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Abstract

:

At present, precast buildings have become the focus of the building industrialization, and the precast concrete frame structure has been widely used in the construction industry. On this background, a novel precast concrete frame with a bolt connection joint was proposed in this paper. The novel connections include connection steel plates, bolts and rubber layers. To investigate the seismic performance of the precast structure, two full-scale, precast, cruciform, reinforced concrete specimens, and a monolithic counterpart, are tested under reversed cyclic loading. For the precast specimens, two different thickness rubber layers are applied in the connection region, respectively. Seismic behavior was evaluated based on failure mode, hysteretic behavior, stiffness degeneration, ductility and energy dissipation. The results indicated that precast specimens had almost the same ultimate bearing capacity as the cast-in-place ones, and the failure mode is also the same. The precast specimens satisfied the strong column-weak beam design concept. Additionally, the initial stiffness is obviously decreased by adding rubber washers at the joint region, showing a semi-rigid characteristic. At the end of this paper, an equivalent stiffness computation method of the precast joint is discussed.
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1. Introduction


Precast concrete architecture is a new type of architecture that combines precast construction technology with sustainable technology. Compared with cast-in-place concrete structures, precast ones are advantageous in terms of less resource consumption, more rapid construction, better quality control and less field wet operation [1,2,3]. Currently, the precast concrete structure system is greatly developed and popularized in China. It includes (1) the precast shear wall system, (2) precast frame system, and (3) precast frame-shear wall composite system. The precast frame system is the most important system in China [4]. The mechanical properties of the joints are the most vital factor affecting the seismic performance of the precast frame structure [5]. Therefore, the connection forms and mechanical properties of the precast concrete frame become a focus in this field.



The connection types of precast concrete frame joints include two categories [4]: (1) Wet connection, and (2) dry connection. The wet connection combines the precast concrete components with post-cast concrete during assembling. For example, Cai et al. [6] conducted an experimental study on the Scope system introduced from France. In this system, a post-cast concrete includes a service hole, and U-shaped reinforcements are arranged at the end of the beam.



Yuksel et al. [7] proposed that grouting sleeves are used to connect the upper column and lower column, and the beam and column are connected by U-shaped reinforcements and post-cast concrete. Vasconez et al. [8] proposed to post-cast high-performance, fiber-reinforced cement composite materials in the beam-to-column connection area. Many research results show that the precast joint with the wet connection has a similar seismic performance to the monolithic joint with good energy dissipation and bearing capacity [6,7,8,9]. In addition, the wet connection does not require high production accuracy for its components, so it has convenience in assembling [2]. However, the advantages of precast structures are not fully utilized in the wet connection due to numerous on-site activities, such as casting wet joints and the grouting of ducts and connections [10].



Dry connection does not require cast-in-place, which greatly improves the construction efficiency, and avoids the drawback of environmental pollution. Dry connection can be mainly classified as (1) welded connection [11,12], (2) prestressed connection [13,14,15,16,17,18], and (3) bolted connection [11,19,20,21,22,23,24,25].



The welded connection is to pre-embed steel end plates in the connection part of the precast components, and then the connections are established by welding steel link plates to the pre-embedded end plates. Ersoy et al. [11] proposed a midspan welded connection scheme by embedding steel plates at the top, bottom and side of the connection area, and then combine the components by welding steel link plates to the embedded steel plates, respectively. Law et al. [12] proposed that a precast beam is inserted into the precast column for welding connection. The connection area also needs embedded end plates and weld steel link plates. These research results show that the welded connection does not require high production accuracy, and has higher bearing capacity and stiffness than the cast-in-place one. Besides, the energy dissipation is comparable to those of monolithic structures [11,12]. However, the quality of welded connections relies heavily on the skill of the welders, and is difficult to be guaranteed [2].



In the prestressed connection structures, the prestressed tendons are used to connect the beam and column through the reserved hole in the beam and column during assembling. The Precast Seismic Structural Systems (PRESSS) research program [13,14], which was firstly proposed by the United States and Japan, conducted a variety of beam-to-column prestressed connection schemes. The result of the research shows that post-tensioned prestressed components at beam-to-column connections have strong self-resetting ability. Based on the PRESSS, some further research results reveal that post-tensioning prestressed connections have the advantages of small residual deformation [15,16,17]. However, additional energy dissipation devices are always needed in prestressed connection to overcome the drawback of low-energy dissipation, which increases the cost and difficulty in construction [17,18].



