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Abstract

:

In this paper, new prefabricated cold-formed light-gauge steel stud wall panels sheathed with fireproof phenolic boards, which are fabricated by connecting the steel studs and the boards by using structural silicone sealant, was proposed. The proposed prefabricated wall has a good fireproof performance and can be manufactured rapidly in a factory. Full-scale tests on the mechanical properties of the prefabricated wall system, consisting of the prefabricated wall and the connection between the wall and the surrounding steel structure under out-of-plane loading, were performed. A total of six specimens were tested considering the effects of the arrangement of the cold-formed light-gauge steel studs, the shape and thickness of the steel connector for jointing the prefabricated wall panel and the surrounding steel structure, and the number of self-tapping screws connecting the surrounding structure. The results show that the out-of-plane stiffness of the prefabricated wall system in the elastic stress state under out-of-plane loading can be increased by increasing the number of self-tapping screws, increasing the thickness of the steel connector, or adopting the symmetrical arrangement of the light-gauge steel studs. The out-of-plane stiffness of the prefabricated wall system and the stiffness contribution of a single special-shaped steel connector can both be increased by increasing the number of special-shaped steel connectors. Furthermore, the special-shaped steel connector is more beneficial to a greater out-of-plane stiffness than the L-shaped steel connector. In addition, the theoretical calculation methods for deflection of the proposed prefabricated wall and flexural stress of the CFS C-channel stud considering the fireproof phenolic board sheathing effect under elastic state were proposed. The predicted results using the proposed method are compared with test results and the predicted results by using other methods. It was found that the predicted results by using the proposed method agreed better with the test results compared with the predicted results using the transformed-section method or the reduced stiffness method, which demonstrates the acceptability and accuracy of the proposed mothed for calculating deflection of the proposed prefabricated wall and flexural stress of the CFS C-channel stud.
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1. Introduction


Due to the frequent occurrence of disasters around the world [1], the prefabricated building, which is environmentally friendly, efficient, and economical [2,3,4,5,6], is attracting people’s attention. The prefabricated light steel structure (Huoshenshan Hospital, Wuhan, China) has made a significant contribution to the control of the novel coronavirus COVID-19 because it can be completed in only 10 days [7,8]. This means that the fabricated structure plays an essential role in emergencies. In the prefabricated building, the wall panel, accounting for about two-thirds of the total mass of building materials, is the main component of the building, and is mainly used for the enclosure, load-bearing, and separation. Therefore, the development of a convenient, high strength, lightweight, and sustainable prefabricated wall is very important for the application of prefabricated buildings.



In recent years, a light-gauge steel frame (LSF) wall, which is composed of cold-formed light-gauge steel studs, thermal insulation filling material, and sheathing board, has been developed rapidly in many countries [9,10] because it is easy to assemble at a low cost. Studies on the cold-formed steel stud, which is the main component of an LSF wall, indicate that channel section cold-formed steel has excellent environmental performance [11,12], and its good formability makes it possible to improve the bearing capacity by optimizing the section [13]. As a result, the channel section cold-formed steel stud can exhibit excellent mechanical properties in bending [14,15] and compression [16,17,18,19,20,21,22]. Therefore, it is of great advantage to use the channel section cold-formed light-gauge steel studs as the main load-bearing members of the prefabricated composite wall panel.



At present, the current prefabricated LSF wall mainly uses self-tapping screws to connect the sheathing board with the light-gauge steel stud [23,24,25,26], but the bolt drilling will cause damage to the stud and easily produce stress concentration in the service stage. Compared with screw connections, structural sealant can reduce the damage and ensure the wall surface smoothness if it is used to connect the sheathing board and the stud. The structural sealant can also be manufactured quickly in industrial production because it is easy to use. It is worth noticing that although cold-formed steel has good elevated temperature performance [27,28,29] and fire resistance [30,31,32,33], structural sealant exhibits poor fire resistance [34,35], which may cause poor fire resistance of the LSF wall if the structural sealant is used for connecting the sheathing board with the light-gauge steel stud. The phenolic fireproof board is a composite material made of phenolic resin, flame retardant, curing agent, and other substances; it has excellent fireproof performance, thermal insulation performance, and high strength. It is the best material for thermal insulation in the construction field. The application of the phenolic fireproof board as a sheathing board is expected to solve the problem of poor fireproof performance of the structural sealant.



The research on prefabricated composite wall panels mainly focuses on force performance, seismic performance, energy-saving features, and connection methods. To date, many experiments have been conducted and computational models have been proposed. Y. Telue [36,37] conducted a series of axial compression tests on a full-scale LSF wall panel, which was composed of plasterboard and cold-formed light-gauge steel studs and connected by self-drilling screws. Experimental results show that the plasterboard prevents the overall buckling of the LSF wall effectively and improves the vertical bearing capacity of the LSF, while the local and distortion buckling of the structure is not improved. In addition, they proposed the design formula of an axial bearing capacity of composite walls based on the effective section method. M. Nithyadharan et al. investigated the effects of the board dimension and the distance of screws from the nearest free edge of the board on the load-displacement relationship, energy dissipation capacity, and failure mode of the cold-formed steel shear wall panel under the monotonic and cyclic loading. In addition, an equation was proposed to evaluate the ultimate shear strength of the LSF wall based on the strength of the board and self-tapping screws [38]. A series of experimental studies on the LSF wall panel with the gypsum and oriented strand board under the combined action of compression-bending and compression-shear were conducted by K.D. Peterman et al. [39]. They also established the design equation of the strength of the LSF wall considering the restraint stiffness of the self-drilling screw based on the direct strength method. Sivaganesh Selvaraj et al. [40,41,42,43] studied the relationship between the restraint effect of the composite wall surface gypsum board on the light-gauge steel studs and the slenderness ratio of the light-gauge steel studs. The results show that increasing the slenderness ratio of the light steel keel and reducing the distance between the connecting screws improve the strength and stiffness of the wall effectively. They also proposed a simplified design formula based on the direct strength method. However, the sheathing effect is not considered in the above calculation models due to the low strength of sheathing boards. In addition, current studies focus mainly on the performance of the composite wall itself, with little research on the performance of the connection between the wall and the surrounding structure.



In this paper, a new prefabricated wall connected with structural sealant and consisting of fireproof phenolic board and light-gauge steel studs was proposed. In order to explore the performance of the proposed prefabricated wall and the connection between the wall and the surrounding structure subjected to an out-of-plane load such as a wind load, the mechanical properties of the prefabricated wall and the whole structure, consisting of the prefabricated wall and the surrounding steel structure under the out-of-plane uniform load, were explored by changing the arrangement of the light-gauge C-channel steel studs, the shape and thickness of the connections, and the number of self-tapping screws connecting the surrounding structure. In addition, the theoretical calculation methods for the deflection of the LSF wall and bending stress of light-gauge steel studs considering the sheathing board sheathing effect under an elastic state were proposed. The results obtained by the proposed method were compared with the transformed-section method and the reduced stiffness method in China’s Steel Structure Design Standard.




