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Abstract

:

In this paper, a new ALC panel connector was proposed. It has a good engineering economy and high fault tolerance. A quasistatic loading experiment was carried out to verify the feasibility of the external ALC panel steel frame under seismic loading. The test phenomena, hysteretic curve, skeleton curve, stiffness degradation, and energy dissipation of two sets of full-scale specimens were analyzed and discussed. Moreover, the simulation of pendulous Z-panel connectors with different thicknesses was carried out using ABAQUS software. The comparison reveals that the semi-rigid connection has a full hysteresis curve, good energy dissipation capacity, and a 15% increase in peak load capacity. Finally, similar results for different thicknesses in the use of pendulous Z-panel connectors reveal that using the 6 mm connector may be the most economical solution for engineering.
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1. Introduction


With urbanization accelerating, traditional construction techniques cannot meet the current increasing demand for housing. Prefabricated building is considered a major trend for future development because of its good seismic performance, easy construction, low greenhouse gas emissions, and high utilization of building materials [1,2,3]. As a type of enclosure system of prefabricated buildings, autoclaved lightweight concrete (ALC or AAC) panels are made of several fine aggregates (cement, sand, gypsum, aluminum powder, etc.) by high temperature and pressure [4,5]. Many scholars conducted in-depth studies. Pehlivanlı [6] et al. studied the strength of AAC blocks with different fiber additions. The result shows that the flexural and compressive strengths of the test blocks are increased, especially for the carbon fiber group. Seddighi et al. [7] investigated the mechanical properties of AAC blocks incorporating graphene. They demonstrate that the addition of graphene brings a significant increase to the compressive and tensile strength and impact resistance of AAC. In addition, other researchers have also attempted to improve the seismic performance of structures by changing material parameters and effective out-of-plane reinforcement techniques. Rousakis et al. [8] investigated RC-framed infilled wall structures reinforced by polyurethane joints (PUFJ) or polyurethane-impregnated fiber grids (FRPU). The result shows that its application improves the initial stiffness, base shear, and maintains a high horizontal drift. By using in-plane cyclic shear-compression tests, Penna et al. [9] studied AAC masonry walls with bed-joint (BJR) reinforcement specimens. They show a significant increase in maximum deformation capacity, shear strength, and seismic performance compared to an unreinforced wall. Kałuża et al. [10] studied the deformation process of in-plane AAC walls with different joint treatments. They find that the specimens reinforced with GFRP show some improvement in deformation, stiffness, and load-carrying capacity. Binici et al. [11] proposed a new innovative fencing system. The results show that its application achieves the required 2% in-plane deformation without cracking and maintains its out-of-plane stability. Deng et al. [12] studied the seismic performance of URM walls reinforced by HDC, which improves the ultimate displacement, energy dissipation, and bearing capacity. De Paula Salgado et al. [13] studied the seismic performance of AAC infill walls with the addition of curauá fiber–cement composites. The result showes satisfactory post-peak ductility because the energy is not abruptly lost but gradually releases throughout its deflection-softening behavior. To improve the strength and ductility of concrete in seismicloading, antiseismic fabric, especially double-sided reinforcement of expansive glass particle plastering is used by Arslan et al. [14]. Erdem et al. [15] studied the seismic performance of three different planar RC frames with flexible connections, including U-slot, T-slot, and female and male slots. The test shows that flexible connections exhibit a bare frame-like behavior, protecting the infill wall and optimizing the rigid wall force pattern. The connection between the prefabricated structure and the main structure is also critical. There are differences in the basic mechanical properties of the different connections (such as beam-column joints, laminated slabs, etc.) [16,17,18,19,20,21]. However, little research has been performed on the connection of the external ALC panel. The main connection methods are hook head bolt and ADR connectors (as shown in Figure 1). The external hook head bolt is rigidly connected to the ALC panel. The hole will be damaged under seismic loading and increase the risk of overall instability. The ADR connector ensures a flexible connection, but it increases the construction cost. The tests showed that the bolted connector and the swing connector have good mechanical properties, but they ignore the innovation of the connector [22,23].



Based on the above works, this paper proposed a new connector called the pendulous ALC Z-panel connector. The connector significantly improves the deformation adaptability of the structure. It also reduces construction error and engineering costs. In order to verify the feasibility of the new connector, two sets of full-scale external ALC-frames were tested using horizontal low cyclic loads. Moreover, finite element software was used to model and analyze the connector. The failure modes, hysteresis curves, skeleton curves, and stiffness degradation curves were compared in detail. Finally, the analysis of several groups of connectors of different thicknesses gave rationalization suggestions for practical application.



The rest of the paper is described as follows: In Section 2, we present the specimen design details, material properties, and test details. Section 3 analyzes the experimental results (experimental phenomena, hysteresis curves, skeleton curves, and stiffness degradation curves). In Section 4, finite element software verifies the simulation accuracy, and the connectors with different thicknesses are analyzed. Finally, Section 5 presents some conclusions.