In the bolted connection structures, the connection is established by the bolts through the reserved holes in the beam and column, and the bolts are the most vital part to transfer the load. Al-Salloum et al. [19] proposed a bolted connection with grouting hole. In his study, the rebar on the bracket is reserved to pass through a grouting hole of the beam, and then high-strength bolts are used to pass through the steel link plates and reserved holes to strengthen the connection. Rahman et al. [20] and Vidjeapriy et al. [21] take the connection of steel structure as a reference. They propose that setting an angle cleat at the connection area of beam and column, and connecting them respectively with bolts. Aninthaneni et al. [10] proposed a removable precast beam-column bolted connection scheme. An end plate, which is welded to two horizontal embedded steel plates in the beam, is arranged at the end of the beam. Along with this, the longitudinal rebars of the beam are welded to the embedded steel plate. To connect the beam and the column, the column is embedded with steel ducts through which threaded rods are passed and bolted to the end plate. Li et al. [1] proposed a hybrid connection by bolts and prestress, that the steel end plate and beam become an integral component by the connection of the end plate and non-prestressed reinforcements, prestressed tendons. Then the integral component is connected to the column by bolts through the reserved bolt holes in the column. Nakaki et al. [22] and Englekirk [23] proposed a bolted connection with ductile rods. The ductile rods are embedded in the column, and they are connected to an embedded steel plate at the end of the beam by high-strength bolts.



Many research results [11,19,20,21,22,23] show that the bolted connection has the advantages of better ductility and energy dissipation ability, and more convenience in assembling than welded connection and prestressed connection has. However, the failure of the bolted connection structures usually takes place at the joint region, and most of the existing joints are arranged at the beam-to-column interface [1,21,24,25], which always causes the damage of the joint core region. Thus, a novel precast concrete beam-to-column frame with a bolted connection is proposed in this paper. Then, a quasi-static test is used to obtain the mechanical properties and failure modes of the new joints, and also compared with a cast-in-place specimen. Finally, a method of deducing the equivalent stiffness of precast joints is discussed.




2. Novel Dry Connection Details


A novel, dryly-connected, precast frame structure system was proposed as in Figure 1. Figure 2 shows its typical beam-column joint and column-column joint. In a beam-column joint (Figure 2a), the column is continuous and prefabricated with a stepped corbel to support the precast beam. The beam and corbel are connected by bolts through steel plates welded to longitudinal rebars embedded on both end sections of the corbel and beam. Figure 2c shows the connection details. Between the plates, flexible materials (i.e., rubber layers) are filled to make a well-distributed contact and prevent any leakage of moisture from the external environment. Besides, between the plates and bolts, flexible gaskets (i.e., rubber washers) are arranged to adjust the stiffness of beams by controlling the thickness of the rubber washers. The bolt connector should have also been used on the top of the beam if the floor slabs supported on the beam are prefabricated. The top connection details are the same as the bottom one. In this research, to simulate the composite floor slab system with the upper layer cast in-site, which is popularly applied currently, the top layer of the beam-column joint is cast together. Therefore, in this experiment, the novel bolt connector is only installed at the bottom of the joint. In this novel system the connections between main beams and secondary beams also apply the dry bolt connector, where a small corbel is attached to the main beam to support the secondary beam.



The column to column is connected at the mid-height in this system. Figure 2b shows the connection details. The steel plates are embedded at the ends of the precast column, welded as to longitudinal rebars. The upper and lower columns are jointed by the bolts surrounding the periphery of the embedded plates.



Besides, with the advantages of dry connections in precast concrete structures, such as speed construction, easy erection, and pollution reduction, the novel system is able to adjust the stiffness of the beams by controlling the thickness of flexible gasket. When increasing the thickness, the stiffness of the beam may decrease. For a concrete frame structure, to achieve the “strong column and weak beam” mechanism and ensure a ductile damage, the stiffness of the beam is expected to be reduced. In the cast-in-site system, the stiffness of this beam is higher than the design expected, since the floor slab system is always cast together with the beams. It prevents the plastic hinges occurring in the beam ends prior to those in the column ends. The special dry beam-column joint can even form a semi rigid joint.




3. Experimental Program


3.1. Specimen Design


As shown in Figure 3, three full-scale beam-to-column cruciform specimens, including two precast concrete specimens and a reference monolithic one, were prepared to evaluate the seismic performance under reversed cyclic loading. In the designation of test specimens, respectively, the “XJ” and “PC” denote monolithic and precast structure.



The geometric characteristics and reinforcement details of all of the three test specimens were presented in Figure 3. The height of the column was 2400 mm and the total length of each specimen was 5260 mm. Both concrete members (column and beam) have a rectangular cross-section. For the precast beams, the section size is 400 × 250 mm, including a composite floor slab of 150 mm-thickness. The composite floor slab includes a 50 mm thickness part cast together with the precast beam, and on the top of the precast part is a 100 mm cast-in-place layer. The longitudinal reinforcement on the top of the slab is connected by a sleeve. The section dimension of the precast column is 450 × 450 mm. As shown in Figure 3c, the corbel protruding from the column has a length of 400 mm, and its step was 100 mm long and 150 mm high. The top longitudinal reinforcements in the beam and corbel were connected by internal thread sleeves, as shown in Figure 3b. The longitudinal reinforcements of the columns comprised 8 16 mm HRB 400 rebars, and stirrups using two-legged 10mm HRB 400 rebars with a 90 mm-interval were 520 mm in range from the upper and lower surfaces of the beam and the 160 mm-spacing in other range. Moreover, the spacing of beam stirrups was 100 mm in the 850 mm-length from the column edge, and 200 mm in the center beam. The details of specimen XJ were depicted in Figure 3a. The beam longitudinal reinforcements consisted of 6 18 mm HRB 400 rebars, three of them on the bottom and the top, respectively [26].



