilized iron nails with a length of 80mm as the fixing parts of the slab on the flange of the composite beam; ZHLB-2 used 80mm self-tapping screws produced by Shanghai Meigu Chengfan Fasteners Co., Ltd. as the fixing parts of the slab on the flange of the laminated beam. The grouping of test pieces is shown in Table 1.



To implement the test and meet the boundary conditions of vertical free deformation of the unconnected section of the floor slab in Figure 3b, an elasticity support composed of a rectangular extruded foam board and glulam with a cross-sectional size of 100 mm × 50 mm was set in the test. During the test, the elastic support did not produce an excessive reaction force to the floor slab that hinders the loading of the floor slab. The test pieces of the composite floor are shown in Figure 3.



According to the calculation of “Wood Structure Design Standard” (GB/T50005-2017) [14], the distance between the connecting pieces was 150mm; the size and structure of the test pieces are shown in Figure 3b.




2.2. Material Properties Text


In accordance with the “Test Method for Tensile Strength of Wood Along the Grain” (GB/T 1938-2009) and the “Metallic Material Tensile Test-Part 1 Room Temperature Test Method” (GB/T 228.1-2010), the wood and steel used to make the test pieces were tested. According to the along-grain compression test of 15 prismatic glulam specimens (Figure 4a), the along-grain compressive strength of the glulam was 50.10 MPa, and the compressive elastic modulus of the glulam was 10,722.13 MPa. According to the along-grain tensile test of the glulam specimens (Figure 4b), the tensile strength along the grain was 74.61 MPa, and the tensile elastic modulus was 9912.00 MPa. According to the material property test of the steel (Figure 4c), the elastic modulus was taken as 195,687.65 MPa; the Poisson’s ratio was taken as 0.3; the yield stress was taken as 225.41 MPa and the tensile strength was 332.72 MPa. The material parameters of OSB [15], extruded board [16], steel glue [17] and other components are shown in Table 2.



The test adopted the symmetrical four-point loading method. The loading equipment required was a 32t jack and a distribution beam, 1000 mm long. I-beams were arranged at the three points of the specimen for uniform loading. This test was a simple support test piece. For failure loading, loading started from F0 and increased step by step with 10% of the estimated ultimate load. After loading to 50% of the estimated ultimate load, the load of each level increased by 5% of the estimated ultimate load until the specimen failed. After stopping the loading, the damage pattern was observed and recorded.



Two strain sensors with a size of 100 mm × 3 mm were set at the top of the OSB plate in the middle of the span and the middle of the height along the section in the middle of the span. In order to measure the strain change of the mid-span section of the thin-walled steel–glulam composite beam, 1 strain sensor was set on the top of the mid-span beam and 3 strain sensors with a specification of 100 mm × 3 mm were set on the three-layer glued laminate. Three strain sensors were set along the height of the steel beam section on the I-beam on the same side, sized 2 mm × 3 mm, to measure the strain of the mid-span section of the composite beam. These strain sensors were in the middle, upper edge and lower edge of the web. At the same time, the corresponding temperature compensation sheet was set for OSB, glulam and thin-walled steel. Displacement sensors were set at the mid-span of the laminated beam with a displacement sensor with a range of 200 mm, two displacement sensors with a range of 150 mm at the third point and two displacement sensors with a range of 100 mm at the support. The specific location and loading device are shown in Figure 5. The measuring instrument used a 50t pressure sensor, a 60-channel JM3813 static strain test system and a 10-channel DH3818 static strain tester.





3. Test Results and Analysis


3.1. Test Phenomenon


The failure mode of the ZHLB-1 group of specimens can be roughly divided into the cracking of the glue layer of the glulam laminate and the fracture of the upper flange of the steel–wood beam, as shown in Figure 6. In the failure loading stage, as the load increases, the bending deformation of the composite beam gradually increases (as shown in Figure 6a) and vertical cracks appear on one flange of the transverse tension glulam (as shown in Figure 6b). When the load reaches about 80% of the maximum bearing capacity, the vertical crack width here gradually expands, and the glued wood laminate is opened at the mid-span part and extends to the support part (as shown in Figure 6c). When the load reaches the ultimate bearing capacity, the glulam laminate is completely degummed along the length of the beam and the iron nails are pulled out (as shown in Figure 6d). Finally, the entire glulam laminate is completely degummed and destroyed along the length of the beam. At this time, the pressure sensor indicator drops below 50% of the maximum bearing capacity, and the bearing capacity of the composite floor is reduced and the load cannot be continued. At this time, the composite floor is regarded as broken.