2. Experimental Work


2.1. Design of Specimen


A new pendulous ALC Z-panel connector was proposed, which reduces the effect of seismic load on the external ALC panel steel and improves the deformation resistance of the overall structure. Figure 2 and Figure 3 show the installation diagram of the connector, which consists of the ALC panel, high-strength bolts, and upper and lower parts. The upper connector is divided into an open-hole Z-connector and open-slot L-connector, and the lower connector is composed of a bearing plate and limit hole (as shown in Figure 4, Figure 5 and Figure 6). The specific installation process is as follows. Firstly, the steel frame is installed, then the upper and lower parts are positioned and installed. The ALC panel is lifted into the appropriate position. Finally, the upper Z-connector protrusion is stuck together with the L-connector and connected to the ALC panel with the high-tensile bolt. The ALC panel is placed on the lower support plate and connected with high-strength bolts through the limit holes. Caulking mortar is applied after the ALC panel installation (as shown in Figure 7).




2.2. Material Properties


According to the standard GB/T11969-2020 “Test methods of autoclaved aerated concrete” [24], 9 ALC blocks were prepared to test the compressive strength and E. Their sizes were 100 mm × 100 mm × 100 mm and 100 mm × 100 mm × 300 mm (as shown in Figure 8). Tensile tests were performed on the same batches of steel to determine their yield strength, ultimate strength, modulus of elasticity, and elongation (as shown in Figure 9). The design requirements can be found in GB/T 228.1-2010 “Metallic Materials-Tensile testing” [25]. Table 1 and Table 2 show the autoclaved lightweight concrete and the steel mechanical performance index.




2.3. Experimental Device and Loading System


The two sets of test specimens were ultimately determined to be single-span planar steel frames with a single floor (3888 mm height and 3800 mm span), based on the site dimensions and practical application requirements of the key laboratory hall of structure and underground space at Anhui Jianzhu University. The FW-1 and FW-2 connector groups denote the hooked bolt and pendulous Z-panel connector groups, respectively. This test utilized an American MTS servo loading system with a stroke of 250 mm. A quasistatic loading system was used for this test. A horizontal, low-circumferential reciprocating load was given to the column’s highest point. The loading plate served as a link between the actuator and the frame column (as shown in Figure 10). The steel frames were constructed of hot-rolled Q235 H-beams. More precisely, the beam section measured HM244 mm × 175 mm × 7 mm × 11 mm, and the column section measured HW200 mm × 200 mm × 8 mm × 12 mm, which were all supplied by Anhui Fu Huang Steel Structure Co., Ltd. (Hefei, China).



According to the interstory displacement angle index, 5 mm, 6 mm, 7.5 mm, 8.6 mm, 10 mm, 12 mm, and 15 mm cycles of 3-turn loading and 30 mm, 40 mm, 60 mm, 75 mm, 90 mm, and 105 mm cycles of 2-turn loading were taken into consideration, and they can be found in GB50011-2010 “Code for Seismic Design of Buildings” (as shown in Figure 11) [26]. The end of the test was marked by (1 or 2):



	
When the core components (beam, column, connectors) showed apparent damage.



	
The bearing capacity of the member was reduced to 85% of the ultimate load.








3. Experiment Results and Analysis


3.1. Specimen FW-1


The schematic diagram of the tested phenomena in the FW-1 group is shown in Figure 12. At the early stage of specimen loading, when the beam end was loaded at 1/600 (Δ = 5 mm), there was no noticeable change in deformation and strain of the specimen, and the panels did not produce cracks. When the displacement angle reached 1/500 (Δ = 6 mm), cracks appeared at the bottom of the mortar of panel joints of No. 1 and No. 2 (Figure 12a). When the displacement angle reached 1/400 (Δ = 7.5 mm), the sound of the panel corner rubbing and the crack of inter-slab splicing mortar continued to increase (Figure 12b). When the displacement angle reached 1/350 (Δ = 8.6 mm), the sound of mutual extrusion between panels could be clearly heard, and vertical cracks were produced in the splicing of the No. 1 and No. 2 panels (Figure 12c). Some small pieces of ALC fell off during the loading of 1/300 (Δ = 10 mm) and 1/250 (Δ = 12 mm) (Figure 12d). When the displacement angle reached 1/200 (Δ = 15 mm), there was evident slippage between the enclosure reinforcement and the end panel, and there was a noticeable misalignment between the panel where the splices fell off. When the displacement angle reached 1/50 (Δ = 60 mm), the crack tended to gradually become wider. At displacement angle 1/40 (Δ = 75 mm), the angle weld at the upper part of panel No. 2 broke off, and a crack appeared at the hook headbolt hole at the lower part of panel No. 3. When the displacement angle reached 3/10 (Δ = 90 mm), there was serious breakage at the welded joint of the left upper beam connector, and the cracks of the panels continued to expand (Figure 12e). At displacement angle 7/20 (Δ = 105 mm), each panel corner was damaged on a large scale, and the No. 3 panel presented oblique cracks (Figure 12f).




