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Abstract

:

A steel plate shear wall often uses partially encased composite (PEC) columns instead of edge frame columns. Such a steel plate shear wall not only bears the gravity load of the structure and resists the bending moment caused by lateral force by taking advantage of the high bearing capacity and bending stiffness of PEC columns, but also effectively anchors with the frame column to counteract the tension field generated by the steel plate. Therefore, the performance of the steel plate shear wall after buckling can be fully exerted and the seismic performance of the structure can be improved. In order to investigate the seismic performance of the structure, a 1/3-scale specimen test of steel plate shear wall with PEC columns is designed and fabricated, and a finite element model is established with the same size of test. It is found that the test and simulation results are in good agreement, which confirms the reliability of the simulation. Subsequently, 20 models with different parameters of steel plate shear wall with PEC columns are analyzed using ABAQUS. Finally, the failure mode, hysteretic behavior, skeleton curve, and bearing capacity of steel plate shear wall with PEC columns are obtained. The results show that PEC columns have a good anchoring effect on the diagonal tension field and can fully exert the plasticity of the infill steel plate, so that steel plate shear wall with PEC columns has superior seismic performance. Experiments also reveal that the crack type of damages appear in a steel plate shear wall with PEC columns, and, as a future work, the authors will explore the use of structural health monitoring methods, such as piezoceramic transducer-based method, to monitor such cracks.
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1. Introduction


The research on the steel plate shear wall started in Japan and the United States in the 1970s. In 1973, Takahashi et al. [1] conducted the experimental study on steel shear wall for the first time. In 1991, Sabouri and Roberts [2,3,4] carried out low-cycle load experiment on a series of small-scale models of steel plate shear wall and found that the stiffened steel plate shear wall had good hysteretic behaviors. Steel plate shear wall is a kind of structure with high resistance to lateral force, which is suitable for the development of high-rise buildings [5,6,7,8]. Steel plate shear wall has been demonstrated with remarkable ability of seismic energy dissipation through the laboratory tests and aseismic implementations and have received much attention [9,10,11,12,13,14]. In 1994, Xue et al. [15] found that the frame column should not only bear the vertical load but also bear the interlaminar shear force from the steel plate through the study of 4 trusses of steel plate shear walls with 3 spans and 12 floors.



In 2000, Lubell et al. [16] found the post-buckling strength of steel plates mainly depends on the shear strength of the frame by conducting an experimental study on the performance of thin steel plate shear walls in buildings. In 2002, Astaneh-asl et al. [17] introduced the combined members of steel tube and high-strength concrete as the vertical edge column of the specimen into the steel plate shear wall. Although the experimental results showed that the structure had good energy dissipation performance, slippage still occurred in the late stage of the loading. These research results show that the stress of the frame column is extremely complex under the effects of the bending moment caused by the deformation of the steel plate, the lateral and vertical load and the lateral displacement in practice. In order to avoid adverse effects on frame columns, Hitaka et al. [18] proposed steel plate shear wall with slits in 2003. This structure has been applied in three practical projects in Japan. Subsequently, many scholars have proposed many different forms of steel plate shear walls with openings or slots and low yield point steel plate shear walls [19,20,21,22,23,24], but these protect the columns at the expense of stiffness and bearing capacity of steel plate [25]. In 2013, Clayton et al. [26,27,28,29] proposed a self-centering steel plate shear walls. It has the capabilities of recentering, which can concentrate the damage into the thin steel plate. The edge frames are connected by post-tensioning method. Self-centering steel plate walls can reduce time and cost of repair after earthquakes. In 2017, Verma et al. [30] evaluated the role of frame elements in resisting lateral forces by considering the interaction between infill steel plate and frame elements and proposed a formula to predict the contribution of infill steel plate and edge frame to resist lateral forces. According to the above research results, we found that bearing capacity of the frame column has become the limitation on excellent performance of steel plate shear wall. As such, the PEC (Partially Encased Concrete) with high strength, stiffness and ductility is introduced into the steel plate shear wall structure so as to form the steel plate shear wall with partially encased composite (PEC-SPSW) system. The research on PEC column started late at home and abroad [31,32]. Tremblay et al. [33] conducted a series of studies on PEC firstly in 1998. In 2002, Chicoine et al. [34] studied the effects of cross-sectional dimension, spacing of connection and width-to-thickness ratio of column on the failure mode of PEC columns. In 2007, Begum et al. [35,36] developed a more complex and complete PEC column model. In 2011, Karimi et al. [37] studied the effect of slenderness ratio on PEC columns wrapped in fiber reinforced polymer (FRP) jackets. In 2012, Zhou et al. [38] conducted tests on 9 PEC stub-columns under axial load and found that the failure of PEC columns was caused by local buckling of flanges and concrete crushing. In 2013, Begum et al. [39] studied the performance of PEC column with high strength concrete through finite element analysis. The results showed that using high strength concrete (60 MPa) instead of ordinary concrete (30 Mpa), the bearing capacity of PEC column was increased by about 55%, but the load–displacement curve exhibited brittle failure. In 2015, Zhao et al. [40] conducted an experimental study on PEC columns with axial compression ratio, steel content and shear span-ratio as parameters. The results showed that the deformation and bearing capacity of PEC columns increased with the increase of steel content, but the deformation capacity decreased with the increase of axial compression ratio. In 2016, Song et al. [41] conducted research on local and post-local buckling behavior of welded steel shapes in PEC columns. He not only revealed the failure mechanism of steel, but also put forward formulas of critical and post-buckling. PEC column, as an edge restraint member of steel plate shear wall structure, not only bears the large vertical load from the upper part of the structure, but also resists the large bending moment caused by lateral force [42,43,44]. Meanwhile, PEC columns have good fire resistance and cost savings [45,46]. Therefore, it is introduced to steel plate shear wall to enhance the strength and stiffness of the edge members, so as to ensure greater seismic performance of the infill steel plate.



