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Abstract

:

In the era of energy conservation and environmental protection, as well as the industrialization of buildings, precast concrete (PC) structures have been developed and increasingly applied in construction industries due to their advantages of outstanding workability and ecofriendliness. In order to verify the reliability of overlapping U-bar loop connections and a modified form of these connections, and study the seismic performance of PC wall–beam–slab joints with these connection methods, three full-scale wall–beam–slab joints were designed and tested under low reversed cyclic loading, including one cast-in-place (CIP) specimen and two PC specimens. Based on the test results, the seismic performance of the PC joints was studied by comparing their damage process, hysteretic loops and skeleton curves, load-carrying capacity, ductility, equivalent stiffness, and energy dissipation with those of the CIP joint. After analyzing the experimental results, the following conclusions can be drawn: the overlapping U-bar loop connection and its modified form are effective and reasonable; the specimen with the modified connection form showed slightly better mechanical properties; the failure mode of the PC joints was consistent with that of the CIP joint; and the generation, distribution, and development of cracks in the PC specimens were similar to those in the CIP specimen. In addition, the stiffness of the PC joints was similar to that of the CIP joint, and the load-carrying capacity, ductility, and energy dissipation of the PC joints were better than those of the CIP joint. Moreover, the research in this paper can also provide some guidance for assembling wall–beam–slab joints in PC shear wall structures.
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1. Introduction


1.1. Background and Previous Investigations


The development of precast buildings is a significant change in construction methods which is conducive to saving resources and energy, reducing construction pollution, and deeply promoting the process of construction industrialization [1,2]. Thus, the application and mechanical properties of PC structures have attracted great attention, and a large number of studies have been conducted on these structures’ seismic performance [3,4,5,6,7]. As an important type of PC structure, the precast shear wall structure has received great attention and has been studied extensively and widely used in many public and civil buildings. Moreover, various precast shear wall structures with different steel bar connection methods and joint construction measures have also been proposed by researchers. At present, grouted splice sleeve connections [8,9], pore-forming grouted lap-spliced connections [10,11], and unbonded post-tensioned connections [12,13] have been widely applied in many different practical construction projects as very common steel bar connection methods. The advantages of each of the connection methods enable them to be effectively used in PC structures, but there are also some disadvantages which adversely affect the mechanical properties of PC structures, or increase the cost, difficulty, and complexity of construction [11,12,13,14,15,16,17,18]. Therefore, after evaluating the advantages and disadvantages of the existing connection methods, and based on a series of studies, we propose a new connection method—the overlapping U-bar loop connection, which provides an alternative effective method for the assembly of different components of PC shear wall structures. This method avoids many complicated construction operations such as the grouting of sleeves and the tensioning of prestressing tendons on the basis of ensuring that the structures’ mechanical properties, such as bearing capacity, stiffness, ductility, and energy dissipation performance are close to those of CIP structures. Compared with other existing methods, this not only greatly simplifies the construction process, but also makes quality inspection simpler and more effective. Furthermore, the cost of this method is quite low [14].



Nonetheless, there are still some aspects that need to be improved [19,20,21]. Therefore, in order to further optimize the overlapping U-bar loop connection in PC shear walls, make up for its shortcomings in terms of mechanical properties, and take full advantage of its seismic capacity, modified form-overlapping U-bar loop connections combined with extruded sleeve connections are proposed by referring to previous studies on PC columns [22]. The specifics of these two connection forms are shown in Figure 1. Vertical distributed steel bars extend out of the precast shear walls to form U-bar loops. When assembling, the U-bars of the upper precast wall and the lower precast wall are lap-spliced to each other to form rectangular closed loops. After that, four additional transverse steel bars are inserted at the corners of the closed loops to strengthen the overlapping U-bar loop connection. The difference between the modified form and the original pure overlapping U-bar loop connection form lies in the connection method applied to the longitudinal steel bars located in the confined boundary zone of the shear walls. For the pure overlapping U-bar loop connection form, longitudinal steel bars located in the confined boundary zone are connected by overlapping U-bar loops, while for overlapping U-bar loop connections combined with the extruded sleeve connection form, longitudinal steel bars in the confined boundary zone are connected by extruded sleeves. The overlapping U-bar loop connection mainly relies on the bonding action between the vertical section of the overlapping U-bars and the concrete and the confinement action of the horizontal section of the U-bars and the additional transverse steel bars on the intermediate concrete to transfer the load. In general, the overlapping U-bars, four additional transverse steel bars, and the concrete surrounded by these steel bars form a concealed beam, which mainly plays the role of transferring the load and bearing the shear force of the component. Moreover, in order to increase the friction between the PC concrete and post-cast concrete, the surface of the precast component in contact with the post-cast concrete is roughened, which makes it more capable of resisting the shear force.




1.2. Motivation


At present, most existing studies mainly focus on the vertical and horizontal connection of PC shear walls, whereas little attention is paid to the seismic performance of wall–beam–slab joints [23,24]. This paper introduces an experimental program on PC shear wall–beam–slab joints characterized by overlapping U-bar loop connections. In order to further verify the connection performance of the pure overlapping U-bar loop connection and the modified form-overlapping U-bar loop connections combined with extruded sleeve connections, and study the seismic performance of the PC joints with these connection forms, three full-scale joints were designed, including one CIP joint, one PC joint with pure overlapping U-bar loop connections, and one PC joint with the modified form. A quasistatic test was conducted to investigate the mechanical behavior of the PC and CIP specimens under low reversed cyclic loading. Based on the test results, some important indicators such as the load-carrying capacity, deformation, ductility, stiffness, and energy dissipation performance of the PC joints were compared with those of the CIP joint to verify the rationality of the application of overlapping U-bar loop connections in PC shear wall–beam–slab joints. In this way, the seismic performance of these two PC joints with different connection forms was also studied.



The specifics of PC shear wall–beam–slab joints with overlapping U-bar loop connections are shown in Figure 2. The details of the overlapping U-bar loop connections between the slab and the shear wall as well as the slab and the beam are similar to the details mentioned in Section 1.1. Considering that if the longitudinal steel bars extending out of the PC beam are U-shaped, this may cause the position to conflict with the steel bars extending out of the upper and lower PC shear walls, in order to ensure the feasibility and convenience of construction, the longitudinal steel bars extending out of the PC beam are directly anchored into the PC shear wall with adequate development length.