The first precast specimen (PC-1) includes two precast beams and a precast column. As is shown in Figure 3b and Figure 4a, a 20-mm-thick steel plate of Grade Q235 is chosen at the bottom cross-section of the corbel. At the same place of the precast beam, a 20-mm-thick steel plate is chosen. Two 20-mm-diameter high-strength bolts of Grade 8.8 are adopted to connect the beam and column. A piece of rubber cushion with 4 mm thickness is chosen to be stuck between the two steel plates. Rubber washers with 2 mm thickness were arranged respectively between every bolt and the plates. Both longitudinal reinforcements are connected to steel plates by threaded bolts.



As shown in Figure 4c, in order to avoid the brittle failure which was caused by excessive weakening of the steel tapping, welding is carried out around the connection of rebars and plates to offset the loss of strength.



The second precast specimen PC-2 is almost the same as PC-1, but all the rubber layers are twice as thick as PC-1. The joints parameter of the PC-1 and PC-2 is shown in Table 1. Joint details of PC-1 and PC-2 are shown in Figure 4.




3.2. Material Properties


The concrete of Grade C40 is employed in the test specimens. In order to determine the real strength of the adopted concrete, six concrete cubes are made in the same condition as the specimens [27]. The compressive strength of the concrete test cubes was shown in Table 2. For longitudinal reinforcements and stirrups, Grade HRB 400 was chosen on the basis of the Code for the seismic design of buildings, denoted GB50011-2010 [26]. The tensile tests of steel samples were carried out to obtain the mechanical properties for the used rebars, steel plates and bolts according to Metallic materials Tensile testing GB/T 228.1-2010, and the results of the test were displayed in Table 3 [28].




3.3. Test Setup and Procedures


In all beam-column joint tests, as shown in Figure 5, two vertical cyclic loadings are applied at the beam ends, and a constant compressional loading is applied at the top of the column by employing an MTS electro-hydraulic servo control system. In order to simulate the hinge boundary, the bottom of the column is installed on a hinge base, and the top of the column is restrained in the lateral direction by two I-Steel beams with a hemispherical steel rod welded to allow the column top to rotate freely. During the test, a 960 kN axial force is applied and maintained on the top of the column by a 100 t actuator. Due to limited laboratory equipment, two vertical actuators in different units (i.e., 50 t and 25 t) are applied at each end of the beam. A pair of reversed cyclic loading of equal magnitude and opposite directions are imposed at the beam ends, respectively. When tensile force is applied on one end of the beam, compression force is applied on the end of another beam.



Based on the Specification for the seismic test of buildings [29], for all specimens, the first stage of loading is controlled by a force with an increment of 5 kN, and each level of the loading is repeated only once until the specimen yields. After entering the displacement control stage, a 15 mm increment is taken and repeated three times for each loading level. The loading is stopped until the load drops below 85% of the ultimate load. The cyclic loading history is depicted in Figure 6.



During the test, laser displacement sensors were locked on the ground to monitor the vertical displacement of each loading end in real time.





4. Experimental Results


4.1. Failure Modes


The ultimate failures of the three specimens are shown in Figure 7. For monolithic specimen XJ, as shown in Figure 7a, when the load reached 10 kN, the first vertical cracks formed at a distance of 60 mm from the beam end. When the load reached 15 kN, the crack at the beam end was observed. With the increase of load, the vertical crack of the beam end propagated, and new cracks constantly developed at a distance of 350–750 mm from the beam end. When the yielding load was reached, a continuous vertical crack was formed from the top of the beam end to the bottom of the beam end. Shifting to the displacement control stage, the dominant cracks, which were at the beam end, became wider and larger. Meanwhile, the plastic hinges formed gradually at the beam end. When the displacement of the beams reached 4∆y (∆y was the yield displacement), concrete spalling occurred at the end of the beam under compressive load. The specimen reached its ultimate bearing capacity 65 kN with the loading cycle into the 6∆y. When the displacement reached the first cycle of 9∆y (i.e., the load reached 52 kN), the bearing capacity of the beam dropped to 85% of the ultimate bearing capacity. Besides, the beam flexural reinforcement buckled, and the concrete was seriously crushed at the plastic hinge regions. These phenomena indicated that the specimen was damaged. During the whole loading process, cracks were mainly concentrated at a distance of 300 mm from the beam end. Meanwhile, a small quality of cracks was observed at the column core area. The failure mode of specimen XJ was flexural failure at the beam ends, which met the “strong column, weak beam” concept.