In summary, the steel plate shear wall is a lateral resisting system suitable for buildings in high-intensity earthquake areas, which organically combines the advantages of steel moment-resisting frame and steel plate shear wall. The steel plate wall is the key element that affects the structural performance, which determines the seismic performance of the steel plate shear wall system such as strength, stiffness, energy dissipation capacity and ductility. Moreover, the stability, yield mechanism, energy dissipation capacity and ultimate failure model of the steel plate wall are closely related to the edge frame. However, steel columns are basically used in the vertical edge members of the steel plate wall in the current design. It is difficult to achieve the main function of anchoring the steel plate wall effectively, and it is easy to cause damage of the edge columns under a major earthquake and make the steel plate wall difficult to play its role, especially for thin steel plates. Therefore, how to organically coordinate the lateral stiffness and energy dissipation capacity of the steel plate shear wall to give full play to its superior seismic performance still needs further research and improvement, including: (1) Now, steel columns are basically used in the vertical edge members of the steel plate shear wall. However, there is a lack of research on the steel plate shear wall using PEC columns as the vertical edge members; (2) Steel plate wall is the main component to improve the lateral stiffness of the structure, since the tension field of steel plate wall is closely related to the stiffness of side columns. How to realize the reasonable matching of structural stiffness is the key to give full play to the seismic performance of the structure, such as bearing capacity, lateral stiffness and energy dissipation capacity.



In order to study seismic performance of steel plate shear wall with PEC columns, a 1/3 scale specimen is designed and manufactured. The mechanical testing and simulation (MTS) loading system is used to subject cyclical loading on the model specimens. The failure mode, ultimate strength, stiffness and hysteretic curve of the steel plate shear wall with PEC columns are obtained by collecting and processing the experimental data. At the same time, the feasibility of the finite element analysis is verified with the comparison and analysis of finite element simulation and experimental results, and the parameters of the finite element model are supplemented and improved necessarily through the actual situation of the experiment. The experimental results also reveal that crack type of damages exist in the steel plate shear walls with PEC columns, however, the current strain gauges cannot monitor such damages in real time. As a future work, the authors will explore the use of structural health monitoring method, such as piezoceramic transducer-based method, to real-time monitor the crack type of damages in a steel plate shear wall with PEC columns.