The failure mode of the ZHLB-2 specimen is roughly that the glued surface of the thin-walled steel and glulam is broken and the flange on one side of the glulam is broken, as shown in Figure 7. In the failure loading stage, as the load increases, the bending deformation of the composite floor gradually increases. The cemented surface of the steel–wood beam mid-span is broken, and the flange on the side of the glulam has vertical cracks (as shown in Figure 7a). The OSB above the foam beam of the plastic board is sinking and deformed downward. When the load reaches about 60 kN, the cemented surface of the mid-span part of the laminated beam is degummed, and the bottom of the glulam beam changes from a compressed state to a tensioned state, causing the bottom of the glulam beam to be broken (as shown in Figure 7b). When the load reaches about 80% of the maximum bearing capacity, an oblique crack appears at the glulam bearing position; the load continues to increase, and the oblique crack gradually expands laterally (as shown in Figure 7c). This is because when the specimen is approaching the ultimate load, the surface load on the OSB plate is transformed into a larger linear load and added to the flange of the composite beam; the shear stress in the flange of the laminated beam gradually increases until the main tensile stress in the beam exceeds the tensile strength of the wood’s transverse grain, forming a beam crack of about 45°. At this time, the glued layer of glulam and the glued surface of thin-walled steel also experienced degumming failure, which accelerated the lateral expansion of diagonal cracks. When an oblique crack appeared on the flange of the composite beam, damage occurred on the composite beam from the middle of the span to the bonding surface between the glulam and the thin-walled steel of the support, and finally, the thin-walled steel and the glulam were completely peeled off. At this time, the pressure sensor reading suddenly dropped to about 50% of the maximum bearing capacity, the composite floor could not continue to be loaded and the steel beam underwent very large plastic bending deformation after unloading (as shown in Figure 7d).




3.2. Mid-Span Load–Deflection Curve


By analyzing the experimental data, it can be concluded that the ultimate bearing capacity of the specimen ZHLB-2 is 18.31% higher than that of the specimen ZHLB-1; the corresponding mid-span deflection deformation is 42.41% higher and the ultimate bending moment is 21.43% higher. After the two groups of tests were completed, the mid-span deflection limit, ultimate load and bending moment of each group of specimens were summarized and are presented in Table 3.



It can be seen from Figure 8 that the deformation of the test beam with the increase in the load manifests in two stages: (1) The elastic stage, where the load value in this stage reaches 2/3~1/2 of the ultimate bearing capacity and its mid-span deflection value increases linearly with the increase in the load; (2) The elastic–plastic stage—With the increase in the load value, the slope of the mid-span load–strain curve changes nonlinearly, and the stiffness of the member gradually decreases until the member fails. When the specimen finally fails, the composite floor shows good ductility. When the ultimate load is reached, the load drops to less than 50% of the maximum bearing capacity. At the initial stage of loading, the composite floor works well, the load–deflection curve maintains a linear relationship growth and the composite floor is in an elastic working state; when the load of the ZHLB-1 specimen reaches about 65% of the ultimate load, the ZHLB-2 specimen reaches about 60% of the ultimate load, the lower flange of the steel beam yields, the load–deflection curve grows nonlinearly and the composite floor is in the elasto-plastic stage; as the load continues to increase, the deflection growth rate of the composite floor becomes larger and the slope of the mid-span load–deflection curve decreases continuously, the stiffness of the specimen gradually decreases. When the load reached the maximum value, a full-length crack along the length of the beam was observed on the top of the glulam beam, indicating that as the deflection of the top of the glulam beam increases, the beam eventually reaches the ultimate compressive strain and brittle failure occurs. The cemented surface of the steel–wood beam also undergoes brittle failure due to the accumulation of deformation; the thin-walled steel undergoes plastic deformation. At this time, the bearing capacity drops below 50% of the maximum, and the destruction shows obvious brittleness.