2. Experimental Program


2.1. The Specimens


Three full-scale specimens were designed for the quasistatic test. The specimen model was derived from an edge joint of the middle floor of a practical project. Specifically, the monolithic CIP joint designed as the comparison specimen was named JD1; the two precast specimens were named JD2 and JD3. Except for the longitudinal steel bars extending out of the beam, which were directly anchored into the web of the T-shaped shear wall, all the other precast components of JD2 were connected through overlapping U-bar loops. For JD3, the modified connection form was applied. Except for the vertical steel bars in the confined boundary zone of the upper and lower shear walls, which were connected by extruded sleeves, connections of other parts were the same as those of JD2. The connection methods applied between different precast components are shown in Table 1. Except for the difference in connection methods, the steel bar layouts and the geometrical dimensions of all three specimens were identical. The axial loads were transferred through the RC hidden beam at the top of each shear wall with dimensions of 200 mm in width and 280 mm in height. Figure 3 shows the detailed dimensions and steel bar layout of CIP specimen, and Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8 briefly present the connection methods and assembly construction procedures of PC specimens.




2.2. Material Properties


Relevant mechanical parameters of concrete and steel bars with different diameters are listed in Table 2 and Table 3, respectively. HRB400 was used for steel bars, and the CIP specimen was fabricated with ordinary concrete. As for PC specimens, the nominal concrete compressive strength of all precast components was the same as that of the CIP specimen, which was 30 MPa, while for post-cast concrete in the assembly region, this value was 40 MPa. However, the actual compressive strength of post-cast concrete was decreased due to the addition of an expansion agent in the production process.




2.3. Test Setup and Loading Method


2.3.1. Test Setup


The experiment was carried out at the line-bridge-tunnel static laboratory of the National Engineering Laboratory for High Speed Railway Construction Technology. Details of the test setup are presented in Figure 9. The top of the specimens was connected with the steel brace by threaded bars, whilst the bottom of the steel brace was fixed on the laboratory floor by anchored threaded bars. In addition, the bottom of the shear wall was fixed on the laboratory floor by four anchored screw stems. In this way, the horizontal movement of specimens was limited. When loading, the axial load was imposed on the steel plate placed on the top of the shear wall by the 20,000 kN hydraulic actuator, consequently transmitting the load to the specimen evenly. Meanwhile, the low reversed cyclic load was applied at the end of the beam by a 500 kN hydraulic actuator. On account of the distance from the end of the beam to the 500 kN hydraulic actuator being greater than the maximum stroke of the actuator, a loading transmission steel column was connected to the actuator, whilst the loading transmission steel column was fixed at the end of the beam by screws so that the low reversed cyclic load imposed by the actuator could be transmitted to the specimens effectively.




2.3.2. Loading Method


According to the code “Technical specification for concrete structures of tall building” [25] and “Code for Design of Concrete Structures” [26], the axial compression ratio is expressed as Equation (1).


  n = 1.2 ×  N   f c  ×  A w     



(1)




where n is the design value of the axial compression ratio. According to the codes mentioned above, 0.4 was selected as the axial compression ratio of the test. fc is the design value of the compressive strength of concrete, Aw is the gross cross-section area of specimens, and N is the standard value of axial force. According to the “Load code for the design of building structures.” [27], the design value of axial force is equal to the standard value multiplied by the factor 1.2. Based on Equation (1), the standard axial force imposed on the top of the shear wall was calculated to be 1555 kN and remained constant during the test.



Meanwhile, a low reversed cyclic load was imposed on the end of the beam using force–displacement mixed control loading system. The loading protocol is indicated in Figure 10. Before specimens yielded, the force-controlled loading mode was adopted. It was determined that the vertical downward load was positive and the vertical upward load was negative. Since the beam–slab was equivalent to a T-shaped beam in the process of loading, the load-carrying capacity of the beam–slab under upward loading was significantly asymmetric compared with that under downward loading. Therefore, the downward test load was designed to be approximately twice as much as the upward test load after trial calculation. After specimens yielded, the loading mode was switched to displacement-controlled loading. The maximum positive and negative displacements of the 500 kN hydraulic actuator when specimens yielded were taken as the initial and basic loading displacements Δa, respectively. In addition, the loading displacement of each step in the displacement-controlled stage was increased by Δa. When the vertical resistance of specimens dropped to 85% of the peak load or specimens showed obvious serious damage, the loading was stopped.




2.3.3. Measurement Items


The main measurement items included loads of each loading step, vertical displacements of the beam, and strains of steel bars in the vicinity of the joint region. As shown in Figure 9, three linear variable displacement transducers (LVDTs) were mounted on the LVDT stand to measure the vertical displacement of different parts of the beam. LVDT 1 was located under the loading position to measure the vertical displacement of the beam end, which was used to draw hysteretic loops and skeleton curves of specimens. During the whole test process, the displacement measured by the LVDT was consistently taken as the actual displacement of beams for data analysis and experiment discussion, while the actuator displacement was only used as the basic loading displacement for staged loading after specimens yielded.



As depicted in Figure 11, in the joint region where the beam is connected to the web of the T-shaped shear wall, dozens of strain gauges were attached at 200 mm intervals on the longitudinal steel bars of the beam to monitor the variation of the steel bar strains at different positions with the increase in load.






3. Experiment Results and Discussion


Based on the requirements of the “Specification for Seismic Test of Buildings” [28], the definitions of the relevant mechanical characteristics can be illustrated as follows. The load applied and the deformation generated when cracks initially occurred were defined as cracking load Fcr and cracking displacement Δcr, respectively. Referring to the corresponding parameters of the steel bars shown in Table 3, it was considered that the specimens yielded when the maximum strain of the longitudinal steel bars in the beams reached 2300 με; the corresponding load and deformation were defined as yield load Fy and yield displacement Δy, respectively. The maximum load that could be achieved during the test and the corresponding displacement were defined as peak load Fp and peak displacement Δp, respectively. After the test reached the peak load, the vertical resistance of the specimens decreased with the increase in displacement and the loading step. According to the general consideration, it was thought that the specimens reached the ultimate state when the vertical resistance of the specimens dropped to 85% of the peak load or the specimens showed obvious serious damage. The load and displacement at this moment were defined as ultimate load Fu and ultimate displacement Δu, respectively.