3.2. Specimen FW-2


The schematic diagram of the tested phenomena in the FW-2 group is shown in Figure 13. When the displacement angles reached 1/600 (Δ = 5 mm), 1/500 (Δ = 6 mm), and 1/400 (Δ = 7.5 mm), there was no obvious phenomenon in the overall specimen. The change of strain was within a reasonable range, the panel did not produce cracks, and a grating appeared during the experiment when the upper connector bolt and the long circular hole slid. When the displacement angles reached 1/350 (Δ = 8.6 mm), 1/300 (Δ = 10 mm), and 1/250 (Δ = 12 mm), there were no obvious phenomena. Only the two kinds of friction noise could be heard (the friction noise among the panel, bolt, and connector, and the friction noise between the enclosure reinforcement and the loading plate). When the displacement angle reached 1/200 (Δ = 15 mm), vertical cracks appeared at the bottom of panel No. 2 (Figure 13a). When the displacement angle reached 1/100 (Δ = 30 mm), the cracks at the bottom of the panels were extended. When the displacement angle reached 1/75 (Δ = 40 mm), a number of small fragments came off, and the bonding mortar cracked between panel No. 1 and panel No. 2, and panel No. 4 and panel No. 5. (Figure 13b). When the displacement angle reached 1/50 (Δ = 60 mm), a corner of the back of panel No. 4 was broken (Figure 13c). When the displacement angle reached 3/10 (Δ = 90 mm), new cracks appeared at the bottom of the panel, and vertical cracks appeared near the bolt holes at the connector on panel No. 4. When the displacement angle reached 7/20 (Δ = 105 mm), the ALC panel corner was broken severely, and the relative sliding between the bolt and the bolt hole could be clearly observed during the loading process (Figure 13d).




3.3. Hysteresis Curve


Figure 14 shows a comparison of the two sets of hysteresis curves. The hysteresis curve of FW-2 is fuller and encloses a larger area than FW-1. The bearing capacity of FW-2 is significantly greater than that of FW-1 at the same inter-story displacement angle, which indicates that FW-2 consumes more energy than FW-1 and absorbs seismic loads more effectively during earthquakes. The two sets of hysteresis curves behave asymmetrically, and the negative bearing capacity values are greater than the positive bearing capacity value. With the increase in loading displacement, FW-2 gradually approaches the inverse S-shape and “pinche”, which indicates slippage in the upper part of the pendulous Z-panel connector and some residual deformation of the connection. The characteristic values on hysteresis curves are shown in Table 3.




3.4. Skeleton Curve


The skeleton curve is obtained by connecting the peak points in the same direction on the hysteresis curve in sequence. It reflects the characteristics of the specimens at different stages of stress and deformation. The trend of skeleton curves of FW-1 and FW-2 are similar. However, the positive and negative displacements are asymmetric. The value of positive displacement is greater than negative displacement, resulting from the different fine cracks and ground beam slippage caused by the positive and negative displacements during the test (as shown in Figure 15). Before the displacement reaches 60 mm, FW-2 is lower than FW-1 due to the pendulous Z-panel connector setting of a long circular hole, which reduces the impact of load on the panel and increases overall stability. The drop of FW-2 is slower after passing the peak point, and the bearing capacity of FW-1 decreases rapidly after passing the peak point. It indicates that the carrying capacity of the FW-2 group is higher than the FW-1 group, which reduces the risk of overall instability.




3.5. Stiffness Degradation


Figure 16 uses the secant stiffness to reflect the accumulation of structural damage at the two groups of connectors under external loads expressed as follows.


  K =    |  +  F i   |  +  |  −  F i   |     |  +  X i   |  +  |  −  X i   |     



(1)




where Fi and Xi are the peak load and peak displacement in the i-th loading regime, respectively. The initial stiffness of specimen FW-2 is smaller than that of specimen FW-1, and the stiffness degradation rate is slower in the middle and later stages of the test. It is due to the bolt sliding in the long circular hole of the ALC pendulous Z-panel connector, which creates a buffer zone between the frame and the ALC panel. At the beginning of the test, the provision of the long circular hole reduces the lateral stiffness of the overall structure and the effect of seismic loading on the ALC panel, while increasing the stability of the ALC panel. In the later part of the test, the bolt contacts the edge of the long circular hole of the connector and provides load-bearing capacity for the whole structure.




3.6. Energy Dissipation


The area enclosed by the load–displacement hysteresis loop and the energy dissipation factor E was used to investigate the energy dissipation capacity of the two sets of specimens, which can be found in JGJ/T 101-2015 “Specification for seismic test of buildings” [27].



Figure 17 shows the total amount of total energy dissipation in both groups, and it can be observed that the trend of the FW-1 and FW-2 curves is similar. However, the values of specimen FW-2 are larger than that in FW-1.



The energy dissipation coefficient (E) is shown in Figure 18 and defined as


  E =    S  A B C   +  S  C D A      S  O B E   +  S  O D F      



(2)




where SABC and SCDA in the numerator are the areas of the hysteresis curves ABC and CDA, and SOBE and SODF in the denominator are the areas of OBE and ODF (as shown in Figure 19). Specimen groups show approximately the same growth trend. In general, the values of FW-2 are larger and faster than those from FW-1. The pendulous Z-panel connector group has better participation in energy dissipation and improves stiffness than the hooked bolt connector.





4. Finite Element Analysis


In order to fully reflect the force mechanism of the two groups of ALC panel steel frame systems, a series of validation and parametric analyses are performed on the pendulous Z-panel connector and the external hooked head bolt connector.



4.1. Finite Element Models


The data simulation and analysis were performed by using ABAQUS finite element software [28,29]. The two models were identical in size, reinforcement distribution diameter, and ALC panel grade. A hexahedral linear reduction integral solid element (C3D8R) was chosen to simulate the column footing, steel beam-column, connector, and bolt to simplify the model. The ALC panel internal reinforcement used linear truss elements (T3D2) to simplify the model. In order to improve the calculation efficiency, the ALC panel bolt holes were refined, and other parts used a thicker mesh (as shown in Figure 20).