For precast specimen PC-1, as seen from Figure 7b, when the beam suffered a negative load of 15 kN, the first crack formed at the cast-in-place layer, which was above the connection interface. Initially, the earlier tensile cracking of the cast-in-place layer meant that the bolts and part of the concrete bore the tension. It could further explain that the addition of rubber washers between the bolts and steel plates not only increased the deformation at the tension bolts’ position, but also caused the neutral axis to move up. When the load reached 20 kN, the beam-column interface cracked, and the crack along the connection joint propagated from the bottom to the top of the beam. At the beam end, a continuous crack did not form until the displacement reached 4∆y. At the 7∆y displacement, unexpected damage caused by production problems occurred, so the loading on the right beam was stopped before finishing the experiment. PC-1 reached its ultimate bearing capacity 68 kN with the displacement cycle into the 8∆y. The loading on the left beam was continued and, when the displacement reached 9∆y, a significant amount of concrete spalled at the connection joint, exposing the longitudinal rebars and stirrups.



Meanwhile, the loading was stopped at 85% of the ultimate loading (i.e., 51 kN). During the whole loading process, dominant cracks were mainly concentrated at the connection joints, and the plastic hinge also formed around this region. The specimen PC-1 also showed a flexural failure mode. Compared with specimen XJ, however, less cracks were observed at the column core region. This is because the column core region is better protected by transferring the plastic hinge farther from the beam end. Therefore, the failure mode of specimen PC-1 also satisfied the “strong column, weak beam” concept.



As seen from the Figure 7c, the property of specimen PC-2 was similar to that of specimen PC-1. However, due to the rubber washers in PC-2 being twice as thick as those in PC-1, the deformation of the tension bolts’ position was larger. The first crack formed at the same position as PC-1 when the load reached 10 kN. The development of dominant cracks and the formation of plastic hinges were in the same place as PC-1. The cracks were more widely distributed on the beam, which was more than 1000 mm from the column face. When the displacement reached 7∆y, PC-2 reached its ultimate bearing capacity of 61 kN. Due to the rebars being weakened too much by tapping, brittle fracture happened when the displacement reached 8∆y. Therefore, the loading on the left beam was stopped. Similarly, this specimen was also destroyed in a flexural failure, and the experiment was stopped at 9∆y (i.e., at 47 kN). Compared with specimen XJ and PC-1, however, the continuous crack at the beam end did not form until the experiment finished, and no observed cracks and damages occurred at the column core region. It could be concluded that PC-2 more satisfied the “strong column, weak beam” concept.



Comparing the three specimens, some significant conclusions could be drawn. Firstly, the position of plastic hinges was different. The rubber washers between the bolts and steel plates excessively weakened the initial stiffness of the connection regions in PC-1 and PC-2. So, the plastic hinge of XJ was within 300 mm from the beam end, while that of PC-1 and PC-2 was at a distance of 200–500 mm from the beam end. For PC-1 and PC-2, the plastic hinges led to a smaller bending moment to be transferred to the end of the beam, so the cracks at the column core region and the beam end decreased. Compared with PC-2 and PC-1, with the thickness of the rubber washers being increased, the damages of the column core region were less. The column core region was better protected, which meant the integrity of the precast specimens was better than the monolithic one. Therefore, this implied that PC-1 and PC-2 had more satisfied the “strong column, weak beam” concept. Secondly, specimens PC-1 and PC-2 had almost the same ultimate bearing and deformation capacity as specimen XJ, which implied the precast specimens reach the same strength requirements as specimen XJ. Thirdly, the load of the first crack in PC-2 (10 kN) was lower than that of PC-1 (15 kN).



The rubber washer in PC-2 was twice as thick as the one in PC-1, so it could compress more easily under the same load. Finally, for specimen PC-1 and PC-2, due to the dominant damage developed at the joint connection region, the connectors, such as bolts and flexible layers, were more easy to remove. In other words, PC-1 and PC-2 showed the advantages of detachable precast specimens after the structure was damaged by an earthquake.




4.2. Hysteretic Behavior


The hysteretic curves can help to study the mechanical properties and seismic performance of specimens such as bearing capacity, energy dissipation capacity and stiffness degradation [26]. Figure 8 presents the hysteretic curves of the three specimens. The downwards load was defined as the positive load, and the upwards load was defined as the negative load.



Comparing the three specimens, according to Figure 8, the hysteretic loop of specimen XJ was fuller than PC-1 and PC-2. This phenomenon indicated that the energy dissipation capacity of PC-1 and PC-2 were poorer than the monolithic specimen XJ. When a negative load applied to the beam, the initial slippage increased more rapidly.