2. Experimental Program


2.1. Experimental Parameters and Plan


In this study, six specimens were prepared to investigate the effects of the cold-formed light-gauge steel studs arrangement, connector type, connector thickness, the number of screws connected to the steel beam, and the number of connectors on the mechanical performances. The specimens were divided into Type-I and Type-II according to the arrangement of light-gauge steel studs, as shown in Figure 1a,b. The cross-section configuration of the used light-gauge C-channel steel studs is shown in Figure 1c. As shown in Figure 1c, the intermediate stiffener, which is of the circular cross-section with an internal diameter of 5 mm and a radian of 60 degrees, is placed at one-third and two-thirds of the height of the web of the C-channel steel stud. In Type-I, six steel light-gauge steel studs were arranged symmetrically in pairs. In Type-II, six light-gauge steel studs were asymmetrically arranged. Connectors with two different cross-sectional shapes were applied, which were named as the L-shaped steel connector and special-shaped steel connector, as shown in Figure 2 and Figure 3, respectively. Among them, the L-shaped steel connectors are divided into two types according to thickness. The thickness was 1.5 mm and 2.5 mm, respectively. In addition, a full-length design was adopted for an L-shaped steel connector. The numbers of bolts connecting a single connector to the steel beam were set to three and five, as shown in Figure 2a,b. For the special-shaped steel connector, the thickness of the connector was 2.5 mm, and the numbers of single-sided special-shaped steel connectors were set to two and three. In addition, the number of bolts connecting each special-shaped connector to the steel beam was four, including two bolts at the pull-out position and two bolts at the shearing position, as shown in Figure 3a. The detailed experimental plan is listed in Table 1. The specimen was named according to the following rules: the first letter and number represent different LSF wall panels; the second number represents the arrangement of light-gauge C-channel steel studs; the second letter represents the type of the connector; the third number represents the thickness of the connector; the fourth number represents the number of screws for a single connector; the last number represents the number of single-side connectors.




2.2. Test Specimen


Firstly, the LSF wall frame was manufactured, and it consisted of six cold-formed light-gauge steel studs with a spacing of 240 mm and two tracks, which were connected by a series of M6.3 × 15 (in which the 6.3 refers to the outer diameter of the screw, and 15 refers to the length of the screw excluding the nut) self-drilling screws, as shown in Figure 4a. The unrolled C-section steel was selected for the cold-formed light-gauge steel studs and the track. The per unit area of the steel was about 0.1–0.3 kg/m2. The cold-formed light-gauge steel studs have a length of 3110 mm, and the cross-section size is 89 mm × 41 mm × 0.8 mm. The tracks have a length of 1200 mm, and the section size is 90.6 mm × 41 mm × 0.8 mm. The detailed dimensions of the steel frame are shown in Figure 4. The fireproof phenolic boards were then pasted on the upper and lower surfaces of the steel frame with the silicone sealant, as shown in Figure 4b. Subsequently, the gypsum board was pasted on the outside of the fireproof phenolic board, and the inner space of the wall was filled with aluminum silicate cotton, as presented in Figure 4b. Finally, the LSF wall panel was connected to the steel beam through the connector and bolts, as shown in Figure 4b.




2.3. Material Properties


In this study, cold-formed light-gauge steel studs, fireproof phenolic board, silicone structural sealant, steel beam, connector, decorative board, and filling material are used. The cold-formed steel unlipped C-channel studs were produced by a S550GD + Z galvanized steel coil plate with a thickness of 0.8 mm, a flange width of 41 mm, and a web height of 89 mm. The fireproof phenolic board with a thickness of 4 mm was selected as the sheathing board, which was provided by Henan Yongwei Security Co., Ltd. The mechanical properties of the cold-formed steel and phenolic board were tested according to the relevant standard [44,45], and the tested tensile stress–strain curves are shown in Figure 5. The basic performance of the silicone structure sealant was tested by the National Quality Supervision and Inspection Center. The test results of the mechanical properties of the three materials are given in Table 2. The steel beam was made of Q235 steel, the size of which was 150 mm × 150 mm × 6 mm. Two types of connectors were designed to ensure the connection between the wallboard and steel beam, which was made of Q345 steel. The magnesium oxychloride gypsum board with a thickness of 4 mm and aluminum silicate cotton were used as a decorative board and filling material, respectively.




2.4. Loading Plan


In the test, uniform loading of the heavy objects was applied to simulate the effect of wind load. The basic wind pressure was 1.0 kN/m2 following the GB50009-2012 [46], which could meet the design requirements in most areas of China. Subsequently, 1.57, 1.4, and 1.42 were selected for the gust factor, the structural shape factor of wind load, and the height variation coefficient of wind pressure under the worst condition, respectively. The standard value of wind load is calculated according to Equation (1).


   w  k 1   =  β  g z   ×  μ  s 1   ×  μ z  ×  ω  01    



(1)




βgz is the gust factor, μs1 is the structural shape factor of wind load, μz is the height variation coefficient of wind pressure, ω01 is the basic wind pressure, and wk1 is the standard value of wind load, which is 3.121 KN/m2. In this study, the load levels corresponding to different displacements of each specimen can be compared with the wind load standard value of 3.121 KN/m2 for checking the serviceability limit state.



After the single LSF wall panel was connected with the square steel beam through a series of connectors, each specimen was loaded with step-by-step uniform loading. The loading system of the heap load test is listed in Table 3. For each level of load, 15 bags of dry crushed stones were evenly placed on the wall panel, which was equivalent to a uniform load value of 0.402 KN/m2. A gap of 20 mm was maintained between the bags to prevent the arching effect of weights. Each bag was paved to ensure uniform contact with the wall panel. During loading, each level of load lasted 5 min, and the last level of load lasted 30 min. During unloading, the step-by-step method was adopted until the load was zero and the interval time of the step was 3 min. In addition, the applying maximum load of each specimen and loading levels are determined according to the above calculated standard value of wind load, estimated bearing capacity of the wall and connector, and the safety of the test process. The applying maximum loads of all specimens except for specimen QB2-I-Y-2.5-4-3 are larger than the calculated standard value of wind load of 3.121 KN/m2 to check the serviceability limit state of the specimen. For specimen QB2-I-Y-2.5-4-3, its estimated bearing capacity connector is relatively low because of the small thickness of its connector and fewer screws connected to steel beams, so its applying maximum load is set to be relatively low to avoid the possible danger caused by sudden connector failure. Specimens QB1-I-L-2.5-5-1, QB2-I-Y-2.5-4-3, QB3-I-L-1.5-3-1, QB4-I-Y-2.5-4-2, QB5-II-L-2.5-3-1, and QB6-II-Y-2.5-4-3 implemented 8-levels loading (3.216 KN/m2), 12-levels loading (4.824 KN/m2), 4-levels loading (1.608 KN/m2), 10-levels loading (4.020 KN/m2), 8-levels loading (3.216 KN/m2), and 12-levels loading (4.824 KN/m2), respectively. All tests were conducted in the structural laboratory of the School of Civil Engineering, Zhengzhou University. In this study, a total of 150 bags were prepared and the mass of a dry gravel bag was 10 kg. The typical images of the specimen before and after loading are shown in Figure 6. It is worth noticing that under the wind load carried by building structures as specified in the GB50009-2012 [46], wall panels need to meet the requirements of the normal service stage, while the wall panels are commonly in the elastic stage. Thus applying maximum load was designed within the elastic range.