The “Tie” constraint replaced all welding operations (between beams and columns, between connectors and beams, etc.). The steel bar was assembled into the ALC panel by using the embed command. Due to the slip effect, the contact surfaces between the connector, bolt, and panel were set to hard contact.



The steel beam and column used Q235B, and the connector used Q345B. A 10.9-grade high-strength bolt (24 diameters) was used for the beam and column connections, and a 5.6-grade bolt (14 diameters) was used for the connector with the ALC panel. The concrete damage model was used to simulate the damage of the ALC panel, which could represent the tensile and compressive performance of the ALC panel in detail. More material properties are shown in Table 4.



According to the real conditions of the test, the H-shaped column’s bottom X, Y, and Z directions were constrained by the translation and rotation (UX = UY = UZ = URX = URY = URZ = 0), and the coupling point (UY = UZ = URX = URY = URZ = 0, UX = 1) of the beam end simulate the same low-cycle reciprocating load.




4.2. Comparison of Simulation Results and Experimental Results


Figure 21 shows the stress cloud diagram of the test models. The stress concentration points in the models are consistent with the damage phenomena of the specimens in the experiments, which mainly appear around the beam-column joints. Figure 22 shows the comparison of an experimental hysteresis curve and a simulated one. The overall trends of the hysteresis curves are approximately the same. The hysteresis loop area of the simulation is larger than that of the experiment. The peak value of the simulation is slightly lower than the experimental value, and the “pinch” effect of the experiment is more obvious than the simulation results (as shown in Figure 22). The trends of simulated energy dissipation and energy dissipation coefficient are approximately the same as the experiment. The simulated values are larger than the experimental values, because the area of the simulated hysteresis loop is larger than the experimental one (as shown in Figure 23). The finite element model simplifies the complex boundary conditions in the experiment (slippage of the ground beam, small gaps between specimens, etc.). Moreover, the steel mesh slippage on the ALC panel was not considered. However, all the above differences are reasonable explanations, and the results of the ABAQUS simulation are basically consistent with the experimental results.




4.3. Parametric Study


The damage of the specimen and stress concentration points are mainly found at the bolt hole and the beam-column joint. It indicates that the connector influences the force performance of the ALC panel steel frame. Based on the hooked bolt connector of the general conditions, the pendulous Z-panel connectors of 6 mm, 8 mm, and 10 mm are designed to provide references for practical engineering applications (as shown in Table 5).




4.4. Stress Cloud, Hysteresis Curve, and Skeleton Curve


Figure 24 shows the stress clouds for connectors with different thicknesses. The damage phenomenon of the ALC panel is similar for all four groups of specimens, which all appear around the beam-column joints. This is very different from the hook head bolt group, which appears around weld between bolt and angle steel. In terms of the ALC panel, the maximum stress value of 6 mm is 2.527 MPa, which is more than 5% lower than the other groups. When the displacement reaches the limit value of the elastic–plastic displacement angle 1/50 (Δ = 60 mm), the stress value of TK-6 is 1.986 MPa. Its stress is the smallest among the five groups (as shown in Table 6). It indicates that the thinner connector has more elastic deformation under seismic loading. It reduces the damage around the bolt hole and optimizes the force performance of the ALC panel.



The hysteresis curves images for GT, TK-6, TK-8, TK-10, and TK-12 are presented in Figure 25. Although their trends are basically the same, they have some differences in peak displacement and peak load. Specifically, the hysteresis curve is fuller as the thickness of the connector increases. At small displacements, the five sets of images appear to largely coincide with the thin hysteresis loops where the specimens are in the linear elastic phase. With the displacement increases, the tendency of specimen TK-6 decreases earlier than TK-8, TK-10, and TK-12, but this situation is much better than the GT group.



Figure 26 shows the relationship of the load–displacement skeleton curves for GT, TK-6, TK-8, TK-10, and TK-12. The five curves have the same variation. The peak of the image becomes more prominent as the thickness of the connector increases. TK-6 has a slight difference in its peak compared to the other groups, and its descent is relatively flat. It indicates that the different thickness connectors improve the bearing capacity and stiffness of the ALC panel steel frame, although the effect is slight.





5. Conclusions


This paper compares the external hooked bolt connector and the pendulous Z-panel connector. The following conclusions can be drawn from the tested and numerical simulations.



	
The damaged parts of the two groups of the external ALC panel tests are substantially different. For the FW-1 group, the damage first appears at the joints of the panels with clear penetration cracks when the displacement angle reaches 1/500 (Δ = 6 mm). For the FW-2 group, the damage first appears at the bottom span of the panel with slight cracks when the displacement angle reaches 1/200 (Δ = 15 mm). It was proved that the pendulous Z-panel connector optimizes force performance of the ALC panel steel frame, enhances energy dissipation capacity, ensures the integrity of the ALC panel, and avoids the risk of secondary instability.



	
The pendulous Z-panel (FW-2) connector method is similar to the semi-rigid connector in terms of the skeleton curve and the stiffness degradation curve in terms of experimental phenomenon and data. The overall damage phenomenon of the pendulous Z-panel connector group is significantly delayed compared to the external hooked bolt connector group because of the bolt sliding in the top long circular hole. This setting effectively releases the lateral force at the initial loading stage, then it reduces the damage to the ALC panel by the earthquake load under unfavorable working conditions and enhances the main structure’s stability.