3.1. Damage Process and Failure Mechanisms


3.1.1. Observations for the JD1 Specimen


In the force-controlled phase, the steps of downward loading were 20 kN, 40 kN, 60 kN, and 80 kN, while the upward loading value of each step was half of the downward loading value; the load of each step was reciprocated once. When the load reached 40 kN, cracks occurred initially at the top of the slab and were located at the construction joint. When the load reached −30 kN, many vertical cracks occurred at the bottom of the beam and were located in the vicinity of the construction joint. With the load increasing, more parallel cracks were generated at the top of the slab and gradually extended from the junction of the shear wall and slab to both ends. JD1 yielded when the load attained 80 kN. After this loading step, the loading mode was switched to displacement-controlled loading.



At the end of the 2Δa loading cycles, diagonal cracks of approximately 45 degrees occurred at the beam and shear wall. The distribution range of the cracks continued to expand, accompanied by the original cracks extending sequentially during the 3Δa and 4Δa loading cycles; the displacement of JD1 reached the peak value of 29.8 mm during the 4Δa loading step. In the duration of the 5Δa loading cycles, vertical cracks occurred in the T-shaped shear wall when the loading displacement approached −30 mm; several diagonal cracks were generated in the upper shear wall when the loading displacement increased to 40 mm, and the actual ultimate displacement of JD1 was achieved at 30.68 mm, accompanied by the concrete at the bottom of the beam being crushed and the vertical resistance decreasing to 83% of the peak load. The crack distribution of JD1 is shown in Figure 12a.




3.1.2. Observations for the JD2 Specimen


When the load reached 40 kN, initial cracks on JD2 appeared at the top of the slab where the beam–slab was connected to the web of the T-shaped shear wall. After the fourth force-controlled loading cycle was completed, JD2 entered the yielding state. In this stage, the load approached 80 kN, several approximate parallel vertical cracks occurred in the slab, and the crack spacing was about 160 mm. There were a few cracks that occurred in the beam and shear walls.



During the loading process of the 2Δa loading cycles, many vertical cracks appeared at the bottom of the beam when the loading displacement reached −12 mm. After that, in the duration of the 3Δa loading cycles, the cracks in the slab extended into the beam and developed diagonally when the loading displacement attained 24 mm, which indicated that the flexure–shear diagonal cracks occurred in the beam under the shear force. When the loading displacement reached 4Δa, the load-carrying capacity of the specimen reached its peak value. During this process, there were no new cracks that occurred, whereas the original cracks developed and extended dramatically. By the time the loading displacement reached 5Δa, the concrete at the bottom of the beam was crushed and peeled off. Once the loading displacement continually increased to 6Δa, the concrete was crushed and peeled off much more seriously, which resulted in the steel bars being exposed. The cracks penetrated through the interface between the precast and post-cast concrete. Meanwhile, the vertical resistance dropped to 79% of the peak load and the actual deformation of JD2 reached the maximum value. The crack distribution of JD2 is shown in Figure 12b.




3.1.3. Observations for the JD3 Specimen


Similar to JD1 and JD2, initial cracks on JD3 occurred when the load reached 40 kN. In the duration of the fourth force-controlled loading cycle, a few steel bars yielded when the load approached 80 kN. According to the load–displacement curve and the strains of the steel bars, it was generally considered that the specimen yielded.



After the 1Δa loading cycles, several diagonal cracks occurred in the beam. During the upward displacement loading phase of the 2Δa loading cycles, vertical cracks at the bottom of the beam extended upward and intersected with the diagonal cracks that had appeared earlier. Few new cracks occurred during the subsequent loading process, whereas the original cracks continuously expanded. When the loading displacement reached 4Δa, the load-carrying capacity of the specimen attained its peak value. Finally, during the 5Δa loading cycle, when the loading displacement of the actuator reached 60 mm, the longitudinal bars bulged and were exposed with the crushing of the concrete at the bottom of the beam, and the vertical resistance decreased to 88% of the peak load. As the specimen had been seriously damaged, the test was terminated. The crack distribution of JD3 is shown in Figure 12c. Moreover, the typical damage of specimens is also shown in Figure 12e,f.
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Figure 12. Typical damage of specimens. (a) Crack distribution of JD1. (b) Crack distribution of JD2. (c) Crack distribution of JD3. (d) Crushing of concrete. (e) Bar buckling. (f) Flexure–shear diagonal cracks and cracks at the interface between precast and post-cast concrete. 
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3.2. Hysteretic Loops and Skeleton Curves


The hysteretic loops and skeleton curves are drawn based on the load applied in every loading cycle and the corresponding displacement of the beam edge measured by LVDT 1. As demonstrated in Figure 13a–c, the hysteretic properties of all the specimens were close to each other; the hysteretic loops all presented an “inverse S” shape and exhibited a similar and obvious pinching effect. Besides, the hysteretic loops were much fuller under downward loading than under upward loading.



The skeleton curves of the three specimens are compared in Figure 13d. It can be seen from the figure that the skeleton curves of the PC specimens and the CIP specimen were extremely similar to each other, while the PC specimens showed slightly better load-carrying capacity. The downward loading phase of the skeleton curves included the ascending, gentle, and descending stages, while the upward loading phase of the skeleton curves only included the ascending and gentle stages.




3.3. Load-Carrying Capacity, Displacement, and Ductility


The resistance and deformation of all the specimens at different loading steps are shown in Table 4. The cracking load and yield load of PC specimens were extremely close to that of the CIP specimen, whereas the cracking displacement and yield displacement were smaller than that of the CIP specimen. The peak load and ultimate load of PC specimens were slightly larger than that of the CIP specimen; likewise, the peak displacement and ultimate displacement of PC specimens were also larger. In order to characterize the ductility of the specimens, the ratio of the ultimate displacement Δu to the yield displacement Δy was defined as the ductility coefficient Δu/Δy. Since none of the specimens reached their ultimate upward load and displacement under upward load, the ductility coefficients under downward load were taken as the ductility coefficients of the specimens, which are presented in Table 4. The ductility of JD2 and JD3 was clearly better than that of JD1.



