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Abstract

:

To study the influence of masonry infill walls on the hysteretic performance of reinforced concrete frames, a cyclic experiment was conducted for three two-story and two-span reinforced concrete frame structures, including one reinforced concrete frame without infill walls and two frames with infill walls. Whether the infill walls were constructed in the frames and the type of infilled material were the main parameters of the test. The major results reveal that: the infill walls clearly changed the mechanical mechanism of the frame structure at the early stage of loading, magnified the stiffness and horizontal bearing capacity of the frame structure, and enhanced the energy dissipation capacity of the frame structure, but reduced the deformation performance of the frame structure. In the later stage of loading, the infill walls would no longer work as one with the frame gradually with the failure of the infill walls, and the above performance of the structure would approach the empty frame structure. Moreover, the initial stiffness, energy dissipation capacity, and horizontal bearing capacity of the frame with infill walls of clay hollow bricks were the highest among the three specimens. But due to the strong diagonal bracing effect, the damage to the top of the columns and beam-column joints was serious, the yield displacement was reduced significantly, and the shear failure of the top of the columns and the joints occurred prematurely, which showed poor performance of deformation and ductility. However, the frame with infill walls of relatively soft aerated lightweight concrete blocks showed better performance of deformation and ductility.
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1. Introduction


Reinforced concrete frame structures have been widely used in the world due to their advantages such as flexible plane layout, easy access to large space, and easy construction. To maintain and divide the internal space, masonry infill walls are built between the frames, which form a more complex composite structure, namely a masonry-infilled concrete frame structure. However, the infill wall is regarded as a nonstructural part in the design of RC frame structures in most countries in the world, and the influence of infill wall on the mechanical properties of the main frame structure has not been fully considered [1,2]. In the practical design of engineering, the seismic shear force borne by the shear wall is not considered generally, and the design method assumes that the seismic shear force borne entirely by the frame. However, the layout of infill walls in the structure is usually irregular, and the infill wall has a certain stiffness, which will share the shear force. Therefore, it may cause the shear force of the main frame of masonry infilled frame structure to be too large, which leads to safety risk [3]. In several earthquake damage studies [4,5], it has been found that the damage of RC frame structure with infill walls was clearly different from that of the empty frame structure due to the interaction between the infill wall and frame, and there were many unpredictable failure modes. Although the packed wall is a nonstructural part, it still has an important influence on the mechanical mechanism and seismic performance of the structural system under the action of earthquake [6,7,8]. In addition, related studies show that infill wall can significantly increase the load-carrying capacity of the RC frame and thus serve as an important robustness reserve in the case of unpredictable extreme events [9]. Therefore, while paying attention to the study of new structures and complex structures, it is undoubtedly of great engineering practical significance to reexamine and study the seismic performance of masonry-infilled frame structure which is the most widely used in buildings, and fully understand the impact of infill walls on RC frame structure, and ensure the seismic safety of this kind of structure.



In the early years, the research of masonry-infilled frame structures mainly focused on steel frames. The research contents included the influence of the strength and size of the infill wall [10,11], the out-of-plane performance of the infill wall [12,13,14], as well as the stiffness and bearing capacity. Mallick et al. [15] have pointed out that there was a stiffness effect in the infill wall. Fiorato et al. [16] demonstrated that the diagonal bracing effect of the infill wall on the frame could change the internal force distribution of the frame structure, and the plastic hinge of the column in the infill wall frame would not only appear at the end of the column, but also along the height of the column. Govindan et al. [17] pointed out that the comprehensive performance of masonry-infilled frames was better than that of the empty frame structure, and masonry-infilled frames had higher lateral stiffness and energy dissipation capacity. However, AL-Chaar et al. [18] argued that the high strength infill wall would lead to shear failure at the end of the column, which was not an ideal failure mode. In terms of ductility, Fiorato et al. proved that the infill wall would reduce the ductility of the structure, Govindan et al. demonstrated that the infill walls could improve the ductility of the frame structure, but AL-Chaar et al. [18] deemed that the infill walls had no effect on the ductility of the frame structure. Therefore, the conclusions of this part of the existing research have not been unified completely, which needs further study.