3.3. Section Mid-Span Height–Strain Curve


The changes in the strain distribution of the mid-span section of the two specimens ZHLB-1 and ZHLB-2 along the section height are shown in Figure 9. Analysis of the data in the figure shows that during the test, the OSB and glulam are mainly compressed, and the thin-walled steel is mainly tensioned. There is only one neutral axis in the cross-section of the composite beam of ZHLB-1 and ZHLB-2 before failure. The strain value has a linear relationship with the section height. At the beginning of loading, the neutral axis of ZHLB-1 and ZHLB-2 is located in the section of thin-walled steel. As the load increases, the central axis slowly moves up, and at the end of the loading stage, the neutral axis moves up to the glulam section. The height of the mid-span section of the composite slab is linearly distributed, and the OSB slab and the thin-walled steel–glulam composite beam also have a gradient change. A few curves have abrupt changes, which are caused by the warping of the strain gauges during the test.




3.4. Load–Strain Curve


According to the two sets of test data, the load–strain curve of the composite floor was drawn as shown in Figure 10 and Figure 11. The analysis of the data shows that the strain value of each measuring point at the initial stage of loading increases linearly with the increase in the load. As the load increases, there is a tendency to deviate outwards. This is due to the elastoplastic deformation of OSB panels, glulam and thin-walled steel, which presents nonlinear changes. When the two sets of steel–wood composite slabs fail, the compressive strains on top of the OSB slab are 1332 and 1702 µɛ, respectively; the compressive strains on the top of the glulam beam are 3275 and 4498 µɛ; the tensile strains of the thin-walled steel are 4884 and 13,503 µɛ, respectively. When the ZHLB-1 and ZHLB-2 specimens are damaged, the full cross-section of the OSB is compressed, the amount of plywood in the compression zone reaches two layers and the full cross-section of the thin-walled steel is tensioned. Measuring point OSB2 and measuring point M4 are the OSB plate strain change measuring point and the glulam strain change measuring point, respectively, located at the same section height. The deformation of the two measuring points is similar at the beginning of loading, but as the load increases, because the OSB plate has vertical deformation, the deformation of the two members is inconsistent, and the strain of the two members with the same section height is quite different.





4. Finite Element Model Analysis


4.1. Establishment of Finite Element Model


On the basis of the material property test and the test of the composite floor test piece, a finite element model of the test piece was established using ABAQUS software, and in the modeling of the component, the finite element numerical model was processed as follows: (1) The glulam beam is glued by SPF (Spruce-Pine-Fir) boards, so first, build a model of 25-mm glulam laminates for each layer, and then, assemble to obtain it; (2) Assume that the glue layer thickness in the glue layer model of the steel sticking glue is 2mm; (3) According to the literature [15], the joints of the OSB and the glulam flange are treated by coupling degrees of freedom at the joint.



Wood is an anisotropic material. In the finite element analysis, wood was defined as an orthotropic material. According to the compression test results of prismatic glulam, nine engineering constants in the orthotropic stiffness matrix of the glulam material were calculated. For details, see Table 4. The material properties of other parts were obtained based on experimental data. The elastic modulus of steel was taken as 195,687.65 MPa; Poisson’s ratio was taken as 0.3; the yield stress was taken as 225.41 MPa and the tensile strength was 332.72 MPa. For rigid parts such as self-tapping screws, iron nails and cushion blocks, since the elastic deformation during the finite element simulation process is not considered, the elastic modulus was taken as 2.1 × 1011 N/m2, and Poisson’s ratio was 0.3. These data generally conform to the ideal elastoplastic constitutive law that we set in the finite element.



According to the experimental phenomenon and the actual force characteristics of the steel-wood composite beam, the interaction of the finite element components is reasonably defined: (1) Assuming that the glulam laminate does not undergo relative slippage, the interaction between the laminates is set as a “binding” constraint; (2) The interaction of thin-walled steel and steel glue layer, glulam and steel glue layer is set as a “binding” constraint; (3) A C-shaped steel web splits the area of the same size as the bolt, and the bolt position is defined by the “binding” constraint relationship when modeling; (4) For the self-tapping screw connecting the OSB and the glulam flange, the connection is handled by the method of joint coupling degree of freedom; (5) Set the lower surface of OSB to “contact” with the upper surface of the extruded board; the contact surface of the elastic bearing extruded plate and glulam, I-beam and the contact surface of the cushion block is set as the “binding” constraint.