Generally, the weaknesses of PC specimens are caused by the discontinuity of the steel bars and the existence of the precast-to-post-cast concrete interfaces. Nevertheless, the effect of this weakening is limited. Instead, the presence of overlapping U-bar loop connections and additional steel bars not only made the steel bar ratio increase but also had a strong confinement effect on the post-cast concrete. Meanwhile, the strength of the post-cast concrete was also increased. The combined effect of these measures compensated for the weaknesses, leading to a better performance in terms of the load-carrying capacity and ductility of the PC joints.




3.4. Equivalent Stiffness


As shown in Equation (2), the secant stiffness of each step under low reversed cyclic loading was defined as the equivalent stiffness Ki, where Fi was the peak load of the step to be calculated, Δi was the peak displacement of the step, and ‘+’ and ‘−’ represented the downward and upward directions, respectively. The equivalent stiffness values of every loading step are gathered in Table 5. Moreover, the stiffness distribution and variation trend are also illustrated in Figure 14. It can be seen from Table 5 and Figure 14 that the stiffness values of the PC specimens were very close to that of the CIP specimen. With the increasing displacement, all showed significantly similar degradation trends. By fitting these stiffness data of the three specimens, the evolution law of equivalent stiffness with increasing displacement can be obtained, as indicated in Figure 14.


   K i  =    |  +  F i   |  +  |  −  F i   |     |  +  Δ i   |  +  |  −  Δ i   |     



(2)








3.5. Energy Dissipation Performance


The energy dissipation properties of all the specimens under low reversed cyclic loading are shown in Figure 15, Figure 16, Figure 17 and Figure 18. According to Equation (3) [28], the equivalent viscous damping coefficient ζeq is introduced to measure the energy dissipation capacity of the specimens.


  ζ =  1  2 π   ⋅    S  ( A B C + C D A )      S  ( O B E + O D F )      



(3)







As shown in Figure 15, S(ABC+CDA) is the area enclosed by the hysteretic curve, and S(OBE+ODF) is the sum area of triangle OBE and triangle ODF. It can be seen from Figure 16 that the equivalent viscous damping coefficients of the PC and CIP specimens showed similar evolution trends, all gradually increasing with the growth in the cycle number. The equivalent viscous damping coefficient of JD2 was greater than those of JD1 and JD3. Furthermore, after JD3 yielded, its equivalent viscous damping coefficient appeared slightly greater than that of JD1. These results indicated that the energy consumption capacity of the PC joints was slightly better than that of the CIP joint, and JD2 exhibited the best energy consumption capacity. Figure 17 presents the energy dissipation per cycle, which can be expressed as the area enclosed by each corresponding load–displacement hysteretic loop. The energy dissipation of the PC joints was not significantly different from that of the CIP joint before yielding, while it showed an obvious difference after yielding. In the middle and later phases of loading, the energy dissipation capacity of the specimens was improved; the improving speed of JD2 was obviously higher than that of JD1 and the energy dissipation of both JD2 and JD3 was larger than that of JD1. In general, the energy dissipation capacity of the PC specimens was better than that of the CIP specimen.



In order to study the evolution trend of the energy dissipation of the specimens, the normalized energy dissipation w/W was introduced for analysis [29]. Where w was defined as the cumulative hysteretic energy of the current cycle and previous cycles, i.e., w = ACycle 1 + ACycle 2 + … + ACycle n, W was defined as the cumulative hysteretic energy of all cycles, i.e., W = ACycle 1 + ACycle 2 + … + ACycle N, A denoted the area enclosed by each load–displacement hysteretic loop, and n and N denoted the number of the current cycle and the total cycles, respectively. The normalized energy dissipation per cycle and its evolution trend obtained by fitting the normalized energy dissipation data of all specimens are demonstrated in Figure 18. It can be seen that the energy dissipation evolution trend of the monolithic CIP specimen was close to that of the PC specimens. Before the specimens yielded, the energy dissipation was small and remained stable. After the specimens yielded, the energy dissipation rate increased rapidly. The energy dissipated in this phase accounted for the majority of the total energy. After entering the peak phase, the energy dissipation rate gradually flattened.




3.6. Strain of Longitudinal Steel Bars in Beam


According to the “Code for Design of Concrete Structures” [26], the length of the longitudinal steel bars in the beam of the CIP specimen anchored into the web of the T-shaped shear wall is calculated as shown in Equation (4).


   l  a b   = α    f y     f t    d  



(4)




where α is the shape coefficient of the steel bars, which is taken as 0.14 for ribbed bars; fy is the design value of the steel bars’ tensile strength, which is taken as 360 N/mm2 for HRB400; ft is the design value of the concrete axial compressive strength, which is taken as 1.43 N/mm2 for C30; and d is the diameter of the steel bars. According to Equation (4), the anchorage length is 493 mm. In this test, it was designed as 570 mm. As for the PC specimens, the anchorage length of the longitudinal steel bars in the beams was consistent with that of the CIP specimen.



Figure 19, Figure 20 and Figure 21 show the strain distribution of the longitudinal steel bars at the bottom of the beam during loading. Since some strain gauges were damaged and invalidated gradually during the test, the values measured by these strain gauges are not plotted in the figures. The abscissa indicates the location of the strain gauges; the values express the distances between the strain gauges and the outer edge of the web of the T-shaped shear wall, which is defined as the zero point of the abscissa. Negative values indicate that the strain gauges were located in the anchorage section of the longitudinal steel bars, while positive values indicate that the strain gauges were located in the region where the longitudinal steel bars did not anchor into the web of the T-shaped shear wall. The ordinate represents the microstrain values.



Regarding JD1, as depicted in Figure 19, the tensile strains were very small at the location of −350 mm and varied slightly with the increase in load, and the tensile strains at −550 mm were slightly smaller than those at −350 mm. Furthermore, the compressive strains were extremely close to 0 at both −350 mm and −550 mm. This meant that the anchorage length of the longitudinal steel bars calculated according to Equation (4) was sufficient. As for JD2, it can be seen from Figure 20 that the tensile strains at −550 mm were much smaller than those at −350 mm, almost close to 0. Similar to the tensile strains, the compressive strains at −550 mm were also close to 0 and remained stable throughout the loading process. As shown in Figure 21, both the tensile strains and the compressive strains of JD3 were small and stable at −150 mm and −350 mm, respectively; all the strains were less than 800 με, which was lower than the corresponding strains of JD2. It can be seen that with the gradual increase in anchorage distance, the strains of the longitudinal steel bars of JD3 decreased faster than those of JD2. Besides, with the increase in anchorage distance, the PC specimens and the CIP specimen showed similar strain evolution trends; that is, the strain of the steel bars decreased continuously and gradually approached 0. This indicated that the anchorage length of the steel bars calculated by Equation (4) can meet the requirements of PC structures.