2.5. Measuring Instrument Arrangement


In this study, nine linear variable differential transformers (LVDTs) were set up to obtain the deformations of the whole specimen and LSF wall itself during the loading and unloading process, as shown in Figure 7. Three LVDTs were arranged at the middle and both ends of the wall panel along the width direction to prevent errors caused by the deflection of the specimen during the experiment, as shown in Figure 8. The average value of the three LVDTs was used as the true deflection value at this position. The deformation measured by the LVDT in the middle of the wall panel was obtained as the deflection of the entire specimen. The difference between the measured value of the LVDTs at the middle and both ends of the LSF wall was calculated as the deflection value of the LSF wall itself. In addition, seven resistance strain gauges were arranged at the mid-span positions on both sides of the LSF wall panel along the height direction to check the flat section assumption, as shown in Figure 9.





3. Results and Discussion


3.1. Experimental Phenomena


The purpose of this test was to explore the out-of-plane elastic mechanical performances of the LSF wall panel and steel frame beam composite structure The fireproof phenolic boards on the upper and lower surfaces of each composite wall were not damaged during the entire loading and unloading process. Yielding or buckling failure in the upper flange and web of light-gauge steel studs at the mid-span position was not observed. In addition, the bonded interface between the fireproof phenolic board and cold-formed light-gauge steel studs was not damaged. Therefore, the LSF wall of each specimen was considered to be in an elastic state during loading and unloading. For the specimens with L-shaped connectors, a larger displacement was observed at the position of the L-shaped connector, as shown in Figure 10. Meanwhile, the self-tapping screws connecting the connector and steel beam had obvious restraint deformation. The entire connector exhibited waviness along the width direction of the wall panel, as shown in Figure 11. For the specimens with the special-shaped connectors, no obvious deformation was observed at the position of the connector, as shown in Figure 12.




3.2. Load-Span Deflection Curve


Figure 13a presents the load-span deflection curves of different types of specimens during loading. For each type of specimen, the load increased linearly with the increase in the displacement during the loading process, and the slope of the load-deflection curve of each specimen was different due to the difference in the test parameter settings. It needsed to be emphasized that the slope of the curve for specimen QB3-I-L-1.5-3-1 was obviously smaller than that of other specimens, which indicated that the connector thickness had the most significant influence on the overall stiffness of the specimen. The main reason was that the constraint ability of the connector to the wall panel decreased as the thickness of the connector decreased. Figure 13b presents the load-span deflection curves of different types of specimens during unloading. In general, the load-span deflection curve of each type of specimen showed a non-linear decline as the load decreased and a certain residual deformation was observed for each specimen when the load decreased to zero, which indicated that the plastic deformation occurred in the connection position of the specimen during the loading process and there may be some clearance at the screws. According to the measured data in the mid-span deflection curve of each specimen, the bending stiffness of each specimen could be calculated by using Equation (2):


  B =   E I  k  =   w b  l 4   f   



(2)




where B is the bending stiffness of the specimen, E is the equivalent elastic modulus of the mid-span section of the wall (N/m2), I is the equivalent moment of inertia of the mid-span section of the wall (m4), k is the coefficient that characterizes the restraint at both ends and load form (dimensionless), w is the applied area load of each level (KN/m2), b is the width of the specimen (m), l is the effective span of the specimen (m), and f is the measured mid-span deflection of the specimen (mm).



The maximum load, bending stiffness, and mid-span deflection under the maximum load of each specimen are listed in Table 4. The bending stiffness of the specimen with a special-shaped connector was greater than that of the specimen with an L-shaped connector. Meanwhile, the unloading stiffness of the specimen was greater than the loading stiffness of the corresponding specimen, which indicated that the screw position had a certain gap before loading, and the screw hole had slight plastic deformation during the loading process. It can be considered that part of the gap and plastic deformation were eliminated, and the remaining deformation was the elastic deformation of the specimen in the unloading process. Therefore, the unloading stiffness should be the elastic bending stiffness of the specimen. In addition, by comparing specimens QB2-I-Y-2.5-4-3 and QB6-II-Y-2.5-4-3, the arrangement of the light-gauge steel studs had almost no effect on the overall elastic bending stiffness of the specimen. Furthermore, by comparing specimens QB1-I-L-2.5-5-1 and QB5-II-L-2.5-3-1, as well as QB3-I-L-1.5-3-1 and QB5-II-L-2.5-3-1, increasing the number of self-tapping screws from three to five, or increasing the thickness of the L-shaped connector from 1.5 mm to 2.5 mm, can improve the overall elastic bending stiffness of the specimen. In addition, by comparing specimens QB2-I-Y-2.5-4-3 and QB4-I-Y-2.5-4-2, increasing the number of special-shaped connectors from two to three can improve the overall bending stiffness of the specimen, and the stiffness contribution of a single special-shaped connector can also be increased.




3.3. Bending Stiffness


3.3.1. Arrangement of Light-Gauge Steel Studs


Figure 14a shows the load-span deflection curves of each LSF wall panel during loading. The six wall panels are in a state of linear elasticity and the load increased linearly with the increase of displacement during the loading process. Among them, the slope of the curve for wall panel QB3-I-L-1.5-3-1 was significantly smaller than that of the other wall panels, and the slope of curves for the other five wall panels was similar. Figure 14b shows the load-span deflection curves of each LSF wall panel during unloading. The load decreased non-linearly with the decrease in displacement. In general, the slope of curves for the six wall panels has little difference during the unloading process. Therefore, the small slope of the curve for wall panel QB3-I-L-1.5-3-1 was due to certain inelastic deformation and test errors during the loading process.



Table 5 lists the maximum load, bending stiffness, and mid-span deflection under the maximum load of each LSF wall panel. According to the calculation method and analysis in Section 3.2, the elastic bending stiffness of the wall panel should be the unloading stiffness. It could be found that the bending stiffness of the wall panel when the light-gauge steel studs were arranged asymmetrically was slightly greater than that of the wall penal when the light-gauge steel studs were arranged symmetrically. The difference between the average stiffness of wall panels with two arrangements was only 3.2%. Therefore, it could be considered that the arrangement of the light-gauge steel studs has no significant effect on the stiffness of the wall panel. It was because the fireproof phenolic board plays a lateral restraint role on the cold-formed light-gauge steel studs as the sheathing board. Thus, the overall mechanism of the LSF wall panel was increased.




3.3.2. Connection Mode


Table 6 lists the bending stiffness of each specimen, the bending stiffness of the wall panel itself, and the ratio of bending stiffness of the specimen to the wall. The overall bending stiffness of the specimen is not equal to the elastic bending stiffness of the wall panel, which indicates that the connection mode between the wall panel and the steel beam has a certain influence on the stiffness of the specimen. For specimens with L-shaped connectors, the bending stiffness of specimens was generally less than the bending stiffness of the wall panel itself. For specimens with special-shaped connectors, the bending stiffness of specimens was generally greater than the bending stiffness of the wall panel itself. This phenomenon indicates that the connection rigidity of the special-shaped connector was larger, and the constraint capacity of the special-shaped connector to the wall panel was greater than that of the L-shaped connector.