In recent years, relevant scholars have conducted a series of research on the different connection modes between infill walls and frames, different strengths of infill wall, and infill walls with openings. Zhou et al. [19], Li et al. [20], Jiang et al. [21] studied the seismic performance of masonry-infilled frames with different connection modes between infill walls and frame, and concluded that the flexible connection between infill walls and frames had better seismic performance. Therefore, the traditional structural form of infill wall has a certain impact on the seismic performance of frame structure, so it is necessary to carry out further experimental research on its seismic performance. Mehrabi et al. [22], Kakaletsis et al. [23], Zovkic et al. [24] studied the infill walls with different strengths. The results showed that the failure modes of infill walls with different strengths were different, which would lead to different failure modes of structures. Since some infill walls are often equipped with door and window openings, some scholars have also conducted corresponding research on the seismic performance of infill wall frame structures with openings. Ref. [25,26,27,28,29,30,31,32,33] The results showed that the infill wall with openings would still improve the seismic performance of the frame structure, but the openings would weaken the stiffness, energy dissipation and bearing capacity of the infill wall to a certain extent. Through the experimental research and finite element analysis of masonry infilled frame structure with openings, Penava et al. [32,33] investigated the influence of differences in size and location of window and door openings on the shear resistance of infilled frame and deemed that infill walls have a positive impact on the mechanical properties of the frame. Common analysis of masonry infilled frame usually underestimates the infill’s contribution to the strength and stiffness and overestimates the contribution of the bare frame to the structure.



Masonry infilled RC buildings are the most common building structures in the urban centers all over the world. And damage to masonry infilled structures have been observed in all the previous major earthquakes. Despite intensive observed damages and researches, masonry infill is still considered as a non-structural component and mostly ignored in the design. Design codes do not cover masonry infill in detail and they also differ in the manner in which masonry infill is considered. We also find that most of the existing studies were mainly based on single-story and single-span masonry-infilled frame structures, and most of them were steel frames. In addition, the commonly used solid clay bricks have been gradually replaced by some new masonry materials (including hollow brick, aerated concrete block, etc.), and the mechanical properties of the new masonry materials may be different from the traditional clay bricks.



Most of the existing studies were mainly based on single-story and single-span masonry-infilled frame structures, and most of them were steel frames, while the researches have less frequently focused on multi-story and multi-span masonry-infilled reinforced concrete frame structures. In addition, the commonly used solid clay bricks have been gradually replaced by some new masonry materials (including hollow brick, aerated concrete block, etc.), and the mechanical properties of the new masonry materials are clearly different from the traditional clay bricks. Therefore, the pseudostatic tests of three two-story and two-span reinforced concrete frame structures were conducted in this paper. The specimens consisted of an empty reinforced concrete frame and two reinforced concrete frames with infill walls. The materials of the infill wall included clay hollow bricks and aerated lightweight concrete blocks. The main objective of this research includes: to study the hysteretic behavior of masonry-infilled reinforced concrete frame structures (i.e., failure modes, bearing capacity, stiffness degradation, energy dissipation capacity, stress mechanism, etc.), to analyze the influence of infill walls of different types on the hysteretic performance of RC frame structures and give the corresponding engineering suggestions. Our experimental results showed that the influence of infill wall on the mechanical properties of frame structure cannot be ignored, and it can even completely change the stress mode of frame structure. We hope that we can further attract the attention of the scientific community, and promote the research and development of the design of masonry infilled frame structure by pointing out the significant impact of infill wall on the seismic performance of frame structure.




2. Experimental Program


2.1. Test Specimens Design


To investigate the similarities and differences of seismic performance of frame structures with different types of infill walls. The types of infills in [34] are similar to those in this experiment. Based on their design process of infilled frames, three identical reinforced concrete frames were designed and made according to Chinese codes GB 50011-2010 [35] and GB 50010-2010 [36] in the test, and the size and steel reinforcement details of the specimens are shown in Figure 1. The bearing capacity of the frame was checked according to the maximum loading capacity of the horizontal actuator in the laboratory. The reinforcement of the frame should meet the design principle of “strong column and weak beam, strong shear and weak bending, strong joint and weak member” by calculating the bending capacity and shear capacity of beams and columns. The seismic shear bearing capacity of the joint is required to be checked due to the failure of the joint should not occur before the failure of the member. The specimen has two stories and two spans, with the span of each bay and a story height of 2.5 m and 1.5 m, respectively. The section sizes of column and beam are 200 mm × 200 mm and 150 mm × 250 mm, respectively. The specimen was fixed by the foundation beam to simulate the restraint effect of the structural foundation, and the size of the foundation beam is 400 mm × 500 mm. To observe the failure mode of the infill walls and prevent the premature failure of the frame, the reinforcement of the frame was properly strengthened. Four HRB400 MPa rebars with a diameter of 16 mm were used in the longitudinal reinforcement of the beams and columns of the frames for each specimen, while eight HRB400 MPa rebars with a diameter of 25 mm were used as longitudinal reinforcement for the foundation beam.