2. Experimental Study


2.1. Specimen Design


The specimen was scaled by 1/3 based on a structure with the column space was 6 m and the story height was 4.5 m. The axial span of the specimens was 2 m, and the story height was 1.5 m. The overall size of the steel plate shear wall with PEC columns was B × H = 2150 mm × 1700 mm. The size of infill plate, frame beam, and left and right columns are shown in Table 1. A 10 mm-thick gusset plate was set at the joint, and a 10 mm-thick T-shaped stiffener was set at the column foot. The design parameters of PEC column are as follow: the diameter of the draw rod was 6 mm; the distance between the non-reinforcement region was 50 mm; the distance between the reinforcement region was 25 mm; the distance between the draw rod and the edge of the flange of steel column was 10 mm. The detailed dimensions and structural design of the specimen are shown in Figure 1.



Considering the requirements of vertical loading, the frame columns should be extended by 200 mm and the cap with 20 mm thickness should be designed. A 30 mm-thick baseboard was designed on the bottom of the entire steel plate to connect the counter-force floor of the laboratory easily. The total height of the specimen included the column cap and the baseboard was 1750 mm and the span was 2000 mm. The loading plate was welded to the side of the specimen to connect lateral actuator of the MTS easily. All steel was Q235B. A photo of the test specimen is shown in Figure 2.




2.2. Test Setup


The specimen was tested under a 300 T combined loading frame. The lateral loading equipment is a kind of static and dynamic hybrid loading device from American company-MTS, which can achieve 100 T lateral force, and the vertical load was loaded by 300 T hydraulic jack.



The specimens were lifted to the specified location under the combined loading frame after completing the acceptance. During the hoisting process, the reserved holes in the bottom plate of the specimen were aligned with the holes in the counter-force floor. After landing, the specimens and the counter-force floor were completely fixed by 10 high-strength anchored bolts with a diameter of 56 mm. Then the MTS lateral device was adjusted at the same level as the loading plate of the specimen and the MTS lateral device was tightly connected to the loading plate by 4 high tensile bolts with a diameter of 32 mm. Afterwards, the distributive girder was lifted and installed to the specified location and fixed on the specimen by the bolts with a diameter of 22 mm. The bolts were not screwed up and kept loose to limit displacement and protect structure. Vertical jack was adjusted to keep good contact with specimen. At this point, the installation of the specimen, vertical and lateral loading device were basically completed. The loading device is shown in Figure 3a.



To prevent the out-of-plane instability or a large displacement outside the plane affecting the stability and bearing capacity of the structure, it is necessary to design the out-of-plane support. This paper adopted the method of setting up scaffolds to confine the out-of-plane displacement, as shown in Figure 3b.




2.3. Loading Program


According to the specification of test methods for earthquake resistant building (JGJ 101-96), a preliminary vertical load was applied firstly to check whether all equipment can work normally. After the vertical load was applied, the lateral loading was applied under the condition that the value of the vertical load remained unchanged. The test stopped when the load continued to fall in the load–displacement curve. In the process of cycle loading, it was estimated that there were 28 cycles. The loading amplitudes were 1 mm, 2 mm, 3 mm, 4 mm, 5 mm, 8 mm, 11 mm, 14 mm, 17 mm, 20 mm, 23 mm, 26 mm, 29 mm, 32 mm, 35 mm and 38 mm, respectively. Each cyclic load was applied once when the amplitude was 1 mm, 2 mm, 3 mm and 4 mm, and each cyclic load was applied twice from 5 mm to 38 mm. The loading program is shown in Figure 4.




2.4. Measuring-Point Arrangement


The strain, deformation and displacement of the specimen were obtained by electrical measuring methods. The resistor type strain gauges were attached on the surface of the specimen, and the stress-strain process of different parts of the specimen were collected by the strain gauge. In this paper, the arrangements of displacement meters and strain gauges are shown in Figure 5 and Figure 6, respectively. The testing equipment is a DH3816 Static Strain Collection Device. The vertical load sensor has a capacity of 50 Ton.