3.4. Strain Distribution


Figure 15 shows the strain curve of the mid-span section along the height direction. The longitudinal coordinate represents the height of the mid-span section of the wall panel. Zero on the Y-axis represents the bottom elevation of the mid-span section. The horizontal coordinate represents the strains at different heights of the section under different levels of loads. The six wall panels show the same phenomenon, so QB1-I-L-2.5-5-1 and QB5-II-L-2.5-3-1 were analyzed as examples. For QB5-II-L-2.5-3-1, there were only five measurement points because the test data cannot be collected accurately. It can be observed that the strain was not in a straight line under different levels of loads. The strain difference between fireproof phenolic board and flange of light-gauge steel studs gradually increased as the load increased. To further compare the relationship of the strain between the flange of light-gauge steel studs and fireproof phenolic under different levels of loads, the strain-load curves of the upper and lower flanges of light-gauge steel studs and the corresponding upper and lower fireproof phenolic boards are shown in Figure 16. The strain of the flange of the light-gauge steel studs is greater than the corresponding strain of fireproof phenolic board under different levels of loads. With the increase in load, the rate of the strain increase on fireproof phenolic board is less than that of the flange of the light-gauge steel studs. The main reason is that the silicone sealant layer between the flange of the light-gauge steel studs and the fireproof phenolic board has a large longitudinal shear deformation, which results in the relative slip between the flange of the light-gauge steel studs and the fireproof phenolic board. Therefore, the strain distribution of the LSF wall panel does not conform to the flat section assumption.





4. Theoretical Study of the Stress of LSF Wall Panels


4.1. Symmetric Slip Theory


4.1.1. The Basic Assumptions


In order to facilitate calculation, the following assumptions are made for the structural stress model, according to the characteristics of the LSF wall based on the assumption of the steel-concrete composite beam.



	(1)

	
Fireproof phenolic boards, silicone sealant, and cold-formed light-gauge steel studs are all elastomers. Phenolic boards and the light-gauge steel studs are in continuous and uniform contact through the silicone sealant in the longitudinal direction and maintain the same curvature. Furthemore, the longitudinal slip is a linear elastic process.




	(2)

	
Under the condition of small elastic deformation, the top and lower interfaces are stressed symmetrically.




	(3)

	
The out-of-plane stiffness, the bending moment, and the shear stress of the fireproof phenolic board can be ignored.








4.1.2. Differential Equation of Symmetrical Slip


Figure 17 shows the mechanical model of the wall under the out-of-plane distributed load. The wall and the connectors are connected by self-drilling screws and the boundary at both ends of the wall was considered to be articulated approximately. Figure 18 presents the slip analysis for micro-segments.



According to the stress analysis of the micro-segment, the static equilibrium equation of the top fireproof phenolic board in the x-direction was obtained by Equation (3):


  τ ( x ) = −  1   ∑   b i      ⋅   d  N f  ( x )   d x    



(3)




where τ(x) is the slip shear stress, ∑bi is the total bonding width of wall width, and Nf(x) is the axial stress of single-sided phenolic boards. According to Assumption (1), τ(x) is expressed as:


  τ ( x ) = G ⋅   s ( x )  a   



(4)




where G is the shear modulus of adhesive, s(x) is the slip, and a is the thickness of the adhesive layer. The slip is obtained by the simultaneous of Equations (3) and (4), as shown in Equation (5).


  s ( x ) = −  a  G  ∑   b i      ⋅   d  N f  ( x )   d x    



(5)







The slip strain is obtained by taking the first derivative of the slip with respect to x, which is expressed in Equation (6). The slip strain can also be expressed by Equation (7).


  ε ( x ) = −  a  G  ∑   b i      ⋅    d 2   N f  ( x )   d  x 2     



(6)






  ε ( x ) =  ε f  ( x ) −  ε s  ( x )  



(7)







ε(x) is the slip strain, εf(x) is the longitudinal strain of the phenolic board, and εs(x) is the longitudinal strain of the light-gauge steel studs. According to Assumption (3), the longitudinal strain at the centroid of the fireproof phenolic board at the top compression position can be expressed as follows:


   ε f  ( x ) = −    N f  ( x )    E f   A f     



(8)




where Ef is the elastic modulus of the phenolic board, and Af is the cross-section area of the single side phenolic board. Because the axial forces of the top and lower fireproof phenolic boards are self-balanced, the longitudinal strain at the top flange of cold-formed light-gauge steel studs is expressed as follows:


   ε s  ( x ) = −    M s  ( x )    E s   I S    ⋅    h s   2   



(9)




where Es is the elastic modulus of the light-gauge steel studs, Is the total moment of inertia of the section of light-gauge steel studs, hs is the height of the section of light-gauge steel studs, and Ms(x) is the total bending moment of the section of light-gauge steel studs. The simultaneous of Equations (7)–(9) is expressed as follows:


  ε ( x ) =    M s  ( x )    E s   I s    ⋅    h s   2  −    N f  ( x )    E f   A f     



(10)







The total bending moment on the combined section of the LSF wall panel is the sum of the bending moment of the cold-formed light-gauge steel studs and the couple moment formed by the axial force of the fireproof phenolic board, which can be obtained according to Assumption (2) and (3), as shown in Equation (11):


  M ( x ) =  M s  ( x ) + 2  N f  ( x ) ⋅  d c   



(11)




where M(x) is the total bending moment of the section, and dc is the distance between the centroid of the section of light-gauge steel studs and the centroid of the phenolic board section. The differential equation of elastic slip of LSF wall can be expressed by Equation (12), which can be obtained by the simultaneous of Equations (6), (10) and (11).


   N f ″  ( x ) −  λ 2   N f  ( x ) +    η 1    2  d c    M ( x ) = 0  



(12)







Among them:


  λ =    η 1  +  η 2     



(13)






   η 1  =   G  h s   d c   ∑   b i      a  E s   I s     



(14)






   η 2  =   G  ∑   b i      a  E f   A f     



(15)








4.1.3. Solution of the Mechanical Characteristic Quantity of Interface Slip under Load


According to the distribution load model shown in Figure 17, the section bending moment can be expressed by Equation (16).


  M ( x ) =  1 2  q (    l 2   4  −  x 2  )  



(16)







According to the symmetry of the force model, the boundary condition can be obtained by substituting Equation (16) into Equation (12).


  s ( 0 ) = −  a  G  ∑   b i      ⋅   d  N f  ( x )   d x    |  x = 0   = 0  



(17)






   ε f  ( 0.5 l ) = −    N f  ( 0.5 l )    E f   A f     |  x = 0.5 l   = 0  



(18)







A general solution can be obtained by solving differential Equation (12):


   N f  ( x ) =    η 1  q   2  λ 4   d c    ⋅      e  λ x   +  e  − λ x      e  0.5 λ l   +  e  − 0.5 λ l     − 1   +    η 1  q   4  λ 2   d c         l 2   4  −  x 2     



(19)







The slip shear stress, slip, and slip strain of wall section under distribution load can be obtained by substituting Equation (19) into Equations (3), (5) and (6), as shown in Equations (20)–(22), respectively.


  τ ( x ) =    η 1  q   2  λ 2   d c   ∑   b i      ⋅      e  − λ x   −  e  λ x     λ (  e  0.5 λ l   +  e  − 0.5 λ l   )   + x    



(20)






  s ( x ) =   a  η 1  q   2 G  λ 2   d c   ∑   b i      ⋅      e  − λ x   −  e  λ x     λ (  e  0.5 λ l   +  e  − 0.5 λ l   )   + x    



(21)






  ε ( x ) =   a  η 1  q   2 G  λ 2   d c   ∑   b i      ⋅   1 −    e  − λ x   +  e  λ x      e  0.5 λ l   +  e  − 0.5 λ l        



(22)







Similarly, the results under other out-of-plane loads can also be calculated. Figure 19 shows the distribution curves of the slip shear stress, slip, and slip strain of the wall along the direction of the wall span under the distribution load. It can be observed that the slip shear stress and slip are odd functions, and the maximum appears at the end of the panel in the case of symmetrical out-of-plane load and boundary conditions. In addition, the slip strain is an even function, and the maximum appears at the span of the panel. The results are consistent with the results of a bending slip of steel beams reinforced by FRP and CFRP [47,48,49,50,51,52,53,54]. In these studies, the peak of the slip’s normal stress (de-bonding stress) also occurs at the panel end. Therefore, in practical engineering applications, it is suggested to add self-drilling screws on the top and lower of the LSF wall panel to make the sheathing boards connected with the light-gauge steel studs and to prevent the de-bonding and shear failure of the adhesive interface caused by out-of-plane wind load and temperature.