The main parameters of the test are whether to build infill walls and the different types of infill walls. The basic information of the test specimen is shown in Table 1. Specimen FS-1 was an empty frame as the control specimen, while FS-2 and FS-3 were built with clay air bricks and aerated lightweight concrete blocks (ALC), respectively. Before building the infill walls, two HPB300 MPa tie rebars with the diameter of 6 mm were set along the frame column every 500 mm to ensure the effective tie between the concrete frame structure and the infill walls and the out-of-plane stability of the infill walls, and the length of the tie rebar was 700 mm [37]. The tie bars were chemically anchored to the frame column with planting glue, and the anchorage depth is 70 mm. The infill walls were constructed by the method of staggered joints. Figure 2 shows the actual effect of the specimens after the completion of the construction of the infill walls.




2.2. Material Properties


Due to the small size of the beam and column of the test specimen, and to facilitate the pouring of concrete, commercial fine aggregate concrete of strength grade C30 was used in the frame of the test specimen, while ordinary commercial concrete of strength grade C30 was used in the foundation beam, and the cube test blocks were preserved in the process of pouring concrete. The cube compressive strength of fine aggregate concrete of the frame and ordinary concrete is 31.5 MPa and 34.5 MPa respectively. The dimensions of clay hollow brick and aerated lightweight concrete block are 240 mm × 115 mm × 90 mm and 600 mm × 120 mm × 250 mm, respectively, as shown in Figure 3. The yield strength of longitudinal reinforcement and the stirrups of the beams and columns is 400 MPa.




2.3. Test Setup and Measurements


Figure 4 shows the schematic diagram of the test loading system. The specimen was firmly fixed on the ground through the foundation beams and anchor bolts. Due to the loading force in the first layer is relatively small if the inverted triangle loading mode is adopted, and the vertex loading mode has little effect on the test results. In view of the existing conditions in our laboratory, it is difficult to control two horizontal loading actuators at the same time, so we choose the vertex concentrated force loading mode. The low frequency cyclic horizontal load was applied to the second-floor beam of the frame through the electro-hydraulic servo system fixed on the reaction wall. The specimen was linked to the loading system by horizontal steel bars. No vertical load was applied during the test. In the absence of vertical load, the side column on one side of the frame would be in the tension state under the cyclic horizontal load, so the bending moment in the plastic hinge area of the column was relatively large, and the cracking of the column was relatively early, and the shear capacity would decrease to some extent. Although the lack of axial force will have a certain influence on the mechanical performance of the structure, considering that the main purpose of our test is to study the influence of infill wall on the seismic performance of the frame structure, the specimens with infill wall and without infill wall are all not applied with axial load, so we can still achieve our main purpose of the experiment.



Figure 5 shows the schematic diagram of cyclic loading. The horizontal load was controlled by displacement during the test. The horizontal displacement of each loading stage increased by 1 mm before the drift ratio of 0.2%, and the horizontal displacement increased by 2 mm after the drift ratio of 0.2% according to the loading conditions of the field tests. The loading cycle at each stage corresponded to the loading displacements in the two directions of push and pull, in which the displacement of push was defined as positive loading and the pull was negative. The test was stopped when the horizontal load decreased to 85% of the peak load or the specimens were seriously damaged.



The corresponding load and displacement of the specimens at each stage were automatically collected and recorded by the electro-hydraulic servo loading system (MTS system). Because the specimen might slip or the connecting rigid bars connecting the specimen and the loading system deformed during the loading process, the displacement which was automatically collected by the loading system was not the actual displacement at the loading point of the specimen. Therefore, a displacement gauge was installed at the beam of the first-floor, second-floor and the foundation to accurately record the displacement of each floor and the slip of the specimen. For the frame structure, the end of the beam and column is the key location of the structure, so the strain gauges of steel and concrete were arranged at this part of the specimen. Strain gauges were arranged on four longitudinal rebars of the bottom section of the first-floor columns, and two strain gauges were arranged on the other control sections. The details of the measurement of the test are shown in Figure 6.