The element type of this model adopts the reduced integral of the C3D20R 20-node quadratic hexahedron element. The grid seed density of glulam, OSB and extruded board is 0.02, the grid seed density of thin-walled steel is 0.01 and the grid seed density of I-beam and steel pad is 0.05. The grid division of the composite slab is shown in Figure 12.




4.2. Verification of Finite Element Model of ZHLB-2 Specimen


4.2.1. Comparison of Test Phenomena of ZHLB-2 Specimen


The along-grain stress cloud diagram of “S33” wood is shown in Figure 13. It can be seen from Figure 13 that when the ultimate load is reached, most of the glulam at the pure bending section enters plasticity, and the maximum compressive stress at the top of the glulam beam in the middle span is 37.84 MPa, while the maximum tensile stress at the bottom reaches 14 MPa. Most thin-walled sections located in the pure bending section enter the plastic stage, and the bottom of the mid-span beam reached the ultimate tensile stress. The OSB plate also enters the yield state, and the maximum compressive stress located at the mid-span part of the connection with the glued wood flange is 11.45 mpa. Through calculation of the experimental data for ZHLB-2 test pieces, the two OSB slabs bear 8% of the bearing capacity of the composite floor. The adhesive layer is about to reach the plastic state, which corresponds to the opening of the bonding surface of the steel and wood of the ZHLB-2 specimen. The extruded board + glulam composite beam does not yield, corresponding to the ZHLB-2 specimen; the elastic support is not damaged and is still in the elastic stage. From the stress cloud diagram of the finite element simulation analysis, the composite slab of the simulation analysis is basically consistent with the experimental phenomenon, which verifies the feasibility of the model.




4.2.2. Comparison of Test Results of ZHLB–2 Specimen


The comparison between the finite element analysis results and the test results is shown in Table 5. The data were extracted from the model and a load–deflection curve was drawn for comparison with the test results, as shown in Figure 14.



Analyzing Figure 14, it can be seen that the finite element simulation results are basically close to the initial slope and curve trend of the test results, indicating that the initial stiffness of the finite element and the force and deformation of the elastoplastic stage are comparable to the test. The bearing capacity error is small and the curves are in good agreement, which proves that the ZHLB-2 specimen model established by the finite element method is reasonable and feasible. Among them, the difference in ultimate load is 11.47%, and the difference in deflection and deformation at mid-span is 9.6%; the overall stiffness of the finite element model is greater than that of the ZHLB-2 specimen, and the bearing capacity and deformation capacity are greater than the test values. The main reasons for the error in the analysis and comparison test results are as follows: (1) The quality of the thin-walled steel–glulam composite beam during the test was affected by knots, cracks and the strength of the laminate glue layer; (2) the adhesive layer was subject to uncontrollable human factors such as the surrounding environment, the bonding strength and the time that the test plan is shelved after the production is completed. The above two factors will affect the bearing capacity and deformation of composite floor specimens, but they do not exist in the finite element analysis.





4.3. Factors Affecting the Bearing Capacity of Steel-Wood Composite Slabs


4.3.1. The Influence of Self-Tapping Screw Spacing


Under the condition that the steel-wood composite beams and OSB slabs remain unchanged, the spacing of the self-tapping screws connecting the composite slabs and the OSB slab was set to 100, 150 and 200 mm, and mid-span load–deflection curves were drawn and a comparative analysis performed for the composite floors with different screw spacings, as shown in Figure 15.



The ultimate load simulation values of different self-tapping screw spacings are summarized in Table 6. From the table, it can be seen that when the self-tapping screw spacing is reduced from 200 to 150 mm, the bearing capacity of the composite floor is increased by 7.14%; when the tapping screw spacing is reduced from 100 to 50 mm, the bearing capacity of the composite floor is only increased by 2.5%. It can be seen that as the spacing of self-tapping screws continues to decrease, the increase in the bearing capacity of the steel–wood composite floor gradually decreases.