2.5. Damage Processes


The loading process was divided into a trial loading stage and a formal loading stage. Specifically, the displacement control method was adopted in the trial loading stage, and the distance increment was 2 mm. The trial loading process was repeated for three times in order to not only check and debug the equipment, but also eliminate the gap between the loading device and the specimen through preloading. The vertical load was not applied in the trial loading stage.



In the formal loading process, the steel plate did not have significant deformation in the first four cycles. Due to the convex and concave defects of the steel plate, the steel plate had crisp sound during the conversion process of positive loading and negative loading. In the fifth cycle (the first cycle of 5 mm), a tension strip appeared above the main diagonal line of the steel plate under the action of the tensile force. After the second cycle of 5 mm, the tension strip moved down to the main diagonal. When the displacement reached 11 mm, an obvious convex stripe was formed along the main diagonal direction of the steel plate with the increase of the load, as shown in Figure 7a. When the displacement returned to 0 in each cycle, the steel plate had a great sound which was slightly greater than the sound in preceding cycles, and such sound volume increase was caused by the convex position alternation on the main diagonal direction. The deformation of steel plate could be obviously observed that convex and concave orderly form from top to bottom, then from bottom to top. Subsequently, with the increase of the peak displacement of cycle, the tension stripe generated along the two diagonal directions becomes more obvious in the positive loading and negative loading process. The degree of concavity and convexity of the tension strips reached the maximum when the positive and negative peaks were reached. The tension stripe formed by the convex firstly appears at the main diagonal line (see Figure 7b). When the displacement reached 14 mm, a secondary diagonal tension stripe (see Figure 7d) gradually appeared at the upper and lower 1/3 positions of steel plate.



When the displacement reached 20 mm, the paint coating of web of frame beam bugled slightly. This indicated that the web of the frame beam began to buckle. In the 17th cycle (the first cycle of 23 mm), the frame beam had a small out-of-plane displacement. The maximum out-of-plane displacement appeared at the middle of the beam, and the displacement was not more than 3 mm. The paint coating of web of frame beam cracked and transverse cracks appeared at the concrete in the middle of the column, as shown in Figure 7e. In the 20th cycle (the second cycle of 26 mm), the stress showed that the steel plate stress reached the yield strength of the steel, and the out-of-plane deformation of the beam was slightly changed due to the yield of the infill steel plate. During the period from the 17th cycle to the 21st cycle, the infill steel plate continuously suffered tension and compression deformation at the peak displacement of +23~+29 mm, and the residual strain was gradually accumulated to wrinkle at the crossing position of the diagonal lines to form folding damage. In the 22nd cycle, the laceration formed by the folding damage of the diagonal lines was continuously promoted at the peak of +29 mm to cause more obvious damage and gradually formed four significant folding damages. In the 24th cycle (the second cycle of 32 mm), the concrete near the actuator in PEC column had 3~5 slight cracks, a large out-of-plane displacement appeared as shown in Figure 7f. In the 25th cycle, the framed beam and the upper and lower flanges of the beam end (near the actuator) were broken, as shown in Figure 8i. In consideration of the significant damage of the specimen, the test was terminated. In this test, the maximum displacement of the top of the column is 32 mm, exceeding the maximum limit of story drift in rare earthquakes. In summary, the maximum negative load was −506.5 kN appeared at the displacement of −26 mm in the 20st cycle. In the 21st cycle, the maximum positive load was 535.5 kN appeared at the displacement of +29 mm in the test.



When the specimen was damaged, the main phenomenon was that transverse and oblique cracks appeared in the upper and middle position of concrete of PEC column, and even concrete dropping. Subsequently, the frame beam buckled locally and appeared slight torsion, as shown in Figure 7j. Finally, small welding cracks at beam-column connections occurred, as shown in Figure 7i. At this time, the built-in steel plate had yielded in a large area and the bearing capacity of structure decreased rapidly, eventually leading to the failure of the specimen.



Remark. 