4. Conclusions


In this study, three full-scale wall–beam–slab joint specimens were designed, and a quasistatic test was carried out by applying low reversed cyclic loading to the specimens. By comparing seismic performance indicators such as the failure mode, load-carrying capacity, ductility, and hysteretic loops of the PC joints with those of the CIP joint, the following conclusions can be drawn:




	
The overlapping U-bar loop connection adopted in assembling precast components is an effective and reasonable method. The stiffness of the PC joints was similar to that of the CIP joint; the load-carrying capacity, ductility, and energy dissipation of the PC joints were better than those of the CIP joint. Moreover, further experimental validations are still required to ensure that the mechanical properties of precast shear walls with this connection form can meet the seismic requirements.



	
By comparing the relevant mechanical indicators of JD2 with pure overlapping U-bar loop connections with those of JD3 with a modified form-overlapping U-bar loop connection combined with an extruded sleeve connection, it can be found that JD3 shows slightly better mechanical properties in general.



	
The failure mode of the PC joints was consistent with that of the CIP joint, which was marked by the buckling of the tensile steel bars, the crushing of concrete at the bottom of the beam, and a sharp decrease in load-carrying capacity. The generation, distribution, and development of cracks in the PC specimens were also similar to those in the CIP specimen. However, the precast-to-post-cast concrete interface between the web of the T-shaped shear wall and the beam cracked significantly during the loading process. Furthermore, there were fewer diagonal cracks distributed in the web of the T-shaped shear wall of the PC joints than that of the CIP joint.



	
The length of the longitudinal steel bars of the precast beam anchored into the web of the T-shaped shear wall was calculated in the same way as that of the CIP joint, so that it could meet the structural requirements of the PC joints. In the case where the requirements of anchor length were met, anchor damage did not occur.
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Figure 1. Schematic diagram of overlapping U-bar loop connections. (a) Pure overlapping U-bar loop connections. (b) Overlapping U-bar loop connections combined with extruded sleeve connections. 
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Figure 2. Schematic diagram of overlapping U-bar loop connections of wall–beam–slab joint. (a) Front view. (b) Lateral view. 
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Figure 3. Dimensions and steel bar layout of JD1. (a) Front view; (b) 1-1 profile; (c) 2-2 profile; (d) 3-3 profile. 
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Figure 4. Assembly construction schematic diagram of beam–slab joint. 
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Figure 5. Assembly construction schematic diagram of wall–wall–slab joint. 
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Figure 6. Assembly construction schematic diagram of wall–beam joint. 
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Figure 7. Schematic diagram of overlapping U-bar loop connection of JD2. 
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Figure 8. Schematic diagram of overlapping U-bar loop connections combined with extruded sleeve connections of JD3. 
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Figure 9. Test setup. (a) Schematic. (b) Photo. 
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Figure 10. Loading process. 
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Figure 11. Schematic diagram of strain gauge layout. 
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Figure 13. Hysteretic loops and skeleton curves of specimens. (a) Specimen JD1. (b) Specimen JD2. (c) Specimen JD3. (d) Skeleton curves of specimens. 
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Figure 14. Stiffness degradation curves of specimens. 
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Figure 15. Calculation of equivalent viscous damping coefficient. 
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Figure 16. Evolution of equivalent viscous damping coefficient. 
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Figure 17. Energy dissipation per cycle for specimens. 
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Figure 18. Evolution of normalized energy dissipation. 
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Figure 19. Strain distribution of longitudinal steel bars at the bottom of beam of JD1. (a) Tensile strain. (b) Compressive strain. 
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Figure 20. Strain distribution of longitudinal steel bars at the bottom of beam of JD2. (a) Tensile strain. (b) Compressive strain. 
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Figure 21. Strain distribution of longitudinal steel bars at the bottom of beam of JD3. (a) Tensile strain. (b) Compressive strain. 
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Table 1. Fabrication and connection methods of specimens.
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Specimens

	
Type

	
Connection Methods Applied to Different Precast Components




	
Wall–Wall

	
Wall–Slab

	
Wall–Beam

	
Beam–Slab






	
JD1

	
CIP

	
integral

	
integral

	
integral

	
integral




	
JD2

	
PC

	
overlapping U-bar

loop connections

	
overlapping U-bar loop connections

	
directly anchored

	
overlapping U-bar loop connections




	
JD3

	
PC

	
extruded sleeve connections

(in confined boundary zone)

overlapping U-bar

loop connections

(in intermediate region)

	
overlapping U-bar loop connections

	
directly anchored

	
overlapping U-bar loop connections











[image: Table] 





Table 2. Properties of concrete.






Table 2. Properties of concrete.





	Type
	Class
	fcu/MPa





	CIP specimen and

precast components of PC specimens
	C30
	31.01



	post-pouring concrete of PC specimens
	C40
	35.11










[image: Table] 





Table 3. Properties of steel bars.
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	Type
	Diameter

Ds (mm)
	Yield Strength

fy (MPa)
	Ultimate Strength

fu (MPa)
	Elastic Modulus

Es (N/mm2)
	Yield Strain

εy (10−6)





	HRB400
	10
	563
	660
	2.028×105
	2776



	HRB400
	14
	442
	656
	1.884×105
	2346
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Table 4. Load-carrying capacity, displacement, and ductility values of specimens.
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Specimen

	
Cracking Cycle

	
Yield Cycle

	
Peak Cycle

	
Ultimate Cycle

	
Ductility




	
Fcr (kN)

	
Δcr (mm)

	
Fy (kN)

	
Δy (mm)

	
Fp (kN)

	
Δp (mm)

	
Fu (kN)

	
Δu (mm)






	
JD1

	
39.505

	
2.45

	
79.468

	
9.34

	
111.786

	
29.8

	
93.567

	
30.68

	
3.285




	
JD2

	
39.490

	
1.88

	
79.437

	
7.86

	
124.252

	
23.20

	
98.175

	
35.96

	
4.575




	
JD3

	
39.612

	
1.26

	
79.346

	
7.04

	
121.023

	
35.14

	
106.522

	
40.10

	
5.696
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Table 5. Secant stiffness values of specimens.