4.3.2. The Influence of the Width of Laminated Beam Glulam


Under the condition that the screw spacing remains unchanged, the flange width of the laminated beam was set to 60 and 80 mm and mid-span load–deflection curves of different glulam flange widths were drawn, compared and analyzed, as shown in Figure 16.



The ultimate load simulation values of different glulam flange widths are summarized in Table 7. The analysis data in the table show that when the glulam flange width is increased from 60 to 80 mm, the bearing capacity of the composite floor increases by 9.21%; when the glulam flange width is increased from 80 to 100 mm, the bearing capacity of the composite floor is increased by 9.90%. The analysis data in the table show that with every increase of 20 mm in the width of the glulam flange, the bending bearing capacity of the composite floor can be increased by about 10%, which verifies that the flange width of the glulam beam has a significant influence on the bearing capacity of the composite floor.






5. Conclusions


In this paper, flexural performance tests of two groups of fabricated steel–wood composite slabs were carried out, and the failure modes, bearing capacity and stiffness of each specimen were compared and analyzed. The conclusions are as follows:




	(1)

	
For the thin-walled steel–glulam composite beams connected by glue, the glulam was mainly compressed and the thin-walled steel was mainly tensioned during the test, and the two materials entered the plastic stage before the specimen was damaged, indicating that the steel and wood can work together, thereby increasing the material efficiency of the composite beam.




	(2)

	
The ultimate bearing capacity of the composite slab assembled with self-tapping screws was 18.31% higher than that of the composite slab assembled with iron nails; the corresponding mid-span deflection deformation increased by 42.41% and the ultimate bending moment also increased by 21.43%. The steel–wood composite slab assembled using self-tapping screws can superimpose the OSB and the thin-walled steel–glulam so that the material strength can be fully utilized, thereby improving the bend-bearing capacity and overall rigidity of the composite floor.




	(3)

	
Based on the finite element analysis, a comparative analysis of the self-tapping screw spacing and the flange width of the laminated beam glulam which affect the bearing capacity of the steel–wood composite floor was carried out. The analysis results show that reducing the spacing of self-tapping screws can improve the bearing capacity of the composite floor, and the reasonable screw spacing is between 100 and 150mm. Increasing the flange width of the steel–wood composite beam can significantly improve the bend-bearing capacity of the composite floor.
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Figure 1. Schematic diagram of multi-span continuous plate–beam system and simplified model. (a) 1-1 Multi-span continuous beam-and-slab system; (b) simplified model (mm). 
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Figure 2. Schematic diagram of steel–wood composite beam section (mm). 
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Figure 3. (a) 1-1 section picture of the prefabricated steel–wood composite floor test piece; (b) structure drawing of the composite floor test piece (mm). 
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Figure 4. (a) Diagram of loading device for compression test of glulam prism. (b) Tensile test of glulam specimen. (c) Destruction phenomenon of steel tensile test. 
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Figure 5. Layout of measuring points for bending test of steel–wood composite floor. The strain sensors were attached to the measuring point tightly and the displacement sensors were fixed at the measuring point. (a) Plan view of combined floor measuring points; (b) elevation view of OSB measuring points. (c) Elevation view of composite beam measuring point (mm). 
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Figure 6. Failure phenomenon of ZHLB-1 test. (a) Bending deformation of steel–wood composite floor; (b) vertical cracks appear on the left flange of glulam; (c) glued wood laminates are broken; (d) the iron nails connected to the glulam laminate are pulled out. 
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Figure 7. Failure phenomenon of ZHLB-2 test. (a) Vertical cracks appear in the flange of glued wood; (b) the flange on one side of the glulam span is pulled off along the plywood; (c) cracks and deformation of glulam bearings; (d) gluing failure of steel-wood cementing surface as a whole. 
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Figure 8. Mid-span load–deflection curve of composite floor specimen. 
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Figure 9. Steel–wood composite floor section mid–span height–strain curve. (a) ZHLB–1 section mid–span height–strain curve; (b) ZHLB–2 section mid–span height–strain curve. 
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Figure 10. ZHLB–1 mid–span load–strain curve. (a) Load–strain curve of steel–wood composite beam; (b) load–strain curve of OSB and glulam beam. G7, G8, G9: Corresponding curves of strain measuring points 7, 8 and 9 for thin–walled steel; M3, M4, M5, M6: Corresponding curve of glulam strain measuring points 3, 4, 5 and 6; OSB1, OSB2: Corresponding curve of OSB plate strain measuring points 1 and 2. 
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Figure 11. ZHLB–2 mid–span load–strain curve. (a) Mid–span load–strain curve of steel and wood composite beams; (b) mid–span load–strain curve of OSB slab and glued timber beam. G7, G8, G9: Corresponding curves of strain measuring points 7, 8 and 9 for thin–walled steel; M3, M4, M5, M6: Corresponding curve of glulam strain measuring points 3, 4, 5 and 6; OSB1, OSB2: Corresponding curve of OSB plate strain measuring points 1 and 2. 
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[image: Sustainability 13 03814 g011]