From the above analyses, the steel plate shear walls with PEC columns suffer from concrete cracks and weld cracks. Unfortunately, the strain gauge currently used in this research cannot monitor the damage of steel plate shear wall with PEC columns in real time, especially the formation of concrete cracks and weld cracks. In particular, concrete cracks have an important impact on the safety of structures. For example, the concrete in the PEC column has a protective effect on the corrosion of the section steel, however due to the cracks in a concrete structure, the chloride in the environment can diffuse in the crack, resulting in the corrosion of the steel and thus leading to the reduction of the service life of the structure [47]. In recent years, much attention has been paid to structural health monitoring (SHM) in civil engineering [48]. PZT (Lead Zirconate Titanate) is a type of piezoceramic material that possesses strong piezoelectric effect [49,50]. A PZT tranducer has the unique dual actuating and sensing functions along with its advantage of wide bandwidth, and therefore a PZT tranducer has the ability to generate and detect stress waves [51,52,53,54], including ultrasonic waves [55,56]. As the enanbling element for the active sensing method [57,58,59] and the electromechanial impedance (EMI) method [60,61], PZT transducers are often used in structural health monitoring (SHM) systems [62,63,64,65,66]. With the recent development of PZT based smart aggregates in concrete structure damage detection [67,68,69,70,71] and the application of PZT transducers in health monitoring of steel-concrete composite structures [72,73,74,75], the authors will explore health monitoring and damage detection of steel plate shear wall with PEC Columns using the embeddable smart aggregates [76,77] and the easy-to-install surface-bonded piezoceramic patch transducers [78] in the future work.






2.6. Experimental Result Analyses


2.6.1. Loading-Displacement Curve


The counterforce fed back of loading points of the lateral loading device in the loading process can be obtained through MTS. The relationship between the counterforce and the displacement was plotted to obtain the hysteretic loops at the loading point of the steel plate shear wall with PEC columns, as shown in Figure 8.



In the initial stage of the test loading, the counter-force and displacement were basically linear, the area of hysteresis loop was small, the stiffness of specimen was larger, and the energy consumption was less. At this time, the test piece was in the elastic stage, and the infill steel plate worked well with the fringe frame. As the test continued to load, some parts on the two main diagonal lines of the infill steel plate yielded, and the counter-force and displacement appeared non-linear. At this time, the specimen entered the elastoplastic stage, and the stiffness of the specimen decreased. The area of the hysteresis loop increased and was relatively full, and the energy dissipation performance of the specimen gradually increased. Specimen entered the yield stage after loading continually. The residual strain of the infill steel plate kept increasing under the action of main tensile stress. The plasticity had been developed to a greater extent leading to significant stiffness degradation of the specimen. The hysteresis loop appeared obvious “pinching” phenomenon, and its shape changed to an S shape. However, the area of hysteresis loop was larger, and the specimen still had good energy dissipation performance at this time. The phenomenon of “pinching” is an important characteristic of the hysteretic curve of beam-column joints [79], which results in the reduction of energy dissipation and bearing capacity. Many scholars have proposed different “pinching” models to simulate the mechanical response of structures under cyclic loading [80]. For example, the Pinching4 model in OpenSees is a user-defined model code developed by Mitra [81]. The mechanical curve defined by multiple line segments can take into account the gradual increase of stiffness and strength and pinching effect in hysteretic loading.




2.6.2. Skeleton Curve


The skeleton curve can be obtained by processing the hysteretic curves acquired in the test, as shown in Figure 9. It can be seen from the figure that the skeleton curve of the specimen under the action of tension and compression was basically linear in the elastic stage. The ultimate displacement of the specimen was 32 mm and the story-drift was 1/48. At the later stage of the test, the out-of-plane displacement increased, but the bearing capacity did not immediately decrease. Therefore, it shows that the structure has good ductility and high bearing capacity.




2.6.3. Stress Distribution and Damage Analysis


The damage of the specimens can be judged based on the analysis of the stress change in the loading process. First of all, we are concerned about the stress of all parts of the steel shear walls with PEC columns when the test reaches the ultimate tensile and compressive strength. Z1, H18, T5, etc. mentioned below are all strain gauge numbers. The number and the arrangement of the strain gauge are as shown in Figure 6.