This was owed to the fact that the rubber washers between the bolts and steel plates would deform greatly under a small load at the early stage of loading. Thus, the initial shrinkage phenomenon of precast specimens PC-1 and PC-2 was obvious. After the specimens entered the elastoplastic stage, the slippage of PC-1 and PC-2 was smaller than in the initial stage. This is because the rubber washer was compressed so thin that the elastic modulus thereof was close to that of the concrete. Compared with the specimen XJ, the hysteretic hoop areas of PC-1 and PC-2 were smaller. This implies that the energy-dissipating capacity of precast specimens with rubber washers is poorer than the monolithic specimen. For the precast specimens, due to a manufacturing error, the right beam of PC-1 and the left beam of PC-2 were stopped before the test completed. Compared to the left beam of PC-1, the hysteretic hoop areas of PC-1 were smaller. It indicated that with the thickness of the rubber washers increased, the energy consumption of the beam became worse.



Comparing the hysteresis curve of the three specimens, the shrinkage in specimen PC-2 is more obvious than specimen PC-1 and XJ. And with the thickness of the rubbers increases, the area of the hysteresis hoop became smaller. These phenomenon indicated that the energy dissipation is slightly reduced by adding rubbers at the connection joint. Due to the early extent of cracks along the connection interface, the compression area at the top of the beam decreased, and the deformation of the concrete was large. Meanwhile, the rubber washer was bound to be extruded out of shape by bolts and steel plates, which was the main reason for the hysteresis curve pinching. Furthermore, it was obvious that the slippage of the connection joint of specimen PC-2 was larger than PC-1 because the rubber cushions in PC-2 were twice as thick as PC-1. Although the energy dissipation capacity of the precast specimen was poor, the precast specimens PC-1 and PC-2 can satisfy the seismic performance.




4.3. Skeleton Curve


The skeleton curves of three specimens were presented in Figure 9, which was the envelope of hysteresis curves.



Some conclusions can be drawn according to Figure 9. The skeleton curve trend of the three specimens is similar. However, compared with the three specimens under the negative load, the stiffness of precast specimens was obviously lower than specimen XJ before the displacement reached 75 mm. This is due to a larger compression in the precast joint region caused by the rubber washers than the monolithic joint. The rubber washer in PC-2 (4 mm) is twice the thickness than that in PC-1 (2 mm), which means that the joint region in PC-2 can be compressed more than PC-1. Therefore, the stiffness of PC-1 is slightly higher than PC-2 under the same stage. This phenomenon indicates that increasing the thickness of the rubber washer could reduce the stiffness of the specimens. It achieves the target to control the stiffness of beams by adding a different thickness of the rubber washer. It is obvious that the ultimate bearing capacity and the ultimate displacement of the three specimens are almost the same.




4.4. Stiffness Degradation


Under the reversed cyclic loading, the cumulative internal damage of the structure will gradually increase, which causes the stiffness to decrease. Stiffness degradation is a vital factor in assessing the seismic behavior of a structure [30]. Figure 10 depicts the curves of the stiffness degradation of the three specimens.



As for the positive loading, the stiffness of PC-1 and PC-2 remain basically the same in the whole test process. As for the negative loading, Figure 10 demonstrates that the initial stiffness of PC-1 and PC-2 are decreased by 61% and 65% compared with XJ. As the experiment goes on, however, the negative stiffness of the three specimens gradually tends to be the same. This phenomenon of inconsistent negative stiffness is because the rubber washers decrease the connection area stiffness. At the early stage of loading, the initial elasticity modulus of the rubber washers is far less than that of concrete, so the deformation of the precast connection area is larger than the monolithic one. When the rubber washers are extruded extremely thin, the elasticity modulus of this material is about the same as concrete. As a result, the later stiffness of precast specimens is greatly close to the monolithic one.



Comparing the specimen PC-1 and PC-2, the initial stiffness of PC-1 is slightly larger than that of PC-2. This is because the rubber washers in PC-1 (2 mm) are half as thick as in PC-2 (4 mm). The thicker the rubber washers, the larger the compression needed to reach the same elastic modulus to that of concrete. According to the stiffness degradation in Figure 10, it can be apparently known that the rubber washers between the steel plates and bolts can effectively decrease the initial stiffness, and with the rubber thickness increase, the stiffness will further decrease.




4.5. Ductility and Energy Dissipation Capacity


Ductility is a significant factor in seismic behavior to avoid brittle failure. Ductility of structure refers to the capacity to undergo inelastic deformation without significant decrease in bearing capacity, and can be measured by the ductility factor. The ductility factor μ in the study can be expressed by the equation:


μ=Δu/Δy



(1)




where ∆u is the ultimate displacement; and ∆y is the yield displacement. Then, ductility factors of the three specimens and the ultimate bearing capacities were compared in Table 4. (where Pmax is the ultimate load of the specimen in the first list; Pxj is the ultimate load of specimen XJ)



It can be seen from Table 4 that the yield displacement of precast specimens has a significant difference under positive and negative loading. The yield displacement of the three specimens in the positive loading is similar. However, the yield displacement of the precast specimens under negative load is larger than that of specimen XJ. Compared with specimen XJ and PC-1, the yield displacement of PC-1 is about 30 mm larger than that of XJ. It means that at this stage the 2 mm thick rubber washer in PC-1 is compressed until the elasticity modulus of the rubber is close to that of the concrete. Besides, compared with PC-2 and PC-1, when the rubber washers get higher, the yield displacement of PC-2 is larger than the PC-1. Furthermore, on the premise of the same bearing capacity under negative load, for the three specimens, the ductility of PC-1 and PC-2 was poorer than the monolithic one. Due to a manufacturing error, the load on the right beam of PC-1 and the left beam of PC-2 were stopped earlier than another ends.