4.1.4. Composite Section Stiffness and Sheathing Effect Coefficient of LSF Wall Panels


According to Assumption (2) in Section 4.1.1, the centroid of the composite section is consistent with the centroid of the cold-formed light-gauge steel studs due to the composite section of the wall being stressed symmetrically under the out-of-plane load. Therefore, the contribution of the cold-formed light-gauge steel studs to the stiffness of the composite section is not changed, and the slip effect only affects the utilization rate of the section composite stiffness of the fireproof phenolic board. Based on the direct strength method, the whole width of the phenolic board is considered as a whole, and the effective flange width of the phenolic board is not calculated to simplify the calculation method. Therefore, this method is different from the reduced stiffness method. The stiffness reduction coefficient m of the fireproof phenolic board is introduced, which is called the sheathing effect coefficient.



The composite section stiffness of LSF wall panels can be defined as:


  B =  E s     I s  + m  I f     



(23)




where If is the moment of inertia of the whole section of the top and lower phenolic board to the centroid of the composite section after conversion according to the elastic modulus.


   I f  = 2  A f  ⋅  d c    2   



(24)







The deformation compatibility equation for the mid-span of the LSF wall panel is shown in Equation (25):


   δ 0     I S  +  I f     I S  + m  I f    =  δ 0  + Δ f  



(25)




where Δf is the additional deflection in the mid-span of the wall, and δ0 is the mid-span deflection of the wall without considering slip. The expression of sheathing effect coefficient is obtained by the inverse solution:


  m =    δ 0  −    I S     I f    Δ f    δ 0  + Δ f    



(26)







The additional curvature can be obtained by Equations (27) and (28) to obtain the additional deflection.


  Δ κ =   ε ( x )   2  d c     



(27)






  Δ κ ( x ) = Δ  f ″  ( x )  



(28)







Under Uniformly distributed load out-the-plane, the simultaneous result of Equations (22), (27) and (28) was substituted into the boundary conditions.


  Δ  f ′  ( 0 ) = 0  



(29)






  Δ f ( 0.5 l ) = 0  



(30)







The additional deflection of mid-span under distribution load is obtained by solving the differential Equation (28), as shown in Equation (31).


  Δ f =   a  η 1  q   4 G  λ 2   d c    2   ∑   b i      [    l 2   8  +  2   λ 2  (  e  0.5 λ l   +  e  − 0.5 λ l   )   −  1   λ 2    ]  



(31)







The sheathing effect coefficient under distribution load was obtained by substituting Equation (31) into Equation (26). In the same way, the sheathing effect coefficient under the action of other forms of out-of-plane loading can also be obtained. It can be seen that the sheathing effect coefficient has nothing to do with the load, but is only related to the physical, geometric, load form, and boundary conditions of the wall. Furthermore, the coefficient is always less than 1. Combining with Equation (23), it can be observed that the coefficient essentially reflects the contribution or utilization rate of the sheathing board to the stiffness of the composite section of the wall. A direct macroscopic deflection response coefficient m is used to express the slip effect because it is difficult to measure the mechanical response of the slip interface directly. Furthermore, the correctness of the theory in this paper can be proved by comparing the theoretical results with the experimental results. The calculated sheathing effect coefficient m was obtained by substituting the measured geometrical physical parameters of each specimen into Equations (13)–(15), (26), and (31). The measured stiffness is calculated through the calculated m and the measured mid-span deflection of the specimen. The measured sheathing effect coefficient m0i can then be calculated by substituting B0i into Equation (23).



Table 7 shows the ratio of the calculated value to the measured value of the sheathing effect coefficient. It can be concluded that the average value of the ratio is 0.88 and the coefficient of variation is 0.0584. Generally, the calculated value of m is less than the measured value, which is conservative. The reason is that a decorative layer on the actual wall and the connectors can provide small rotational stiffness for the support, which is not considered in the calculation.





4.2. Calculation of Elastic Deflection of LSF Wall Panels and Bending Normal Stress of Longitudinal Light-Gauge Steel Studs under Wind Load


4.2.1. Calculation of Mid-Span Elastic Deflection of LSF Wall Panels


The elastic deflection equation of the LSF wall with simple support at both ends under distribution load can be obtained by substituting Equation (23) and the simplified wind load model into the structural mechanical deflection equation.


  f =   5 q  l 4    384 B    



(32)




where:


  B =  E s     I s  + m  I f     










  m =    δ 0  −    I S     I f    Δ f    δ 0  + Δ f    










  Δ f =   a  η 1  q   4 G  λ 2   d c    2   ∑   b i      [    l 2   8  +  2   λ 2  (  e  0.5 λ l   +  e  − 0.5 λ l   )   −  1   λ 2    ]  










  λ =    η 1  +  η 2     










   η 1  =   G  h s   d c   ∑   b i      a  E s   I s     










   η 2  =   G  ∑   b i      a  E f   A f     












4.2.2. Calculation of Elastic Bending Normal Stress of Longitudinal Light-Gauge Steel Studs


According to the Steel Structure Design Standard, the top and lower of cold-formed light-gauge steel studs are pasted with sheathing boards to prevent the lateral deformation of the light-gauge steel studs, so the overall bending or buckling of the wall is not considered. In the elastic stage, the bending normal stress equation of the top and lower flange of light-gauge steel studs with simple supports at both ends of LSF wall panels under distribution load can be obtained, as shown in Equation (33).


   σ s  =   M y  I  =   M ⋅    h s   2     B   E s      =   M ⋅  h s  ⋅  E s    2 B    



(33)








4.2.3. Strength Checking of the Adhesive Layer between Phenolic Boards and Light-Gauge Steel Studs


The maximum slip shear stress and slip normal stress (also termed as de-bonding stress, which is not considered in this paper) appear at the support position, while the principal stress formed by slip shear stress and slip normal stress will cause local damage of the adhesive layer near the support. Therefore, it is necessary to check the strength of the adhesive layer. The checking method is according to the GB51367-2019 [55].





4.3. Comparison between the Proposed Method and the Existing Methods


4.3.1. Transformed-Section Method without Considering Interface Slip


This method is an early method to calculate the deflection of the composite beam and slab [56,57], which is referred to as the transformed-section method. The cross-section of the two materials is converted to that of one material according to the elastic modulus. In the cross-section conversion, the flange plate within the effective width is converted instead of the full section of the flange plate, without considering the slip effect generated by the interface between the two materials.