	
The connector is one of the significant influencing factors to ensure the stability of the external panel-framesynergistic system. Specifically, compared with FW-1, the yield load and peak load of FW-2 increase by 10.6% and 15.3%, respectively, and the yield displacement and peak displacement are increased by 12.6% and 29.9%, respectively. After reaching the peak load, the load capacity of FW-1 decreases rapidly, while the load capacity of FW-2 decreases slowly, although the initial stiffness of FW-2 is smaller. The analysis proves that this connector has good load carrying capacity and ductility.



	
The ABAQUS simulation revealed that the pendulous Z-panel connector of 6 mm has a larger load capacity and energy dissipation capacity than the external hooked bolt connector, which shows a better performance index. The TK-6 has a 7.6% decrease in load capacity compared to TK-10, and the decreasing segment is advanced. However, it has a similar change trend, and the stress around the ALC bolt hole is the smallest among the five groups. Having similar results for different thicknesses in the use of pendulous Z-panel connectors indicated that it would be more reasonable to use the 6 mm connector, which is the most economical solution for engineering.
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Figure 1. Connector schematic: (a) schematic of ADR connector; (b) schematic of external hook head bolt. 
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Figure 2. Connector installation diagram. 
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Figure 3. Connector installation dimension schematic (units: mm). 






Figure 3. Connector installation dimension schematic (units: mm).



[image: Applsci 11 10990 g003]







[image: Applsci 11 10990 g004 550] 





Figure 4. Geometric dimension and reinforcement distribution of the Z-connector: (a) front view; (b) side view; (c) top view (units: mm). 






Figure 4. Geometric dimension and reinforcement distribution of the Z-connector: (a) front view; (b) side view; (c) top view (units: mm).



[image: Applsci 11 10990 g004]







[image: Applsci 11 10990 g005 550] 





Figure 5. Geometric dimension and reinforcement distribution of the L-connector: (a) front view; (b) side view; (c) top view (units: mm). 
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Figure 6. Geometric dimension and reinforcement distribution of the lower connector: (a) front view; (b) side view; (c) top view (units: mm). 
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Figure 7. Connector installation schematic: (a) assembling steel frame; (b) positioning of the connector; (c) welding bracket plate; (d) welding connector; (e) panel lifting; (f) applying caulking mortar. 
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Figure 8. ALC compression test: (a) ALC specimens; (b) electric servo universal testing machine. 
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Figure 9. Steel compression test: (a) steel specimen; (b) electric servo universal testing machine. 
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Figure 10. Schematic of test working conditions. 
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Figure 11. Loading history. 
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Figure 12. Crack pattern of specimen FW1: (a) splice mortar crack; (b) transverse crack in mortar; (c) dislocation of wall panels; (d) crack of the corner; (e) weld fracture; (f) large area of broken panel corner. 
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Figure 13. Crack pattern of specimen FW-2: (a) crack in the bottom of the plane; (b) vertical cracks are produced; (c) ALC panel corner shattering; (d) slippage of connectors was obvious. 
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Figure 14. Hysteresis curves of FW-1 (a) and FW-2 (b). 
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Figure 15. Skeleton curves of FW-1 and FW-2. 
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Figure 16. Stiffness degradation of FW-1 and FW-2. 
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Figure 17. Energy dissipation of FW-1 and FW-2. 
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Figure 18. Energy dissipation coefficient of FW-1 and FW-2. 
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Figure 19. Idealized hysteretic relationship. 
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Figure 20. Finite element model with (a) FW-1 and (b) FW-2. 
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Figure 21. Stress cloud diagram of the test models: (a) FW-1; (b) FW-2. 
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Figure 22. Comparison of (a) FW-1 and (b) FW-2 experiment and simulation hysteresis curve. 
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Figure 23. Energy dissipation comparison of FW-1 and FW-2: (a) Energy dissipation; (b) Energy dissipation coefficient. 
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Figure 24. Stress clouds images: (a) TK-6; (b) TK-8; (c) TK-10; (d)TK-12; and (e) GT. 
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Figure 25. Hysteresis curve of FEM: (a) TK-6 and TK-10; (b) TK-8 and TK-10; (c) TK-10 and TK-12; (d) TK-10 and GT. 
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Figure 26. Skeleton curve of TK-6, TK-8, TK-10, TK-12, and GT. 
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Table 1. Material properties of autoclaved lightweight concrete.
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	Specimen
	Specimen

Dimension

(mm)
	Cube Compressive

Strength

(MPa)
	Elastic

Modulus

(GPa)





	Sac1
	100 × 100 × 100
	3.89
	



	Sac2
	100 × 100 × 100
	2.97
	



	Sac3
	100 × 100 × 100
	3.26
	



	Sac4
	100 × 100 × 100
	3.78
	



	Sac5
	100 × 100 × 100
	3.96
	



	Sac6
	100 × 100 × 100
	3.49
	



	Average
	
	3.56
	



	Sae1
	100 × 100 × 300
	
	1640



	Sae2
	100 × 100 × 300
	
	1880



	Sae3
	100 × 100 × 300
	
	1790



	Average
	
	
	1770










[image: Table] 