3. Test Results and Analysis


3.1. Experimental Observations


The final failure state of the frame structures and infill walls of the test specimens are shown in Figure 7 and Figure 8.



For the specimen FS-1 (i.e., empty frame structure without infill walls), the specimen conforms to the stress mode of the frame structure under horizontal load. Under the push and pull loads, the vertical and horizontal cracks at both ends of the beam and column appeared symmetrically. The overall deformation mode of the specimen was shear deformation, and the concrete at the beam end on both sides of the second floor central column joint of the specimen occurred flexural failure finally, at the same time, the concrete in the top core area of the central column of the second floor also fell off.



For the specimen FS-2 (i.e., the frame structure with infill walls of clay hollow brick), its stress mode was clearly different from that of the empty frame structure FS-1. When the loading displacement and load was 1 mm and 56.6 kN respectively, the main frame column began to crack. The horizontal cracks of the frame columns at both ends of the specimen appeared on the outside of the end columns and were evenly distributed along the column, rather than only at the end of the column as FS-1. For the beams of the frame, there were no obvious phenomena at the initial stage of loading, until the displacement and load were 9 mm and 200 kN, respectively. it might be due to the increase of the overall tensile area of the structure, the vertical cracks developed upward from the bottom of the beam began to appear at the end of the beams, instead of symmetrical at the top and bottom of the beams as FS-1. For the infill walls, at the displacement and load up to 3 mm and 135.6 kN, respectively, the clay hollow bricks began to crack near the columns of the second story. When the displacement and load reached at 9 mm and 202.7 kN, respectively, the columns of the frame were separated from the infill walls, step cracks initiated along the mortar joints of the second floor infill walls, and as the loading continued, the stepped cracks gradually penetrated along the wall. Part of the hollow bricks near the columns on the second floor would be broken when the displacement and load approached 23 mm and 199.6 kN, respectively. When the load dropped down to 85% of the peak load, a large number of masonry mortar joints of the second story infill walls were separated, and part of the hollow bricks near the columns of the walls were crushed off, but most of the hollow bricks in the middle of the infill walls were intact. However, the damage of the infill walls on the first floor was small, and the blocks did not appear obvious breakage or fell off. Finally, shear failure occurred in the beam-column joints and the top of the columns at the top of the specimen, and the deformation mode of the specimen was bending deformation.



For the specimen FS-3 whose infill walls were aerated lightweight concrete blocks, the stress mode was similar to that of FS-2 at the initial loading stage. When the loading displacement and load approached at 2 mm and 33.3 kN respectively, the columns of the frame began to crack. The horizontal cracks of the column appeared on the outside of the side column and distributed evenly along the column, and there were few cracks at the beam end. However, with the damage of the aerated lightweight concrete blocks, the stress mode of the specimen changed gradually. Compared with FS-2, whose infill walls were clay hollow bricks with high strength and stiffness, the vertical cracks at the beam end of the frame of FS-3 appeared earlier, and the horizontal cracks at the end of columns developed gradually, that is, the stress mode of the main frame structure was similar to that of the frame structure of FS-1 gradually. For the infill walls, the same as the specimen FS-2 was that the blocks near the column were crushed by the frame and fell off. The difference was that the infill walls of FS-2 cracked mainly along the mortar joints and the cracks did not penetrate the blocks of the infill walls. However, the cracks of the infill walls of FS-2 would penetrate through the blocks, resulting in a large number of blocks broken. Similarly, the damage of the infill walls on the first story was small. Finally, similar to the specimen FS-1, the beam ends on both sides of the central column occurred flexural failure, and the deformation mode was also bending deformation. The peak load of FS-3 was clearly less than that of FS-2, but still larger than that of FS-1.



Based on these observations, it can be concluded that:



(1) In the initial loading stage, the infill walls and the frame worked together as a whole to share the load, and its integrity and stiffness were increased greatly. The diagonal bracing effect formed by the infill walls changed the stress mode of the main frame structure. Especially for the clay hollow bricks with high strength and stiffness, its diagonal bracing effect was stronger, which might cause more serious damage to the main frame structure, leading to the shear failure of beam-column joints or the top of the columns in advance. For the relatively soft aerated lightweight concrete blocks, due to the low strength of the blocks, the diagonal bracing effect was relatively weak in the early stage, and the damage to the main frame was small. With the accumulation of damage to the infill walls, the infill walls would withdraw from the work gradually, and the stress mode of the main frame would return to the mode of the empty frame structure gradually.