Table 5. Secant stiffness values of specimens.





	
Specimen

	
Secant Stiffness




	
20 kN

	
40 kN

	
60 kN

	
80 kN

	
100 kN

	
1Δa

	
2Δa

	
3Δa

	
4Δa

	
5Δa

	
6Δa






	
JD1

	
26.219

	
17.581

	
12.696

	
9.912

	
-

	
8.99

	
7.245

	
5.171

	
4.141

	
3.095

	
-




	
JD2

	
24.602

	
19.196

	
13.311

	
10.812

	
-

	
11.997

	
7.382

	
5.424

	
4.275

	
3.289

	
2.495




	
JD3

	
25.063

	
20.139

	
16.566

	
12.885

	
7.445

	
8.666

	
6.875

	
4.847

	
2.826

	
2.203

	
-

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 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
Precnslab  1gp g0 Precustsled
} 4 = 1 [T ———
F Hz 1 |
[ =
R S .

Prsasbam






media/file4.png
s

g Cracksjat the interface\betweg
precast and post-cast doncre

-






media/file39.jpg
Energy dissipation per cycle (kN x mm)

—=— DI
—e—JD2

——JD3]

0

510 15 20 25 30
Displacement (mm)

35

40

45





media/file18.png
Upper precast shear wall

®8 Horizontal steel bars for shear wall
®14 Vertical steel bars for shear wall

g 5
23
L
Q =
— o] @ 5 S =
SIEl 8 2 S =
slol & y Ol
m T = lO 7] %
O m 2] < =
< | S| & % 3| =«
v | L = < = b7
|2 =S| =2 Sl
SIZ| 8 o >
S| § e =
m..W M m A >
— T NN
2 12 & IR |3
Hnuy o, = OO -
2 2R
\ NN
S S - — ) RN —
I ,/////// -
e K
////////// 5 - M//////////MVI
NN
III_;--.r//r/ p—_.1
10ST0TI 0g€E

£

2%

v/

1
2

& &
<c| <
L| O
S| O
| —_— -
= Q.
170} 7)) m
— — —
.m ..w m 0C1 0¢g¢ .,w
3 gg M1 &
7 AR w I =
= = L [ ////// =
= = O /// N w
Lo = ot [| 1N I\
S| S|~ IR =@
N
| L NN
| )
=il = mu— %
e sy
<
- | L
-
W
N 2! @
E E
- - a.
)
D)
=
o
]
87 NN NN
N NN
N NN
N NS>
S AR R i
S 7/]/4/////////// e
NI ANy £
N AN AN | il
I | |
0€C 0€¢ (1%






media/file21.jpg
330 120250

Upper precast shear wall

Upper precast shear wall

Overlapping U-bars loop connection

.

Extruded sleeve conncction

814 Additional transverse siel bars:

Lower precast shear wall

00200200200

100

7%

20|

Lower precas shear wall





media/file44.png
4000

3200

)

o 2400

Strain(1.0 x 10
% o
s 3

-

Outer edge of the shear wall limb,

[ |—=— 20kN
- |—@— 40kN
| |—&— 60kN
—v— 80kN
—4— 1Ab
[ |[—P»—2Ab
- |—@— 3Ab
| |—e—4ab
—&— 5Ab

e
"
., —
—
:ﬁ

300

0

-300

Strain(1.0 x 10°)

-4800
| -5600

-600 -400

-200 0

Location (mm)

(a)

200

400 -600

-1600 |
-2400 |
-3200 |
-4000 -

—a—20kN
—e— 40kN
—A— 60kN
—w— 80kN
—<4— 1Ab
—p— 2Ab
—— 3Ab
—e— 4Ab
—&— 5Ab

[ Outer edge of the shear wall limb

-400 -200

Location (mm)

(b)

0

200

400





media/file26.png
Force(kN)

125
100

| | |
N e N N W =)
O Y N = Y T = IR

—100

F orce-controlled
loading

Displacement-controlled loading

Yield load step
s

]
||

Al

Yield load step

\,/

40

20
10

—10
—20
—30

Displacement(mm)





media/file7.jpg
Upper precast T-shaped shear wall

Overlapping U-bars loop connecion
of Wall-Sabjint

Confined boundary one

Confined boundary zone
Lower precast T-shaped shearval

®)






media/file28.png
330 120250

Ty
" ()
9
% Strain gauges for rectangular stirrups
N 3;;‘7‘%/, .
- A ;
If/‘ A 1% K/ %
L L
7, %
o
; Strain gauges for longitudinal steel bars
g

[200} 650 ! 500 \






media/file6.png
Confined boundary zone

Additional transverse steel bars

Confined boundary zone

Confined boundary zone \

Additional transverse steel bars

Confined boundary zone

Steel bars of upper precast shear wall

Upper precgast shear wall

U-bar protrude from upper precast shear WZH

Lower precast shear wall

(a)

Upper precast shear wall

¢¢¢¢¢

Lower precast shear wall

”\Overlapping U-bars loop

ded sleeve

Steel bars of lower precast shear wall

(b)





media/file36.png
A Force

Displacement






media/file15.jpg
200

220,
Upperpecas earsall (e el
a, ==
e A, Ovcrippng U-bars oop omestion
Lebar 2 160 Precast slab 2 i ‘914 Additional transverse steel bars.
& a0 i
iy Ed

Lower precast shear il /] Ubar
913 Addiiona transversesee b

Lower precst shear wll






nav.xhtml


  materials-16-03318


  
    		
      materials-16-03318
    


  




  





media/file11.png
3400
330 ]2Q

250

1400

1300

®10@150 Rectanglar stirrups

®14 Vertical steel bars for shear wall

®8@ 150 Horizontal steel bars for shear wall

®10 Horizontal steel bars for beam

kel

Wall-Beam-Slab joint

®10@150 Horizontal steel bars for slab

13

|
i
|

13
®10@150 Rectanglar stirrups

®14 Horizontal steel bars for beam

®10@100 Horizontal steel bars for slab

1600 |

2450 |

(a)