Figure 20 shows the effective width and the converted width. The effective width of the flange plate is calculated by:


   b e  =  b 0  +  b 1  +  b 2   



(34)




where b0 is the width of the top flange of the beam without panel support, b1 and b2 are the calculated width of the flange plate on both sides of the beam, and the smaller value of 1/6 of the beam span l and 6 times of the flange plate thickness h1 is taken as b1 and b2, respectively. The calculation equation for the converted width of the flange plate is as follows:


   b  e q   =    b e     α E     



(35)




where αE is the ratio of elastic modulus of beam material Es to the elastic modulus of flange plate material Ef. When the combined section of the two materials is converted into the section of the beam material, the deflection and section stress can be calculated according to the material mechanics method.




4.3.2. Reduced Stiffness Method Considering Interface Slip


This method is used to calculate the deformation of the composite beam and slab in China’s current standard GB 50017-2017 [58,59,60], which is called the reduced stiffness method in this paper. Compared with the transformed-section method, the slip effect caused by the interface of two materials is considered with this method. In addition, the stiffness reduction coefficient to reflect the slip effect is introduced.



Based on the transformed-section method, the calculation equation of reduced stiffness is obtained according to Equation (36):


  B =    E s   I  e q     1 + ζ    



(36)




where Es is the elastic modulus of beam material, Ieq is the moment of inertia of the converted section, and ζ is the stiffness reduction coefficient, which is calculated according to the following equation:


  ζ = η [ 0.4 −  3    ( α l )  2    ]  



(37)






  η =   36  E s   d c  p  A 0     n s  k h  l 2     



(38)






  α = 0.81      n s  k  A 1     E 1   I 0  p      



(39)






   A 0  =    A  c f   A    α E  A +  A  c f      



(40)






   A 1  =    I 0  +  A 0   d c    2     A 0     



(41)






   I 0  = I +    I  c f      α E     



(42)




where Acf is the flange plate section area within the effective width, A is the beam cross-section area, I is the moment of inertia of the beam section, Icf is the moment of inertia of flange plate section within the effective width, dc is the distance between the centroid of the beam section and the centroid of the flange plate section, h is the height of the composite section, l is the calculated span, k is the stiffness coefficient of the connector between the flange plate and the beam, p is the average spacing of connectors, and ns is the number of longitudinal columns of connectors. In the elastic stage, the elastic resistance moment of the reduced section considering the interface slip [45] is as follows:


  W =    W  e q     1 + ξ ⋅ ζ    



(43)




where Weq is the elastic resistance moment of the section calculated according to the transformed-section method and ζ is the stiffness reduction coefficient, which is calculated as follows:



Single interface sliding:


  ξ =    h s  ( h  A w  + 2  h f   A  f t   )   6  I  e q      



(44)







According to the superposition principle, when double-interface slip:


  ξ =    h s  ( h  A w  +  h  f 1    A  f t   +  h  f 2    A  f s   )   3  I  e q      



(45)




where Aw is the section area of steel beam web; Aft and Afs are the section area of the top and lower flange of steel beam, respectively; hf1 and hf2 are the thickness of the top and lower flange, respectively.



In this method, the discrete screws connection is adopted for the connection between the flange plate and the beam. However, the structural sealant was selected for the connection in our study. To make a comparison with the theory in this paper, the connection stiffness of two different connection modes is converted to be equivalent. In the derivation of the reduced stiffness method, it is assumed that the interface horizontal shear stress is proportional to the relative slip [45], as shown in Equation (46).


  p v =  n s  k s  



(46)




where v is the horizontal shear stress per unit length, which can be obtained by Equation (47).


  v = τ  ∑   b i     



(47)







Equation (48) is obtained by substituting Equation (46) into Equation (4), and then combining with Equation (47).


     n s  k  p  =   G  ∑   b i     a   



(48)







In the reduced stiffness method, the LSF wall panel data in this paper can be calculated with Equation (48).




4.3.3. Comparison of Calculated Results


The measured material and geometric parameters of the specimens are substituted into the above two existing theoretical calculation methods and the calculation method of this paper to calculate the mid-span deflection of the wall. The results are then compared with the measured values. Figure 21 shows that the results calculated by the transformed-section method and the reduced stiffness method are quite different from the experimental results. The results calculated by the reduced stiffness method are too conservative. However, the influence of the interface slip is not considered in the transformed-section method, which is unsafe. The results indicate that the reduced stiffness method and the transformed-section method are not suitable for calculating the elastic deflection and bending stress of LSF wall panels.



The influence of different arrangements of cold-formed light-gauge steel studs is not considered in the theoretical derivation in Section 4, because the six specimens have the same parameters except for the asymmetric layout of the light-gauge steel studs of QB5-II-L-2.5-3-1 and QB6-II-Y-2.5-4-3. It can also be observed from the test results in Section 3.2 that the overall stiffness of the composite wall with a symmetrical arrangement of light-gauge steel studs is basically the same as that with an asymmetric arrangement of light-gauge steel studs, due to the sheathing effect of the fireproof phenolic board.



Therefore, the calculated results of the three methods under each level of load are compared with the measured average values of the six specimens. The calculated and measured results of mid-span deflection of specimens, compressive stress at top flange of longitudinal light-gauge steel studs in mid-span, and the tensile stress at lower flange of longitudinal light-gauge steel studs in the mid-span are shown in Table 8, Table 9 and Table 10, respectively.



Table 8, Table 9 and Table 10 show that the mid-span deflection of wall panels and the stresses at the top and lower flanges of longitudinal light-gauge steel studs in mid-span calculated by the transformed-section method are less than the measured values in the test under each level of load. The ratios of average calculated values to the measured values in the test for the mid-span deflection of the wall panel, the stress at the top flange, and the stress at the lower flange are 0.714, 0.701, and 0.631, respectively. This phenomenon occurs because the transformed-section method only converts the two materials into one material within the effective width and takes no account of the slip effect of the two materials, which means that the result tends to be unsafe.



The mid-span deflection and the stress at the top and lower flanges of longitudinal light-gauge steel studs in the mid-span of wall panels calculated by the reduced stiffness method are greater than the measured values. The ratios of average calculated values to the measured values for the mid-span deflection of the wall panel, the stress at the top flange, and the stress at the lower flange are 2.689, 7.659, and 6.892, respectively. The reduced stiffness method has good accuracy in a steel-concrete beam structure [61], but the method used in this paper is obviously too conservative. The reason is that the stiffness reduction method is carried out within the effective width of the flange plate material, which is better for large spacing between the steel beam and steel beam in steel-concrete composite beam and large flange width relative to steel beamwidth. However, the accuracy of the wall with sheathing boards and with multiple cold-formed light-gauge steel studs is poor.



The calculated values of the theoretical method proposed in this paper are closer to the experimental results, compared with the transformed-section method and the reduced stiffness method. The ratios of the calculated values to the measured value of the mid-span deflection, the measured value of the compression stress of the top flange of the longitudinal light-gauge steel studs in the mid-span, and the tensile stress of the lower flange of the longitudinal light-gauge steel studs in the mid-span are 1.114, 1.094, and 0.984, respectively, with the variation coefficients of 5.0%, 6.4%, and 5.5%, respectively. Therefore, among the three calculation methods, the method based on the symmetrical slip of interface proposed in this paper is more suitable for the calculation of the elastic deflection and elastic bending stress of LSF wall panels used in this study. In addition, the calculation process is simpler than the reduced stiffness method.