The energy dissipation is another important index in studying the seismic behavior of a structure. The cumulative dissipated energy of each specimen is calculated in Figure 11. The energy dissipations of precast specimens PC-1 and PC-2 were lower than those of specimen XJ. This is because the rubber washers in the precast joint are not an effective energy dissipating element. Poor energy dissipation capacity is harmful to the seismic performance of buildings. Therefore, for buildings with high energy consumption requirements, rubber layers should be avoided. and other high-performance materials can be used, such as: Elastic fiber, glass fiber and so on.



Furthermore, due to the rubber washers in PC-2 being twice as thick as PC-1, the cumulative dissipated energy of PC-2 is slightly lower than that of PC-1. It could be perceived from Figure 11 that the trend of the cumulative energy dissipation of the specimens slowed down at the load case 13 and 14, because one part of the beam is damaged earlier before the test finish.





5. Discussion


According to the analyses mentioned above, the rubber washers (flexible layers) between the bolts and steel plates obviously decreased the initial stiffness of precast specimens (61% in PC-1, and 65% in PC-2). This phenomenon was not remarkable after entering the plastic stage. The stiffness of the joint region plays a vital role in adjusting the stiffness of the beam. To build a set of formulae of the novel joint region with different thickness of rubber washer, a computing method about the joint region’s stiffness is discussed. However, due to the joint region having different stiffness from other parts of the beam, the stiffness calculation of the whole precast beam is complex. Therefore, a stiffness equivalent method to simplify the stiffness calculation of the beam is proposed next.



5.1. Stiffness of Semi-Rigid Joints


In the elastic stage, this method requires the following assumptions [31]:




	(1)

	
Linear distribution of strains over the depth of the section;




	(2)

	
The deformation satisfies the small elastic deformation and equilibrium cross-section assumption;




	(3)

	
the length of the semi-rigid joint Ld is from the start of the stepped corbel part to the end of it (as depicted in Figure 12a). Within this section, the radius of curvature is constant.




	(4)

	
In the elastic stage, the strain of rubber washers is much larger than that of bolts, so the strain of bolts can be ignored.









According to the force equilibrium, the pressure on rubber washers is equal to the tension on the bolts. As shown in Figure 12a,b, depending on the different location of the neutral axis, the calculation about the joint region can be divided into two cases. In the first case, as shown in Figure 12a, the neutral axis is assumed to be under the cast-in-place layer, which implies the cast-in-place layer is compressed. Whereas, the neutral axis in the Figure 12b is through the cast-in-place layer, which means the lower part of the monolithic layer is under tension. Then h and b are the height and thickness of the section; h0 is the height from the bolts position to the top of the beam, and h1 is the height of the step. The thickness of cast-in-place layer is tc, and ρ represents the average radius of curvature in the length of the Ld part. EC and ER are the elastic modulus of the concrete and the rubber washer, respectively.



As can be seen from Figure 12a, the first case is as follows:



From force equilibrium:


FBt=FCc



(2)




where, FCc stand for the pressure on the concrete; the FBt is the tension on bolts (FBt can be replaced by the pressure on the rubber washer FR). The Equation (2) can be represented by


FR=FCc



(3)







Then, the Equation (3) can be represented by:


ERεRAR=ECεCAc



(4)







In this equation, εc can be calculated based on εA=xρ and εB=x−tcρ; so εC=2x−tc2ρ; and εR=(h0−x)θ2tR); tR represents the thickness of the rubber washer; θ is the average angel of the section, θ=Ldρ.



The height of the compression zone x can be obtained by the following equations


{Ec2x−tc2ρtcb=ERARnR(h0−x)θ2tR θ=Ldρ 



(5)




where, AR is the cross-sectional area of rubber washer; nR is the number of the rubber washers.



Then, the compression region x can be obtained as follow:


x=nRERARh0Ld+ECtC2btR2ECbtCtR+ERARLdnR



(6)







Finally, the moment of inertia Ie at length Ld can be obtained:


Ie=112btC3+btC(x−tC2)2



(7)







As for the Figure 12b, the second case has the similar calculation process as the first case in Figure 12a. However, the tensile stress of concrete should be considered in the calculation of second case.



The force equilibrium is:


FR+FCt=FCc



(8)




where, FCt is the tension on the concrete.