¢10@ 150 Rectangular stirrups AR I
|ﬁ (I | S
®14 Vertical steel bars for shear wall _! !_
| |—
®10 Vertical steel bars for shear wall | = .
1| ] S
| = =
®10@ 150 Rectangular stirrups A -
1 =
1 ]
Wall-Beam-Slab joint _| = e = =r §
U =1_..! lr_l.= i ;‘” N
1l Ly [0 | B
— ==l Tl —T
®8@150 Horizontal steel bars for shear wall _! I:
| -
e s
— =~
) =
I I—
| =
20%20q20q20q200
1000

(b)






media/file23.jpg





media/file10.jpg
6 Ticsetiun
E

[ |

o

9108150 Rctanglr siups
TS Vet s st ll-

IMLesas

O

©

_#10100 Horizoatal steel bars for slab
10150 ot st b for

310 Ao s st

15 Recunguesimps

R14 Hosoral sl b s

o o s

@





media/file24.png
-

20, 000 kN Heavy Haul Multifunctional Structure Test System

500 kN
20, 000 kN Hydraulic actuator
Hydraulic actuator —’,J_Ll
Screw stem — | y Specimen [ Loading transmission
O F7SE Da— steel column
% Al =
Steel braces 12N
150 | BN PO LVDT
LVDT stand
[« 5t ) o
A VAN ¥ A
Anchor screw stem Strong floor

(a)






media/file29.jpg
Force (kN)

Foree (kN)

150,

100

o

50

100

T R T TR )

Displacement (mm)

@

D00 ™ 0 0 10w

Displacement (mm)

()

0

W






media/file1.jpg





media/file12.png
200,

650

1000

400 %O% 400

an

T ®10@150 Rectangular stirrups
i I ®14 Vertical steel bars for shear wall

®6 Tie steel bars

®8@ 150 Horizontal steel bars for shear wall

10 Vertical steel bars for shear wall

(c)

330 12

¢10@100 Horizontal steel bars for slab
®10@150 Horizontal steel bars for slab
¢10 Additional transverse steel bras

4 A
N

el e ..
®10@]150 Rectangular stirrups ||\ ll\ ®14 Horizontal steel bars for beam

| 400 [200] 400 |
| 1 1 1

(d)





media/file3.png





media/file9.jpg
B

s 0106150 Resoglr s 108150 Recangrsips

[ T —
RS0 sl el b for s vl
10 sz sttt s

Wall Bean Shbjon 106150 Rengubsimps
T onl s b o s

Wal e Sl i

i
I
ey

= ™

AN M AN

102150 Recionger s 25150 Horzon s bars o shsr wll.

14 ozt sttt b

1010 i s s st

[CTLTT

G

(b)





media/file42.png
w/W

1.OF

0.8

0.6

0.4

0.2

0.0

= JDI
e D2
A D3

Logistic Fit of Concatenated

Displacement (mm)

[ )
Equation y=A2 + (Al-A2)/(1 + (x/x0)"p)
Adj. R-Square  0.91365
Value Standard Error

Concatenate Al 0.02328 0.02137
Concatenate A2 1.12564 0.15827
Concatenate x0 27.5209 1.78642
Concatenate p 542298 1.1196

A T B B RS R T T

10 15 20 25 30 35 40 45






media/file47.jpg
Strain(1.0 % 10°)

B T ) e T T I T T
Location (mm) Location (mm)

@ »





media/file38.png
45

4 <
4
Jdwn
N
—_
12 m
N’
- Fﬁ\/_a m
. )
le £
SR
1 Q
=
12 o
— Qo g2
REE 1o B
—
+ + + -1
1<
e 1 l - 1 o 1 o 1 o 1 ., 1
\O <t @\ ) ) \O <t A -
) ) ) ) ) ) ) ) )
[USTD1]Jo00 Surduuep SnOJSIA Jud[eAINbH





media/file17.jpg
8 ol s hr o shese vl
Unperpresastshervall
14 Vel e hr o wll-

Unper st sl

= e

! - s
#10 Horizontal stee bars o beam e e

b Precastbeam f Ovetpping U-bars lop concion

, T

ey " pueatbem

7 Loncrprsa s LRS00 7 Lo prsst shesrval

] ‘s ] 0






media/file35.jpg
A Force

Displacement






media/file31.png
0 10 20 30 40

-10

-30  -20

-40

150

100 |

S50 F

-100 |

150

100 |

-50 F

(NY]) 2010

-100 |

-150
-40

Displacement (mm)

Displacement (mm)

(b)

(a)





media/file48.png
—u— 20kN

| —e— 40kN
4800 | |—A— 60kN
L |—w— 80kN
4000 F |—¢— 100kN
— | |—>—1ADb
\Q | |—e—2Ab
2 3200 - 3Ab
X o400 | F2A4b
<
E 1600 |
o
ﬁ 800 |
0k

"Outer edge of the shear wall limb

/

)

-400  -300 -200 -100 0

Location (mm)

(a)

100

200

300

o

0x10

Strain( 1

1000
500

0
-500
-1000
-1500

-2000

-2500
-3000
-3500

-400

—a— 20kN
—eo— 40kN
—a— 60kN
—v— 80kN

—<&— 100kN

—»— 1 Ab
—e—2Ab
—e— 3Ab
—o— 4Ab

/

[Outer edge of the shear wall limb

-300  -200 -100 0

Location (mm)

(b)

100

200

300





media/file27.jpg
330 120250

=
PRI

Strain gauges for rectangular stirrups

Strain gauges for longitudinal steel bars

i






media/file22.png
330 120250

Upper precast shear wall

®14 Additional transverse steel bars

1000

N0
Z ;Z%Zﬁé Upper precast shear wall
é%é% éﬂ // Overlapping U-bars loop connection
7 22N Y4
7 ////// Extruded sleeve connection %E
i / ' | itional transverse steel bars  —
% 12 Z 5/ 7.// ®14 Additiona
Z
n
/ 2% 7 %% Lower precast shear wall
)
é% é/ 22 ? Lower precast shear wall
/| j9 94 V4 VI
200!200!200!200!200

M ES NN

\\ Extruded sleeve connection

[\
)