Table 2. Mechanical properties of steel.
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	Specimen
	Sectional Dimension

(mm)
	Thickness

(mm)
	Yield Stress

(N/mm2)
	Ultimate Stress

(N/mm2)
	Elongation





	Steel beam flange
	HM 244 × 175 × 7 × 11
	11
	263.4
	401.6
	25.2%



	Steel beam web
	HM 244 × 175 × 7 × 11
	7
	275.3
	411.3
	22.3%



	Steel column flange
	HW 200 × 200 × 8 × 12
	12
	289.5
	435.4
	24.7%



	Steel column web
	HW 200 × 200 × 8 × 12
	8
	278.2
	409.8
	20.8%



	Q345
	
	10
	376.6
	510.1
	19.6%
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Table 3. Characteristic values on hysteresis curves.
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Specimen

	
Yielding Point

	
Ultimate Point




	
Py,t

(kN)

	
Δy,t

(mm)

	
Pm,t

(kN)

	
Δm,t

(mm)






	
FW-1

	
137.65

	
51.75

	
169.19

	
68.58




	
FW-2

	
152.31

	
58.32

	
195.15

	
89.13
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Table 4. Material properties.






Table 4. Material properties.





	
Material Type

	
Density

(t/mm3)

	
Elastic Modulus

(MPa)

	
Poisson’s Ratio






	
Steel

	
Q235B

	
7.89 × 10−9

	
200,000

	
0.3




	
Q345B

	
7.89 × 10−9

	
206,000

	
0.3




	
ALC

	

	
5 × 10−10

	
1770

	
0.2
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Table 5. Simulation connector type.






Table 5. Simulation connector type.





	Component Number
	Type
	Features





	GT
	Traditional connectors
	6 mm



	TK-6
	Fabricated new connectors
	6 mm



	TK-8
	Fabricated new connectors
	8 mm



	TK-10
	Fabricated new connectors
	10 mm



	TK-12
	Fabricated new connectors
	12 mm
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Table 6. ALC panel bolt hole stress.
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Specimen

	
Characteristic Point

	
Maximum Point




	
Displacement

(mm)

	
Mises Stress

(MPa)

	
Displacement

(mm)

	
Mises Stress

(MPa)






	
TK-6

	
60

	
1.986

	
105.00

	
2.527




	
TK-8

	
60

	
2.076

	
105.00

	
2.785




	
TK-10

	
60

	
2.042

	
105.00

	
2.612




	
TK-12

	
60

	
2.174

	
105.00

	
2.659




	
GT

	
60

	
4.018

	
−105.00

	
5.133

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Open-slot L-connector

L

pen-hole Z-connector

o =

The upper

The lower






media/file48.jpg
S, Mises
(Avg: 75%)
+1.235e+03
+1.132e+403
+1.02%+03
+9.264e+02
+8.235e+02
+7.205e+02
+6.176e+02
+5.147e+402
- +4.117e+02
+3.088e+02
+2.05%+02
+1.02%+02
+0.000e+00

B H H
{ H
o frEp e
inEhaney i
H
£
:
i -
FHHE H
:
: bRt
H HEEE PR PR AR

(e)






media/file39.jpg





media/file18.png





media/file21.jpg
Displacement (mm)

125

100

75

50

25

75

100

125

I I

—— Displacement]

|

|

0 5 10 15 20 25 30 35 40 45 50 55 60 65

Cycles





media/file44.png
-150

-200

R
| = =— Simulation =
Experiment =
&' 7/ ; ,I‘
0 AN
4% 7 A
2% 7 77 s
// ,L P4 uld
, //V A 7 5///
Y / r 4 // /
/ : ,/ /,
% L
7
| ' V2
£ Z g
L4 —’E F;"
-100 -75 -50 -25 0 25 50 75 100

Displacement (mm)

(a)

200 . —
N N ;]
150 L= = Simulation _ oz 7 7
Experiment . ’
100 P 4 ‘;// // / 2
77,7 7
: ¢ /7 /
50 £/ g
g £t/ / 7,
— ) /
g 0 // A /
ke / /s
-50 7 l/ /// y &4
- ' "
-100 / // /// S s
) /AA
- 7
-150 V4 /- 2/, A
-200 : - - - - - - -
-100 -75 -50 -25 0 25 50 75 100

Displacement (mm)

(b)





media/file26.png
(d)

)

C

(





media/file55.jpg
200

150

100

3

Force (kN)
o

-25 0 25

Displacement (mm)

50

75

100






media/file7.jpg
150

375

10

15

75

tZE s ot
2 g
&2
5|
15 Ty
10
(@) (b)
100
25 35 275

100





media/file53.png
Force (kN)

-50

-150

-200

- TK-6

— — TK-10

/4

NN
\\

-1

00 -75 -50

-25 0 25
Displacement (mm)

(a)

50

75

100

150 b |— = TK-10 4

100 | — == Z // /:/ -
| /

N7/ 4

N7/

-200

-100 -75 -50 -25 0 25 50 75 100
Displacement (mm)

(b)





media/file28.png
Force (kN)

-50

Force (kN)

a1
o

-100

-150

-200

-100 -75 -50 -25 0 25 50 75 100

Displacement (mm)

(a)

o

H i H I

[ Fw2 2
V
/
4#:7""( ,I””'
y.
/7

-100 l -75 l -50 l -25 l 0 I 25 l 50 l 75 l 100

Displacement (mm)