5. Conclusions


This paper proposed a new type of composite wall panel, which is made by bonding the phenolic fireproof panel and cold-formed light-gauge steel studs with a structural adhesive. The proposed prefabricated LSF wall panel has the advantages of lightweight, fireproof, and easily connected. A distribution load test was used to simulate the effect of an out-of-plane wind load to investigate the force performance of the composite wall and the surrounding steel structure under different connection methods. In addition, a new stiffness degradation model was proposed for the composite wall panel with the consideration of the sheathing board effect. The main conclusions obtained in this paper are as follows:



	
In the elastic stress stage under out-of-plane loads, the asymmetric arrangement of light-gauge steel studs of the LSF wall does not affect the overall elastic bending stiffness of wall panels. Thus, the symmetrical arrangement is recommended for practical applications.



	
In the elastic stress stage under out-of-plane loads, increasing the thickness of the L-shaped connect-or and the number of self-tapping screws can improve the out-of-plane stiffness of the prefabricated LSF wall system. The overall out-of-plane stiffness of the prefabricated LSF wall system and the stiffness contribution of a single special-shaped connector can be increased by increasing the number of special-shaped connectors from two to three. The symmetrical arrangement of light-gauge steel studs of LSF wall is beneficial to improving the out-of-plane stiffness of the connectors. In addition, special-shaped connectors have greater out-of-plane stiffness than L-shaped connectors.



	
Based on the sheathing effect of the wall panel and the symmetric slip theory of the interface between the fireproof phenolic board and light-gauge steel studs, the equations for calculating the elastic deflection in span and the elastic bending stress of light-gauge steel studs of the LSF wall are derived theoretically under out-of-plane loading. Compared with the transformed-section method and the reduced stiffness method in China’s steel structure design standards, the results obtained from the calculation of the method proposed in this paper are closer to the experimentally measured data.
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Figure 1. LSF walls section and stud section. (a) Type-I walls section structure (symmetrical arrangement of light-gauge steel studs). (b) Type-II walls section structure (asymmetric arrangement of light-gauge steel studs). (c) Cross-section of light-gauge steel stud. 
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[image: Buildings 12 00897 g001]







[image: Buildings 12 00897 g002a 550][image: Buildings 12 00897 g002b 550] 





Figure 2. Dimension of L-shaped connector and hole positions (mm). (a) Hole positions of L-shaped connector connected with steel beam by three self-drilling screws. (b) Hole positions of L-shaped connector connected with steel beam by five self-drilling screws. (c) Section dimension of L-shaped connector. 
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Figure 3. Dimension of special-shaped connector and hole positions (mm). (a) Hole positions of special-shaped connector. (b) Section dimension of special-shaped connector. 
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Figure 4. Specimen diagram. (a) LSF wall frame diagram. (b) Specimen details. 
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Figure 5. Stress–strain relationship curve. (a) Cold-formed steel. (b) Fireproof phenolic board. 
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Figure 6. Full view of the load test. 
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Figure 7. Overall arrangement of specimen linear displacement sensors (mm). 
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Figure 8. Mid-span linear displacement sensors. 
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Figure 9. Position of strain gauges in mid-span section of LSF walls. 
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Figure 10. Deformation of continuous L-shaped connectors under applying maximum load. 
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Figure 11. Deformation of continuous L-shaped connectors in the width direction. 
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Figure 12. Deformation of special-shaped connectors under applying maximum load. 
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Figure 13. The overall mid-span deflection curve of specimens. (a) Loading; (b) Unload. 
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Figure 14. The mid-span deflection curves of LSF wall panels. (a) Loading; (b) Unload. 
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Figure 15. Strain distribution curves of mid-span section. (a) QB1-I-L-2.5-5-1 (b) QB5-II-L-2.5-3-1. 
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Figure 16. Strain load curves. (a) Strain of top flanges of light-gauge steel studs and top phenolic board of QB1-I-L-2.5-5-1; (b) Strain of lower flanges of light-gauge steel studs and lower phenolic board of QB1-I-L-2.5-5-1; (c) Strain of top flanges of light-gauge steel studs and top phenolic board of QB5-II-L-2.5-3-1; (d) Strain of lower flanges of light-gauge steel studs and lower phenolic board of QB5-II-L-2.5-3-1. 






Figure 16. Strain load curves. (a) Strain of top flanges of light-gauge steel studs and top phenolic board of QB1-I-L-2.5-5-1; (b) Strain of lower flanges of light-gauge steel studs and lower phenolic board of QB1-I-L-2.5-5-1; (c) Strain of top flanges of light-gauge steel studs and top phenolic board of QB5-II-L-2.5-3-1; (d) Strain of lower flanges of light-gauge steel studs and lower phenolic board of QB5-II-L-2.5-3-1.
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Figure 17. Mechanical model of the wall under distributed load. 
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Figure 18. Micro-segment analysis model. 
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Figure 19. Distribution of mechanical parameters of slip along wall span. (a) Slip shear stress distribution. (b) Slip distribution. (c) Slip strain distribution. 
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Figure 20. Effective width and conversion width. 






Figure 20. Effective width and conversion width.



[image: Buildings 12 00897 g020]







[image: Buildings 12 00897 g021 550] 





Figure 21. Comparison between theoretical calculation and actual measurement. 
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Table 1. Test parameter variables.
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	Specimen
	Wall Type
	Connector Section
	Thickness of Connector (mm)
	Number of Single Side Connectors
	Number of Single Side Screws

Connected to Steel Beams





	QB1-I-L-2.5-5-1
	Type I
	L-shape
	2.5
	1
	5



	QB2-I-Y-2.5-4-3
	Type I
	Special-shaped
	2.5
	3
	12



	QB3-I-L-1.5-3-1
	Type I
	L-shape
	1.5
	1
	3



	QB4-I-Y-2.5-4-2
	Type I
	Special-shaped
	2.5
	2
	8



	QB5-II-L-2.5-3-1
	Type II
	L-shape
	2.5
	1
	3



	QB6-II-Y-2.5-4-3
	Type II
	Special-shaped
	2.5
	3
	12
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Table 2. Measured material properties.






Table 2. Measured material properties.





	Material
	Yield Stress (Mpa)
	Ultimate Stress (Mpa)
	Young’s

Modulus (GPa)
	Poisson’s Ratio





	Cold-formed steel
	302.4
	377.3
	178.3
	0.32



	Fireproof phenolic board
	/
	424.8
	33.76
	0.27



	Silicone sealant
	/
	1.13
	0.00067
	0.50
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Table 3. Loading system of the heap load test.
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	Loading Series
	Loading Uniform Area Load (KN/m2)
	Unloading Uniform Area Load (KN/m2)





	0-level
	0
	4.824



	1-level
	0.402
	4.422



	2-level
	0.804
	4.020



	…
	…
	…



	11-level
	4.422
	0.402



	12-level
	4.824
	0
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Table 4. Mid-span deflection and bending stiffness of each specimen under maximum load.
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	Specimen
	Applying Maximum Load (KN/m2)
	Loading Bending Stiffness of Specimen (KN·m2)
	Unloading Bending Stiffness of Specimen (KN·m2)
	Mid-Span Deflection (mm)





	QB1-I-L-2.5-5-1
	3.216
	40753
	47535
	9.75



	QB2-I-Y-2.5-4-3
	4.824
	45166
	52295
	13.26



	QB3-I-L-1.5-3-1
	1.608
	23492
	33666
	8.68



	QB4-I-Y-2.5-4-2
	4.020
	42865
	48616
	11.70



	QB5-II-L-2.5-3-1
	3.216
	38882
	47691
	10.25



	QB6-II-Y-2.5-4-3
	4.824
	45662
	52517
	13.00







Note: when calculating the bending stiffness of walls under loading and unloading, the coefficients of the forms of support or constraint at both ends of specimens are not considered.
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Table 5. The mid-span deflection and bending stiffness of LSF walls under maximum load.
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	Wall Specimen
	Applying