(2) The existence of infill walls surely changed the deformation mode of the structure, and the ultimate deformation mode of the specimens with infill walls was bending deformation.



(3) The empty frame structure FS-1 cracked when the loading displacement approached 6 mm, while the specimens FS-2 and FS-3 with infill walls cracked when the loading displacement was 1 mm and 2 mm, respectively. And the cracking load of FS-2 and FS-3 was greater than that of FS-1. So the infill wall increased the seismic action of frame structure and made the main frame crack earlier because of the strong interaction between the infill walls and the frame.



(4) Because the strength and stiffness of aerated lightweight concrete blocks were far lower than that of clay hollow bricks, the failure modes of the infill walls were clearly different: the infill walls with aerated lightweight concrete blocks would form inclined cracks through the blocks during the failure process, and the blocks would be divided into pieces by a large number of inclined cracks and fell off eventually, and the failure was relatively mild. However, the cracks of infill walls with clay hollow bricks mainly developed along the mortar joints and rarely penetrated through clay bricks due to the strength of clay hollow brick was higher than that of mortar joints. However, the internal ribs of the hollow bricks would be damaged under large deformation of the structure, resulting in the spalling of hollow bricks, which might lead to potential safety hazards. The shear and slip failure of the walls along the mortar joints occurred eventually, and the failure process was relatively rapid. However, the failure location of the two kinds of infill walls was the same. Because the corresponding horizontal load was not applied on the first floor during the test, it might have certain influence on the damage degree of the first floor, that is, compared with applying the horizontal load on the first floor, the shear force of the first floor is relatively small when the horizontal load is not applied on the first floor, the damage degree of the first floor may be relatively low. The failure of the infill walls of the second floor was more serious than that of the first floor, and the damage of the blocks near the beams and columns of the frame was more serious.




3.2. Hysteresis Curves


Figure 9 shows the hysteretic curves of the three specimens, where the ordinate represents the horizontal load and the abscissa represents the lateral drift and lateral displacement, respectively, which can be obtained from the hysteretic curves:



(1) For the specimen FS-1, its hysteretic curves presented typical characteristics of the frame structure. At the initial stage of loading, the hysteretic loops exhibited “Arch” shape. With the increase of lateral drift, the structure cracked and inclined cracks in the beam-column joints of the frame developed continuously. The shape of the hysteretic loop approached the “anti-s” shape gradually, and the fullness degree of the hysteretic loop was getting lower. The hysteretic curve was not plump, which means that the energy dissipation capacity was low. After the peak load, the bearing capacity of the specimen decreased slowly, showing a favorable deformation capacity.



(2) For the specimen FS-2, because the materials of the infill walls were clay hollow bricks with stronger strength and stiffness, the shape of its hysteretic loop was similar to the shuttle shape at the initial stage of loading, which means that the structure had strong energy dissipation capacity. However, with the increase of the loading displacement, the frame and the brick wall would crack when the lateral drift ratio reached 1/3000 due to the strong interaction between the infill walls and the frame, and the hysteresis loop would turn to the “anti-s” shape gradually, which indicates that the specimen had suffered a certain shear damage. Because of the high stiffness of the infill walls, the hysteretic curve was close to the ordinate, that is, the initial stiffness was larger, the bearing capacity rises rapidly, and the peak bearing capacity is higher. However, with the shear slip of mortar joints and the shear failure of the RC frame structure after reaching the peak load, the overall bearing capacity of the specimen decreased rapidly, showing a poor deformation capacity.



(3) For specimen FS-3, due to the existence of the infill walls, the shape of the hysteretic loop was similar to the “arch” shape at the initial loading stage, which was relatively full compared with FS-1, indicating that the energy dissipation capacity was stronger. However, compared with FS-2, the strength and stiffness of the infill walls were lower, and the initial stiffness and rise speed of bearing capacity were both lower. However, the overall deformation ability of the specimen was enhanced, and the failure rate was slower.