(b)





media/file10.png
r 3

100

27.5

35

100

27.5

10

80

r

100

100

1

y |

275

35

27.5

(b)

H





media/file11.jpg
110

. 0 0y 0 ;
: w0 :
(b)
E
E
=
P Y
fa——





media/file6.png
888¢





media/file36.png
0.8

0.7

0.6

0.5

04

0.3

0.2

0.1

0.0

]
—a— W1
—eo— W2 /r/
J-//"
>/
paivd
Y
ya A
rd
s
0 10 20 30 40 50 60 70 80 90 100 110

Displacement (mm)





media/file15.jpg





nav.xhtml


  applsci-11-10990


  
    		
      applsci-11-10990
    


  




  





media/file54.png
Force (kN)

Force (kN)
N
<
N
N
N

200 : T ' T ' ' ' — T T
[ — TK-10 !
| ——TK-12 4 /
2 /944
100 ;/ //
77 /) /
50 £ 7 A / )
I / / 7
o 517 [/l
| / /// s
. vy / AN
_ J l’/ 1 '/
100 s 77
| ,/,/ 2.
~150 F—# s
-200 1 H | H H ; H i i
100 75 50  -25 0 25 50 75 100

Displacement (mm)

()

150 | TK-10 /

_GT ”

o))
<

s}

2
\\§
R
»
N

7740,
200 | %.'//’ ¥ A

-150 2 7 ‘o
4

-200

-100  -75 -50 -25 0 25 50 75 100
Displacement (mm)

(d)





media/file2.png
ADR connector

M\

L63 x6

Grade Beam

(a) (b)





media/file23.jpg





media/file24.png





media/file29.jpg
200

150

Force (kN)
o

&
2

-100

-150

-200

-125 -100 -75 50 -25 0 25 50 75 100 125

Displacement (mm)





media/file1.jpg
ADR connector

Grade Bean

(a)

(b)





media/file12.png
S
o=
Lo
o!
Ty
110 80 110,
1, T 425 415 425 ° 1,
b 100 )

(a)

210
A0,

100

100

1

b

100 .1,10 )

100

o~

210

-~

(b)

o~





media/file9.jpg
100

100

100

275 5 3 5 275

100

B

(b)





media/file42.png
S, Mises

(Avg: 75%) . 5, Mises
+1.2350+03 AT (Avg: 75%)
+1.132e403 e P +3 575402
+1.02%+03 NN e A AR RS A +3.277e+02
+9.264e+02 +2.979+02
+8.235e+02 +2681e+02 !
+7.205e+02 A PP PR R D +2.383e+02
+6.176e+02 e +2.085e+02
+5. 147e+02 OO FOrrH T A +1.788e+02
+4.117e+0)2 AN S NN N RN AN A +1.490e+12
+3.088e+02 :'CEEE: E By EE:*-— H-r +1.192e+02
+2.059%+02 EEE R R EAE +8.928e+01
+1.02%+02 | ' I - +5.958e+01
+0.000e+00 +2.97%+01

+1.222e-03

(a) (b)





media/file56.png
200 1 ! ! : — T
150 L —=—TK-6 A !E E.E

N i TK-8 /

_ —d—TK-10 /
50 b I——TK-12
€ t |e—GT
> 0
2
o
50

-100 - /

-150

-200

-100 -75 -50 -25 0 25 50 75 100

Displacement (mm)





media/file47.jpg
5 Mo

g 75%)
e
im0
i
Jexiraciy
Tzt
Hiseen)
ke
Wi
Atk
saseicol
15560l
peizracy
s

.

g 790
e
et
e
ity
it
peri o
s
it
bixtid
iy
0l
sl
]

5 M

hog 75%)
7R
Liske01
petitay
ezt
Jezoniy
Haen
e
Iioreor
Hizkesnt
laaisent
ey
ety
R

(©)

cEdii

5 M

g 75%)
e
Haes
Jer
ey
ez
anien
erio
Nz
N
s
izt
Hisaen
e

(d)






media/file38.png





media/file52.jpg





media/file17.jpg





media/file30.png
Force (kN)

200

[|—=— FW-1 K:,

150 |—o=— FW-2 v ~
100 -
50 -
0 I

-50

| 4
ol j?/

200 &

-125 -100 -75 50 -25 0 25 50 75 100 125

Displacement (mm)





media/file51.jpg
BN R
Gonaos






media/file35.jpg
08

07

0.6

05

04

03

0.2

0.1

0.0

FW1
11— FW2—

0 10 20 30 40 50 60 70

Displacement (mm)

80

90

100

110





media/file27.jpg
of = S
[—— AT——

(a) (b)






media/file3.jpg





media/file22.png
Displacement (mm)

125

100

75

50

25

HEEEEEEN
‘—°— Displacementl i
ikl
AAAAAAAAAAAAAAANN
VVVVVYVYVYVYVVVVVY
0N5"10N15N20"25N30N35 40 45 50 55 60 65

Cycles






media/file19.jpg
Maintenance of steel ALC MTS

oading plate

Steel frame elo|o|e|o

Ground bean





media/file40.png
[ ] [TTE
L [
:|_7._.
|
|
I |
| |
| ]
| ]
| |
|
|
| |
|
il
|
|
_
N 1
1 17 1]
EEEE [N
[N
|
7 !
|
|
g :
i
| |
1] |
L] [
i
|
_
|
N |
1} 0
| )
1T [ I
IREEN [