0





media/file19.jpg
Upper precast shear wall

Upper precast shear wall
814 Additonsl transverse seel burs

N\

Overlspping U-barsloop conection

T
i

-

814 Additional ransverse see bars

Lower precast shear wall
Lower precast shear wall

0020020000200

o0






media/file40.png
Energy dissipation per cycle (kN x mm)

5000

4000

3000

2000

1000

—s— JD]

—e—JD2
—A—JD3

5 10 15 20 25 30

Displacement (mm)

35

40

45





media/file33.jpg
Stiffness (KN/mm)

= JDI1
b e D2
4 D3
Log3P1 Fit of Concatenate

Equation y=a-bxIn(x+c)
Adj. R-Square 09877

Value  Standard
Concatenate  a 2172947 066245
Concatenate b 533639 023083
Concatenate ¢ -03176_0.09834

0 5 10 15 20 25 30 35 40 45

Displacement (mm)





media/file32.png
Force(kN)

-150

150

100

50

-50

-100

Displacement(mm)

(c)

Force (kN)

150

100

50

-50

-100

-150

-60

-40

-20 0 20

Displacement (mm)

(d)

40

60





media/file14.png
Precast slab 160

|
T\\\\\\\\\\\VI | |

U-bar

120

330

-
=)}

—

160

]

Precast slab

W77/

U-bar

Rectangular stirrups

Precast beam

200

I

Overlapping U-bars loop connection

|

|
> ‘?\\\\\\\\\\

®14 Horizontal steel bars for beam

N
N\

®10 Horizontal steel bars for beam

120

330






media/file41.jpg
w/W

1.0

0.8

0.6

04

02

0.0

= DI
o D2
4 D3
Logistic Fit of Concatenated

Equation
Adj ReSquare 091365

Value  Standard Error
Concaenate AL 002228 002137
Concaenste A2 2564 015827

Concaente 0 275209 178642
b sas 1%

Concatenste

0 5 10 15 20 25 30 35 40 45
Displacement (mm)





media/file2.jpg





media/file37.jpg
>

i =l
SRS

0.10
0.08
0.06
0.04
0.02
0.00

Equivalent viscous damping coefficient

—=— DI
—e— JD2|

——JD3

5 10 15 20 25 30

Displacement (mm)

35

40

45





media/file46.png
4000

3200

)
~
()
()

Strain(1.0 x 10
o 5
==

0

-600

[ |—=— 20kN

—e— 40kN

| |—&— 60kN

—v— 80kN
—4— 1Ab

" |—»—2Ab
_|—&— 3Ab

| |—e—4ab
—e—5Ab

| —*— 6Ab

Outer edge of the
shear wall limb \

-400

-200 0 200 400

Location (mm)

(a)

500
I —=— 20kN
0l —o— 40kN
I —A— 60kN
500 F —3 —v— 80kN
& I 3 —<4— 1Ab
< -1000 | ] —>—2Ab
— I —o— 3Ab
X -1500 F —> —e—4b
- _ e —o— 5Ab
% -2000 - —e —*— 6Ab
£ 2500
s i Outer edge of the
-3000 | shear ngl limb >
_3500 L 1 L 1 A 1 L 1 L 1 L L 1 L 1 L 1 L ]
-600 -500 -400 -300 -200 -100 0 100 200 300 400

Location (mm)

(b)





media/file45.jpg
P ﬁ:‘.ﬂfﬁi‘\

Strain(1.0 % 10°%)

Strain(1.0 % 10°)

e —
Location (mm)
@ ®)

Location (mm)





media/file16.png
B W — Upper precast shear wall

U-bar

230
350

160

160
=

Upper precast shear wall

It\)
S
S

U-bar
160 Precast slab
I ’ |
LV e

Lower precast shear wall

U-bar

A

)

®14 Additional transverse steel bars

120 250

Lower precast shear wall

Overlapping U-bars loop connection

®14 Additional transverse steel bars

SOy

-

Precast slab






media/file20.png
330 120250

Upper precast shear wall _ _
: %I gé\/ /%p?j Upper precast shear wall %
1 ﬂ 1
i/ g? // E/ f % $14 Additional transverse steel bars
% [/ (| /
/ : : v
i ,/, Overlapping U-bars loop connection %]E ~° Overlapping U-bars loop connection
| ()
! o
? ~4—1  ®14 Additional transverse steel bars =
27B 777 /
Z ZII/ 7
/2 %% % ? Lower precast shear wall /
7 7 Lower precast shear wall
KON a
200!200!200!200!200 200

1000






media/file5.jpg
Upper p..im shearwall

Ut protrde from upperprscastshear wall

Confined oundry zone

Addions ransverse st bars

Sonlioed boumdery ze0c Lower precastshar wall

@

Confinedboundary zone

Addiionlrnsverss sl bar

Extndedseeve

Coniedboundryzns | St bad o owe prcast e wll

(b)





media/file25.jpg
Force(kN)

125

_Force-controlled
loading

Displacement-controlled loading

Yield load step

Yield load step |

Displacement(mm)





media/file0.png





media/file30.jpg
Force(kN)

150,

H

Foree (KN)

H

L 150) L
T N T TR T DT T
Displacement(mm) Displacement (mm)

© @





media/file8.png
Confined boundary zone \ Upper precast T-shaped shear wall

Overlapping U-bars loop connection of\W 11-Wall joint

Precast slab

Overlapping U-bars loop connection
of Wall-Slab joint

U-bar of precast slab

i

Confined boundary zone Precast beam

\ Lower precast T-shaped shear wall

Upper precast T-shaped shear wall \ / Confined boundary zone

Precast slab

-
Lower precast T-shaped sh;;a;-‘_f \
\
(b)

.' Confined boundary zone

Precast beam






media/file43.jpg
R it o0y
iy 0f oy
B € oo i8N
= < amof 2
N -
L=

o tperecy ]
B T T ST W aw o aw 0w
Locaton () Location (mm)

@ ()





media/file34.png
Stiffness (kN/mm)

e e (\©]
-} ()] -}

W

= JDI
o JD2
A JD3

Log3P1 Fit of Concatenate

Equation y=a-bxIn(x+c)

Adj. R-Square 0.9877

Value Standard
21.72947 0.66245
5.33639 0.23083
- 0.3176 0.09834

Concatenate
Concatenate
Concatenate

o @

Displacement (mm)