Similarity, a same moment of inertia Ie at length Ld as (7) can be obtained.



According to the size of the three specimens, the exact value of Im and Ie is calculated in the Table 5. Then, the stiffness Ke of the precast specimens and the stiffness Km of the monolithic specimen can be easily obtained. Furthermore, the ratio of Ke and Km can be calculated in the last column of Table 5. The formula shows that the initial stiffness of precast specimens is just 38% of the cast-in-place specimen. This result means that the initial stiffness of precast specimens has been decreased 62% compared with the monolithic one. Obviously, as shown in Figure 10, the actual stiffness of PC-1 and PC-2 decrease 61% and 65% respectively, which is close to the calculation result. Therefore, the computing method is acceptable. (Im is the moment of inertia of the monolithic part and the cast-in-place specimen)




5.2. Discussion on the Simplified Calculation Method of Beam Stiffness


In Figure 13a, the beam can be divided into three parts: (1) The first part with the length of L1 is from the end of the beam to the start of the stepped corbel part; (2) the second part with the length of L2 represents the plastic hinge zone (i.e., the length of the semi-rigid joint Ld); (3) the third part with the length of L3 represents the rest of the beam. EI1, EI2 and E3I3 represent the stiffness of the column, beam and connection joint region, respectively; and Δ1 is the horizontal displacement under a horizontal load F. In the Figure 13b, EI′ represents the stiffness of a homogeneous stiffness beam; and the horizontal displacement under the same load F is Δ2. In order to simplify calculation, the variable stiffness beam in Figure 13a can be replaced by the constant stiffness beam in Figure 13b. Hence, when the two frames have the same horizontal displacement (Δ1=Δ2), the stiffness of the first beam can be replaced by the second beam’s stiffness EI′. Then, the new stiffness K′ (i.e., EI′) can be obtained by deformation compatibility conditions [32].



According to the graphic multiplication method in structural mechanics, the following equations can be obtained.


{Δ1=1EI1(FH36−x1LH24)Δ2=1EI1(FH36−x2LH24)



(9)




where,


{x1=3FH2L6HL2+L3(I1I2)+24B(EI1E3I3−(I1I2))x2=3FH26HL2+L2(I1I2′) 











Then, according to Δ1=Δ2, the final equivalent stiffness K′  of the simplified model is obtained.


K′=I1L3L3(I1I2)+24(EIIE3I3−I1I2)B



(10)




where,


B=L22[L2(L2−L1−L23)+(L2−L1−L2)(L−2L1−L2)]












5.3. A comparison of Horizontal Displacement


In order to illustrate the limited influence of the beam section bending stiffness reduction on the lateral stiffness of a frame, a comparison calculation has been carried out.



The frame with constant section stiffness of beam and the frame with variable section stiffness of beam have been displayed in Figure 14.



The dimensions and parameters of the two frames are the same as those of specimen in the test. The horizontal force F is supposed to be 1000 kN. Then, according to the force method and the graphic multiplication method in structural mechanics, the displacement of the two frames can be obtained.


{Δ1=0.016 mΔ2=0.013 m



(11)




where, Δ1 represents the horizontal displacement of the frame with variable cross-section beam; Δ2 represents the horizontal displacement of the frame with constant cross-section beam.



The two frames have almost the same horizontal displacement under the same force F. So, it can be concluded that the connection scheme of the precast specimens in this paper does not cause any significant increase of lateral displacement of the frame structure. Due to the elastic modulus of rubber layer being relatively small compared with other high-performance materials, the stiffness of the beam with the rubber layer is weakened the most among all of the high-performance materials. It could be concluded that the specimen with the rubber layer produces the largest lateral displacement. Therefore, other high-performance materials do not cause a significant increase in the lateral displacement of the structure.





6. Conclusions


The purpose of this paper was to propose a novel dry connection for a beam-to-column joint. Two full-scale precast frames and a cast-in-place counterpart specimen were designed to explore the performance of the precast joint. Based on the experimental results, conclusions can be summarized as follows:



1. The position of plastic hinges in the precast specimen are different from the monolithic one. Due to the rubber washers between the bolts and steel plates, the stiffness of the joint region can be decreased by 60%. Obviously, the novel dry connections have different mechanical characteristics from the monolithic specimen, where the connection joint regions are semi-rigid.



2. All the specimens have almost the same ultimate bearing and deformation capacity, and all of them are bending failure in a malleable way with a plastic hinge in the beam. This phenomenon demonstrates that the precast specimens meet the demands of the seismic codes and appropriate strong-column weak-beam design concept.



3. Comparing the stiffness degradation curve of the three specimens, the initial stiffness of the precast specimens PC-1 and PC-2 are decreased by 61% and 65%, respectively. Moreover, the thicker the rubber washers, the more obvious the stiffness decline. So, the rubber washers at the joint region can be used as an effective method to reduce the initial stiffness of the beam.