(b)

(a)





media/file33.jpg
18000 {I—a— g1}ttt
16000 [—*— FW-2

m

B

5

S
T

(

L
0 10 20 30 40 50 60 70 8 9 100 110

Displacement (mm)





media/file32.png
Stiffness (kN/mm)
S = IO T S R
0] ] (e} (e} 0] ] (e} 0] ] (e}

©
o

=
&)

|
| ™y —a— FW-1
= —e— FW-2]
o
N
\l \.
0I10I20I30I4OI50I60l70I80I90I100I110

Displacement (mm)





media/file14.png
FEe
Pl

L LS

‘ .






media/file49.png
|

5, Mises S, Mises

(Awrg: 75%) ] FJ A (Avg: 75%)
+3.353e+02 O - +3.378e+02
+3.073e+02 REARALS A +3.096e+02 X
+2.794e+]2 o - . +2.815e+02
+2 514e+02 u ’ +2.533e+02
+2.235e+032 0 +2.252e+02
+1.956e+02 +1.970e+02
+1.676e+02 +1.68%+02
+1.397e+02 +1.407e+02
+1.118e+02 +1.126e+02
+2 381e+01 +8.445e+01
+F F28:+01 +5.630e+01
+7 794+01 +2.815e+01
+9.24%-04 +8.85 2e-04

5 Mises 2, Mises

[Awrg: 75%) [Avg: 75%) .
+3.575e+02 +4.630e+02 HHHH
+3.277e+02 +4.244e+02 o
+2.97%+02 +3.858e+02 o
+2.681e+02 +3472e+02 EEREEE
+2.383e+02 +3.087e+02 sanNuE
+2.085e+)2 +2.701e+02 ANEEAR
+1.788e+02 +2 315e+02 T
+1.490e+02 +1.92%9+02 -
+1.192e+02 +1.543e+02 :
+8.938e+01 +1 157e+07
+5.958e+01
12379%+1 s abent
+1.222e-03 +1.218e-03

Ll
Ty § 011

L kRN

.| 11

T ]






media/file41.jpg
5 s

hog %)
12353
iz
pex ol
peyrty
ey
iz
“ire:
vy
iy
et iy
stz
pex:ioniy
oot

(a)

5 s

(hog75%)
50
e
e
it
e
e
70l
pe
502
laienl
ity
San
S

(b)






media/file37.jpg
Py






media/file46.png
40000

37500 |

35000
32500

* mm)

= 27500

< 25000 |
.2 99500

= [
< 20000 |
"o 17500 |
2 15000 |

_ 12500

210000 |
7500 |
5000 |
2500 |

Ene

0

30000 |

EEEEEERERE

] 2
- |—A— FW-2 Simulation i
[ —&=— FW-1 Simulation
[ |—®— FW-1 Experiment A
[ |—e— [W-2 Experiment 7 /
&
P Y
7V i
A _—
/., ¥ ‘/'
T/ —
y & AT
y 5 i

0 10 20 30 40 50 60 70 80 90 100 110 120

/

Displacement (mm)

(a)

OO OO OO OO O e e e e e e e e

O = DN Wk OO 310 WO DN W O 1 00 WO

Displacement (mm)

(b)

[ R B
| |—A— [W-2 Simulation A
| |—¢— FW-1 Simulation 7
| —&— [W-1 Experiment — =®
—&— [W-2 Experiment X
7
i
LLs
/7
17
// yad
o /
4 -
P o ar”
r 4 —
|f ™
/
_ﬂ i
0 10 20 30 40 50 60 70 80 90 100 110 120





media/file45.jpg
Displacosent () Displacesent ()

(a) (b)





media/file16.png





media/file20.png
Maintenance of steel\ __ ALC

\L oading plate

Steel frarne\






media/file50.png
2, Mises

(Avg: 75%)
+1.235e+03
+1.132e+03
+1.029%+03
+9.264e+02
+3.235e+02
+7 . 205e+02
+6.176e+02
+5.147e+02
+4.117e+02
+3.088e+02
+2.059%+02
+1.029%+02
+0.000e+00

|
Ly
]
| .
Franynid
Lt
|

| EEEN]

Lt

 mEE ]
l‘[lll|||1'l'lll

o

Iy

O

o O Y

Tl

—~
g
~





media/file5.jpg
kS

888E





media/file31.jpg
2 9w g w =S & 2 u
S 4 & 4 3 2 =2 2

(wrw/NpY) ssowyng

-
3

100 110

90

50 60 70 80

10

20

10

Displacement (mm)





media/file25.jpg





media/file0.png





media/file8.png
100

1 975 35 275 |

150
375 10, 50

3154

37.5

115 7. 55 515

(a)
100

> F

1 975 35 275 |

30
10,10,10






media/file43.jpg
(a) (b)





media/file34.png
18000

16000

E i
& 14000

ion (k
—
N
(e
(e
o

Energy Dissipat

H—a— FW-1
[—— FW-2

Displacement (mm)

pod
/
/o
S
//
i
0 10 20 | 30 | 40 | 50 | 60 | 70 | 80 | 90 IlOO IllO