3.3. Skeleton Curves and Lateral Strength


Figure 10a shows the skeleton curves of the three specimens (i.e., the line connecting the peak points of the hysteretic curves of each stage), and the key points on the skeleton curve (i.e., yield point, peak point and ultimate point) are listed in Table 2. To reduce the error of the test results, the load displacement values of each key point are taken as the average values of the two loading directions. The ultimate displacement Δu is taken as the displacement when the bearing capacity of the specimen decreases to 85% of the peak bearing capacity, and the yield displacement Δy is obtained by the energy equivalent method [38] according to the skeleton curve of the specimen. Based on the above key points, Tri-linear of skeleton curves were drawn, as shown in Figure 10b. Through Figure 10 and Table 2, it can be revealed the following results:



(1) Infill wall increased the bearing capacity of the reinforced concrete frame structures. The increase of bearing capacity varied with the type of infill wall. The peak load of FS-2 filled with clay hollow brick was 175.8% higher than that of FS-1. The peak load of FS-3 was 91.1% higher than that of FS-1.



(2) The infill wall had an obvious stiffness effect on the frame structure, which greatly increased the overall stiffness of the frame structure. The overall stiffness of the specimen increased greatly and the horizontal load increased rapidly due to the high strength and stiffness of the infill walls of FS-2. However, when the load approached the peak load, due to the damage accumulation of hollow brick blocks and the shear slip failure of mortar joints, the stiffness effect of the infill wall decreased rapidly. The load decreased rapidly, and the corresponding ultimate displacement was the smallest of the three specimens, which showed poor deformation capacity. For the specimen FS-3 with relatively weak strength and stiffness of the infill walls, the growth rate of horizontal load was between FS-1 and FS-2 at the same loading drift ratio. After reaching the peak load, its bearing capacity decreased slowly, and the ultimate displacement was 1.88 times that of FS-2 and 0.83 times that of FS-1. Therefore, the frame structure with relatively weak infill walls showed favorable deformation ability.



(3) The yield displacement of the structure decreased with the increase of the strength of the infill walls, and the yield displacement of specimen FS-2 was only 22.6% of that of FS-1. The reasons are analyzed as follows: Under the same lateral drift, compared with the empty frame FS-1, the specimen with infill walls bore more horizontal load because of the stiffness effect of the infill walls. The diagonal braces formed by the infill walls in the frame changed the internal force distribution of the frame and bore most of the shear force, which would cause damage to the beam-column joints and the top of the columns. And with the failure of the infill walls, most of the load was borne by the frame, which made the frame yield earlier.




3.4. Stiffness Degradation


Figure 11 shows the secant stiffness of each specimen under different loading displacement levels. The abscissa represents the horizontal loading displacement and lateral drift, and the ordinate represents the secant stiffness Ki of each loading level. Secant stiffness is defined as:    K i  =     +  F i   +  −  F i        +  Δ i    +   −  Δ i       , where +Fi and -Fi represent the positive and negative horizontal load of each stage, respectively, and +Δi and −Δi represent the positive and negative horizontal displacement of each stage respectively. Figure 12 shows the stiffness degradation rate of each specimen during loading. The abscissa is the loading displacement and loading lateral drift, the ordinate is the stiffness degradation ratio Ki/K0, and K0 is the initial stiffness. Based on Figure 9 and Figure 10, some observations can be summed up as follows:



(1) The infill wall had an obvious stiffness effect, and the overall stiffness of the frame structure was significantly improved by the infill walls. The initial stiffness of FS-2 and FS-3 with infill walls was 8.7 and 3.4 times that of FS-1, respectively. However, the increase of stiffness was positively correlated with the strength of the infill wall. The initial stiffness of the specimen FS-2 was 2.5 times that of FS-3 due to the higher strength of the infill walls of the specimen FS-2.



(2) In the initial stage of loading (i.e., before the loading lateral drift is about 0.5%), all specimens showed a faster rate of stiffness degradation. The stiffness degradation rate of the specimen FS-2 and FS-3 was faster than that of the specimen FS-1 without infill walls. Before the loading displacement was about 10 mm, because of the smaller strength of the infill walls of FS-3, the damage of the infill walls was more serious, and the stiffness degradation of the whole specimen was faster. After the loading displacement approached 10 mm, the stiffness degradation rate of the specimen FS-2 exceeded FS-3 due to the shear slip of the mortar joints and the accumulation of the damage of the infill walls.



(3) At the later stage of loading (after the lateral drift up to 1.5%), the secant stiffness of the frame structure with infill walls was the same as that of the empty frame structure gradually. This is because, with the destruction of the infill walls, the infill walls withdrew from working with the frame gradually, and the horizontal load was borne by the frame gradually. Therefore, the secant stiffness and the degradation rate of the three specimens approached gradually in the later stage of loading.