4. For specimens PC-1 and PC-2, since the thickness of the rubber washers in PC-2 increases, the slippage of PC-2 is larger than PC-1. The initial stiffness and the cracking load of PC-2 is lower than PC-1. Besides, the energy-dissipating capacity of it is worse than PC-1. It can be concluded that too thick rubber washers in the connection region may have a bad effect on the seismic performance of the structure.



5. At the end of the paper, a formula about the stiffness K of the novel joint is obtained and compared with the experimental results. Additionally, in order to simplify the process of calculation, the formula of the equivalent stiffness model frame is proposed. The equation of K′ can be used to obtain the same displacement of a constant stiffness beam as the variable stiffness beam, which can provide a new computing method of the joint.
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Figure 1. Dry connection assembly frame structure system. 
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Figure 2. The connection scheme of the new structure system. 
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Figure 3. Detail of specimen PC-1, PC-2 and XJ (Note: All dimensions are in mm): (a) Reinforcement details of XJ; (b) and (c) Reinforcement details of PC-1 and PC-2. 
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Figure 4. Joint details of PC-1 and PC-2: (a) Connection of bolt node; (b) Steel plate and rubber cushion details; (c) Connection between longitudinal reinforcements and steel plates. 
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Figure 5. Test setup for the specimens. 
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Figure 6. Cyclic loading history. 
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Figure 7. Mode of failure for: (a) Specimen XJ; (b) Specimen PC-1; (c) Specimen PC-2. 
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Figure 8. The hysteretic curve of specimens. 
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Figure 9. Skeleton curve of the specimen. 
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Figure 10. Stiffness degradation of the specimens. 
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Figure 11. Cumulative dissipated energy of the specimens. 
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Figure 12. The simplified model of semi-rigid joints. 
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Figure 13. A simplified model of equivalent stiffness frame. 
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Figure 14. The comparison of horizontal displacement. 
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Table 1. Parameter of specimen joints.






Table 1. Parameter of specimen joints.





	
Specimen ID

	
Type

	
Thickness of Steel Plate/mm

	
The Diameter of Bolt/mm

	
The Thickness of Rubber Layers Between




	
Plates and Plates

	
Plates and Bolts






	
XJ

	
Monolithic

	
none

	
none

	
none

	
none




	
PC-1

	
Precast

	
20

	
20

	
4 mm

	
2 × 2 mm




	
PC-2

	
Precast

	
20

	
20

	
8 mm

	
2 × 4 mm
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Table 2. Mechanical properties of concrete.
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	Specimen ID
	Strength of Concrete
	fcu,k (N/mm2)
	fck (N/mm2)





	XJ
	C40
	39.46
	26.44



	PC-1
	C40
	42.07
	28.19



	PC-2
	C40
	40.27
	26.98
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Table 3. Mechanical properties of reinforcing bars.
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	Diameter of Rebar
	Yield Strength/Mpa
	Ultimate Strength/Mpa
	Percentage Elongation





	C10
	436.47
	568.77
	21%



	C16
	405.33
	536.14
	27%



	C18
	412.56
	555.93
	23%
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Table 4. Ductility factor and ratio of the ultimate load for all specimens.
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Specimen

	
Beam End

	
Direction

	
Δy/mm

	
Δu/mm

	
Δu/Δy

	
Pmax/PXJ






	
XJ

	
Left

	
Positive

	
39.36

	
124.68

	
3.17

	
1.00




	
Negative

	
−39.15

	
−131.60

	
3.36

	
1.00




	
Right

	
Positive

	
40.81

	
97.40

	
2.39

	
1.00




	
Negative

	
−37.15

	
−110.50

	
2.97

	
1.00




	
PC-1

	
Left

	
Positive

	
30.94

	
126.50

	
4.09

	
1.04




	
Negative

	
−70.34

	
−123.30

	
1.75

	
1.02




	
Right

	
Positive

	
30.49

	
102.30

	
3.36 (broken)

	
1.01




	
Negative

	
−63.53

	
−102.90

	
1.62 (broken)

	
1.19




	
PC-2

	
Left

	
Positive

	
37.23

	
101.50

	
2.73 (broken)

	
1.24




	
Negative

	
−77.31

	
−103.00

	
1.33 (broken)

	
1.12




	
Right

	
Positive

	
33.64

	
127.80

	
3.80

	
1.06




	
Negative

	
−81.96

	
−116.25

	
1.42

	
0.92
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Table 5. Ratio of stiffness of prefabricated specimens to cast-in-situ specimens.






Table 5. Ratio of stiffness of prefabricated specimens to cast-in-situ specimens.





	
Specimen

	
ER(N/mm2)

	
Im(mm4)

	
Ie(mm4)

	
K(N/mm)

	
Ke/Km






	
XJ

	
None

	
1.33×109

	
None

	
EC/3.46

	
0.38




	
PC-1 and PC-2

	
2

	
1.33×109

	
7.03×107

	
EC/9.12
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