[image: Sustainability 13 03814 g012 550] 





Figure 12. Grid division of composite floor. 
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Figure 13. Stress–field nephogram of ZHLB–2 specimen. (a) Combined floor deformation stress–field nephogram. (b) Stress–field nephogram of thin–walled steel beam; (c) stress–field nephogram of glulam beams; (d) OSB plate stress–field nephogram; (e) extruded board + glued wood stress–field nephogram. 
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Figure 14. Comparison of ZHLB-2 specimen and finite element test results. 
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Figure 15. Comparison of finite element test results of different self-tapping screw spacings. 
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Figure 16. Comparison of finite element test results of different glulam flange widths. 
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Table 1. Grouping table of composite floor test pieces. OSB—oriented strand board.
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Specimen

	
Glulam Section Size

Length × Width × Height (mm)

	
Steel Beam Size (mm)

	
OSB Size (mm)

	
Connection between Plate and Beam

	
Superimposed Beam Cross-Section Diagram






	
ZHLB-1

	
2500 × 300 × 75

	
2500 mm long

C100 × 50 × 20 × 2.4

	
2440 × 610 × 25

	
80 mm nails

	
Picture 3




	
ZHLB-2

	
80 mm self-tapping screws
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Table 2. Material parameters of OSB, extruded board and steel glue.
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	Material
	Elastic Modulus

(N/mm2)
	Yield Strength

(N/mm2)
	Poisson’s Ratio





	OSB
	4760
	9.83
	0.4



	Extruded board
	6.6
	0.15
	0.27



	Steel sticking glue
	4000
	55
	0.15
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Table 3. Test results of composite floor specimens.
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	Specimen Number
	Mid-Span

Deflection Limit(mm)
	Maximum

Deflection/Calculation Span
	Ultimate Load

(kN)
	Bending Moment (kN·m)





	ZHLB-1
	40.46
	1/59
	71
	28



	ZHLB-2
	57.62
	1/42
	84
	34
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Table 4. Nine engineering constants in the elastic stage of glulam.
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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)





	11,532.52×

106
	938.98 × 106
	620.28 × 106
	611.72 × 106
	723.74 × 106
	193.00 × 106
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Table 5. ZHLB-2 specimen test value and finite element comparison.
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	Sub Option
	Ultimate Load/kN
	Maximum Deflection/mm
	Bending Moment/kN·m





	The test results
	84.03
	57.62
	33.61



	Finite element value
	93.67
	63.16
	37.47



	Error
	11.47%
	9.6%
	11.48%
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Table 6. Finite element analysis results of composite floor with different self-tapping screw spacings.
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	Self-Tapping Screw Spacing (mm)
	Ultimate Load Value (kN)
	Compared with the Benchmark
	Increase with Reduction





	200
	87.43
	−6.67%
	—



	150
	93.67
	—
	7.14%



	100
	98.92
	5.60%
	5.60%



	50
	101.39
	8.24%
	2.5%
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Table 7. Finite element analysis results of composite slabs with different glulam flange widths.
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	Glulam Flange Width (mm)
	Ultimate Load Value (kN)
	Increase Compared to the Benchmark
	Increase by One Step





	60
	78.04
	−16.69%
	—



	80
	85.23
	−9.01%
	9.21%



	100
	93.67
	—
	9.90%
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