Maximum Load (KN/m2)
	Mid-Span

Deflection (mm)
	Loading

Bending

Stiffness (KN·m2)
	Unloading

Bending

Stiffness (KN·m2)





	QB1-I-L-2.5-5-1
	3.216
	7.11
	48866
	52570



	QB2-I-Y-2.5-4-3
	4.824
	12.18
	42980
	46449



	QB3-I-L-1.5-3-1
	1.608
	4.96
	31274
	48852



	QB4-I-Y-2.5-4-2
	4.020
	9.73
	45129
	49175



	QBn-I average value
	/
	/
	42062
	49262



	QB5-II-L-2.5-3-1
	3.216
	7.33
	47463
	47470



	QB6-II-Y-2.5-4-3
	4.824
	11.64
	44029
	47862



	QBn-II average value
	/
	/
	45746
	47666







Note: the coefficient of the form of support or constraint at both ends of the specimen is not considered when calculating the bending stiffness of the wall during loading and unloading.
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Table 6. Elastic bending stiffness of specimens and wall panels.
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	Specimen
	Elastic Bending Stiffness of

Specimen (KN·m2)
	Elastic Bending Stiffness of Wall Panel (KN·m2)
	Ratio of Bending

Stiffness of Specimen to the Wall Panel





	QB1-I-L-2.5-5-1
	47535
	52570
	0.904



	QB2-I-Y-2.5-4-3
	52295
	46449
	1.126



	QB3-I-L-1.5-3-1
	33666
	48852
	0.689



	QB4-I-Y-2.5-4-2
	48616
	49175
	0.987



	QB5-II-L-2.5-3-1
	47691
	54131
	0.881



	QB6-II-Y-2.5-4-3
	52517
	47862
	1.097
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Table 7. Comparison between calculated and measured values of sheathing effect coefficient.
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Specimen

	
Measured

Bending

Stiffness B0i (KN·m2)

	
Measured

Conversion m0i

	
Calculated Value m

	
Ratio of Calculated Value to Measured Value






	
QB1-I-L-2.5-5-1

	
684.5

	
0.699

	
0.549

	
0.79




	
QB2-I-Y-2.5-4-3

	
604.8

	
0.588

	
0.93




	
QB3-I-L-1.5-3-1

	
636.1

	
0.631

	
0.87




	
QB4-I-Y-2.5-4-2

	
640.3

	
0.637

	
0.86




	
QB5-II-L-2.5-3-1

	
618.1

	
0.606

	
0.91




	
QB6-II-Y-2.5-4-3

	
623.2

	
0.613

	
0.90




	
Average value

	
634.5

	
0.629

	

	
0.88








Note: The measured bending stiffnesses of the walls are calculated based on the simple supports at both ends of the wall of the distributed load.
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Table 8. Comparison of mid-span deflection of specimens.
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	Load (KN/m2)
	f0 (mm)
	f1/f0
	f2/f0
	f3/f0





	0.402
	0.81
	0.805
	3.030
	1.255



	0.804
	1.74
	0.750
	2.824
	1.169



	1.206
	2.69
	0.728
	2.740
	1.135



	1.608
	3.65
	0.715
	2.695
	1.116



	2.010
	4.43
	0.736
	2.772
	1.148



	2.412
	5.41
	0.725
	2.729
	1.130



	2.814
	6.37
	0.718
	2.703
	1.119



	3.216
	7.41
	0.705
	2.655
	1.100



	3.618
	8.57
	0.686
	2.583
	1.070



	4.020
	9.64
	0.677
	2.551
	1.056



	4.422
	10.77
	0.667
	2.511
	1.040



	4.824
	11.91
	0.658
	2.478
	1.026



	Average value
	/
	0.714
	2.689
	1.114







Note: f1 represents the mid-span deflection calculated by the transformed-section method; f2 represents the mid-span deflection calculated by the reduced stiffness method; f3 represents the mid-span deflection calculated by the method presented in this paper; f0 represents the average measured mid-span deflection of 6 wall panel specimens.
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Table 9. Comparison of compressive stress at top flange of longitudinal light-gauge steel studs in mid-span.
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	Load (KN/m2)
	σsc0 (MPa)
	σsc1/σsc0
	σsc2/σsc0
	σsc3/σsc0





	0.402
	−7.84
	0.656
	7.166
	1.023



	0.804
	−16.30
	0.631
	6.888
	0.984



	1.206
	−24.21
	0.637
	6.959
	0.994



	1.608
	−30.34
	0.678
	7.404
	1.057



	2.010
	−35.98
	0.714
	7.803
	1.114



	2.412
	−42.29
	0.730
	7.968
	1.138



	2.814
	−49.80
	0.723
	7.893
	1.127



	3.216
	−57.18
	0.719
	7.857
	1.122



	3.618
	−62.28
	0.743
	8.115
	1.159



	4.020
	−67.54
	0.761
	8.314
	1.187



	4.422
	−77.63
	0.728
	7.956
	1.136



	4.824
	−88.80
	0.695
	7.588
	1.083



	Mean value
	/
	0.701
	7.659
	1.094







Note: σsc1 represents the compressive stress at top flange of longitudinal light-gauge steel studs in mid-span calculated by the transformed-section method; σsc2 represents the compressive stress at top flange of longitudinal light-gauge steel studs in mid-span calculated by the reduced stiffness method; σsc3 represents the compressive stress at top flange of longitudinal light-gauge steel studs in mid-span calculated by the method presented in this paper; σsc0 represents the average measured compressive stress at top flange of longitudinal light-gauge steel studs in mid-span of six specimens.
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Table 10. Comparison of tensile stress at the lower flange of longitudinal light-gauge steel studs in mid-span.
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	Load (KN/m2)
	σst0 (MPa)
	σst1/σst0
	σst2/σst0
	σst3/σst0





	0.402
	9.04
	0.569
	6.214
	0.887



	0.804
	17.44
	0.590
	6.440
	0.920



	1.206
	25.91
	0.595
	6.502
	0.928



	1.608
	31.89
	0.645
	7.044
	1.006



	2.010
	39.50
	0.651
	7.107
	1.015



	2.412
	48.88
	0.631
	6.893
	0.984



	2.814
	56.83
	0.633
	6.916
	0.988



	3.216
	63.84
	0.644
	7.037
	1.005



	3.618
	69.73
	0.664
	7.248
	1.035



	4.020
	76.21
	0.675
	7.368
	1.052



	4.422
	87.45
	0.647
	7.064
	1.009



	4.824
	98.12
	0.629
	6.867
	0.981



	Mean value
	/
	0.631
	6.892
	0.984







Note: σst1 represents the tensile stress at the lower flange of longitudinal light-gauge steel studs in mid-span calculated by the reduced section method; σst2 represents the tensile stress at the lower flange of longitudinal light-gauge steel studs in mid-span calculated by the reduced stiffness method; σst3 represents the tensile stress at the lower flange of longitudinal light-gauge steel studs in mid-span calculated by the method presented in this paper; σst0 represents the average measured tensile stress at the lower flange of longitudinal light-gauge steel studs in mid-span of six specimens.
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