3.5. Energy Dissipation Capacity


The energy consumption of the structure is synthetically reflected by the two parameters shown in Figure 13 and Figure 14 (i.e., cumulative energy dissipation EP and equivalent viscous damping coefficient he). Among them, Ep is the sum of the hysteresis loop areas of each stage before the current loading displacement, which can evaluate the energy consumption of the structure under a certain loading displacement. he is calculated according to the Chinese code JGJ/T101-2015 [39], which represents the ratio between the energy consumed by each hysteresis loop and the input energy, which can reflect the energy dissipation capacity of the structure under each loading level. From Figure 13 and Figure 14, it can be observed that:



(1) The results show that the infill walls took part in the hysteretic energy dissipation of the frame structure, and the cumulative energy dissipation of the frame structure with infill walls was higher than that of the empty frame structure, and different types of infilled had different degrees of improvement on the cumulative energy dissipation of the masonry-infilled frame structure. For example, under the loading lateral drift of 1.5%, the cumulative energy consumption of FS-2 was 5.2 times that of FS-1, and the cumulative energy consumption of FS-3 was 2.6 times that of FS-1.



(2) In the early stage of loading, the infill walls increased the viscous damping coefficient of the frame structure greatly. The initial equivalent viscous damping coefficients of FS-2 and FS-3 were 5 times and 2.4 times of FS-1, respectively. However, at the initial stage of loading, the equivalent viscous damping coefficient of the frame with infill walls decreased rapidly because of the cracking of the infill walls, that is, the energy dissipation capacity decreased rapidly. In the later stage of loading, with the failure of the infill walls, the infill walls withdrew from participating in energy dissipation gradually, and the equivalent viscous damping coefficients of FS-2 and FS-3 became stable and close to the empty frame structure FS1 gradually, that is, the specimen dissipated energy mainly through the main frame in the later stage of loading. Especially for specimen FS-3 with softer infill walls, its equivalent viscous damping coefficient (i.e., energy dissipation capacity) was close to FS-1 in the later stage.




3.6. Analysis of Mechanical Mechanism


It can be found that in the early stage of loading, the crack form of the side column of FS-2 and FS-3 was different clearly from that of FS-1. Therefore, in Figure 15, the strain of the longitudinal steel bars at the bottom and top of the side columns of the first and second story frame at the early stage of loading was extracted to analyze its stress mechanism qualitatively. As we all know, for the frame structure, the column has a reverse bending point under the action of horizontal load. If the same longitudinal reinforcement of the column is in tension at the bottom section of the column, then it is in compression at the top section of the column. It can be seen from Figure 15, the stress of the four measuring points of one longitudinal rebar of the side column was positive at the initial stage of loading, that is, the longitudinal reinforcement was in tension along the full length, which was clearly different from the stress state of the longitudinal reinforcement of the ordinary frame column under horizontal load.



Based on the above experimental phenomena and the stress state of the column reinforcement, it can be observed that: in the early stage of loading, the two frames with infill walls (i.e., FS-2 and FS-3) had a similar mechanical mechanism. Under the action of horizontal load, one side of the specimen was in tension and the other side was in compression. The columns of the frame on both sides of the specimen were similar to the edge restraint members of shear wall, and there was no reverse bending point on the columns. The horizontal cracks of the columns were distributed along the columns evenly, and the cracking of the columns was earlier than that of the beams. The infill walls formed diagonal braces in the frame and bore most of the shear force. At the same time, as shown in Figure 16, the interstory displacement of the second floor was larger than that of the first floor, and the overall deformation was no longer the type of shear, but an obvious type of bending deformation similar to that of shear wall structure. Therefore, the overall stress mechanism might be similar to the shear wall structure in the early stage of loading. For the infill walls of clay hollow bricks, the diagonal bracing effect would be more obvious, and it will cause more serious damage to the top of the columns and beam-column joints of the main frame. Finally, the shear failure of the columns and joints would occur prematurely. For the infill walls of aerated lightweight concrete blocks, it would exit from working with the frame quickly because of its lower strength and the more rapid damage, and the main frame would work alone, and the stress mode would change into the stress mode of the empty frame structure gradually. Compared with the specimen FS-2, because of the relatively weak infill walls of the specimen FS-3, the damage of the main frame structure of the specimen FS-3 was slighter at the initial stage. The specimen FS-3 was the ductile failure of the plastic hinge at the end of the beam. The failure rate of the specimen FS-3 was slower and showed better deformability.





4. Conclusions


Two RC frames with infill walls and one without infill walls were designed to study the influence of infill wall on the mechanical mechanism of frame structure and the me-chanical mechanism of different types of masonry infilled frames. Through the analysis of the above test results, the conclusions can be summarized as follows:



(1) The infill walls significantly improved the initial stiffness, horizontal bearing ca-pacity and the hysteretic energy consumption of the frame structure. The improvement was positively correlated with the strength of the blocks of the infill walls.



(2) Under the action of earthquake horizontal load, the stiffness and the energy con-sumption capacity of the masonry-infilled frames degraded rapidly and approached the empty frame structure gradually with the failure of the infill walls.



(3) The infill walls changed the mechanical mechanism of the frame structure. The stress mechanism of the masonry frame structure was similar to the shear wall structure. The infill walls and the frame worked together and the infill walls formed diagonal braces inside the frame to share most of the shear force. The overall deformation mode of the frame with infill walls was bending deformation. With the failure of the infill walls, the infill walls would exit from working with the framework, and the stress mode would change into the stress mode of the empty frame structure gradually.



(4) The columns and beam-column joints of the masonry infilled frame suffered more serious damage due to the stronger diagonal bracing effect of the infill, which significantly reduced its yield displacement. The top of the columns and the joints were damaged prematurely by shear force, showing poor performance of deformation and ductility, which was unfavorable for seismic behavior.



(5) For softer material of infill wall such as aerated concrete block, the blocks would be divided into pieces by a large number of inclined cracks and even be crushed more easily by the frame. It has weaker interaction with the frame. Therefore, it is suggested to use relatively soft material for the infill walls and soft (or flexible) connections should be applied between the frame and the infill walls to reduce the interaction between the infill walls and the frame and the damage to the frame structure.
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Figure 1. Geometry and reinforcement details of specimens. 
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Figure 2. Specimens with infill walls. 
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Figure 3. Blocks of infill wall. 
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Figure 4. Schematic diagram of the test loading system. 
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Figure 5. Loading protocol. 
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Figure 6. Details of the measurement. 
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Figure 7. Crack patterns of frames. 
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Figure 8. Crack patterns of infill walls. 
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Figure 9. Hysteresis curves. 
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Figure 10. Skeleton curves of all specimens. 
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Figure 11. Stiffness curves. 
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Figure 12. Stiffness degradation ratio curves. 
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Figure 13. Cumulative energy dissipation curves. 
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Figure 14. Equivalent viscous damping coefficient. 
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Figure 15. Strain of column rebar. 
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Figure 16. Inter-story displacement of specimens. 
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Table 1. Basic information of specimens.
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Specimen

Notation

	
Section Size

	
Longitudinal Reinforcement

	
Stirrups

	
Type of Infill Wall




	
Beams

(mm)

	
Columns

(mm)

	
Columns

	
Beams

	
Columns

and Beams






	
FS-1

	
150 × 250

	
200 × 200

	
C20

	
C16

	
C8@100

	
None




	
FS-2

	
150 × 250

	
200 × 200

	
C20

	
C16

	
C8@100

	
Clay air bricks




	
FS-3

	
150 × 250

	
200 × 200

	
C20

	
C16

	
C8@100

	
Aerated lightweight concrete blocks








Notes: C20 represents HRB400 MPa rebar with a diameter of 20 mm; C16 represents HRB400 MPa rebar with a diameter of 16 mm; C8 represents HRB400 MPa rebar with a diameter of 8 mm.
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Table 2. Results of characteristic points of skeleton curves and ductility coefficient.






Table 2. Results of characteristic points of skeleton curves and ductility coefficient.





	
Specimen

Labels

	
Yield Point

	
Peak Point

	
Ultimate Point




	
Δy/mm

	
θy/%

	
Fy/kN

	
Δp/mm

	
θp/%

	
Fp/kN

	
Δu/mm

	
θu/%

	
Fu/kN






	
FS-1

	
30.1

	
1.0

	
64.7

	
50

	
1.67

	
76.1

	
86.0

	
2.87

	
64.7




	
FS-2

	
6.8

	
0.23

	
178.9

	
23

	
0.67

	
209.9

	
33.4

	
1.11

	
176.8




	
FS-3

	
26.3

	
0.88

	
116.1

	
48

	
1.60

	
145.4

	
67.0

	
2.23

	
123.6
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