	(1)

	
Stress analysis of PEC columns



When the displacement reached 26 mm in 20th cycle, the infill steel plate had been yielded, but the stress of PEC columns was still small and the safety stock was still high. When loading forward to the right in the positive direction, the left flange of the PEC column near the side of lateral actuator (Z1, Z4, Z5, Z8, Z9, Z12, Z17, Z20, Z21, Z24, Z25, Z28) was in tension and the right flange away from side of lateral actuator (Z2, Z3, Z6, Z7, Z10, Z11, Z18, Z19, Z22, Z23, Z26, Z27) were in compression. When loading forward to the left in the negative direction, on the contrary, the right flange was in tension and the left flange was in compression. Since it was directly connected with the actuator, the deformation and the stress of left column were obviously greater than that of the right column. The right column had small deformations and stresses because of the buffer function provided by the deformation of the steel plate. According to the test data, the maximum stress of PEC columns and the concrete were 186 MPa and 27 MPa respectively when the steel plate was basically yielding. Therefore, when the steel plate was yielded, PEC columns still had high emergency capacity to ensure the stability of the framework and the occurrence of the yielding dissipation of the steel plate prior to the occurrence of the damage of the whole structure. The concrete stress was uniformly distributed in the normal working state, and the maximum value of concrete was 27.63 MPa. Therefore, the concrete was not damaged, and the stress can be continuously increased.




	(2)

	
Stress analysis of infill steel plate



Based on the analysis of the data, the upper end of the steel plate was pushed by the actuator from left to right when the displacement reaches +26 mm. At this moment, the main diagonal line H17-H24 suffered from the maximum stress that was more than 500 MPa. Meanwhile, we found that the stress of H4 was also large (reaching up to 400 MPa), indicating that the width of diagonal tension strip extended in the direction of the other diagonal line. Besides the stress in the main diagonal region (H18-H23-T5) reaches yield, the counter-diagonal (T11-T15 and T12-T16) also began to yield and dissipate energy. The yield area of the whole steel plate shear wall was about 2/3. Additionally, the stress of the upper part was usually greater than that of the lower part for the strain gages outside of the main diagonal line. Generally speaking, the steel plate has been significantly yielded at the value of +26 mm. When the displacement reached −29 mm in 21st cycle, there were results corresponding to the above analysis. In addition, it should be noted that the local stress in the corner is generally larger, while the stress in the middle, such as T16, was smaller.










2.6.4. Deformation Analysis


The deformation of the specimen in the test was monitored by the displacement meters installed around the specimen, and the data were acquired through DH3816 strain acquisition system. The number and the arrangement of the displacement meters are as shown in Figure 5.



According to the data, there were the most severe bulges of the corresponding main tension stripe in the test process, and the value of displacement on the corresponding tension stripe was relatively large. When the value was changed from the positive peak to the negative peak, the partial region of the tension stripe was changed from concave to convex or from convex to concave, namely presenting the change of plus-minus sign. However, No. 6 displacement meter was located at the center of the steel plate and was always convex toward the inside of the plane. According to the change of No. 5, 6 and 7 displacement meters in the entire cycle loading process (see Figure 10), the infill steel plate had obvious oscillation along with force change of the framework. Due to the plastic deformation generated in the later period, the middle position was not the zero point. It was important to note that No. 3 displacement meter was used to measure the out-of-plane displacement of the joint plate of PEC column, and this displacement had always been small and relatively stable, as shown in Figure 10d. Thus this shows the excellent plane stability and high out-of-plane rigidity of PEC columns.






3. The Comparison of Finite Element and Experimental Results


3.1. Finite Element Modeling


3.1.1. Material Behaviors Modeling


In order to close to the actual situation, the double broken line model considering reinforcement was selected. The grade of the steel used for the finite element parameter analysis was Q235. The yield strength of steel is 235 MPa, the ultimate strength is 375 MPa and the elasticity modulus is    2.06 ×   10  5     MPa. The grade of concrete was C30. The characteristic value of the concrete compressive strength is 30 MPa, the elasticity modulus is    3 ×   10  4     MPa and the Poisson’s ratio is 0.2. According to the formulas given in Appendix C2.3 and C2.4 of the Code for Concrete Structures, the compressive and tensile stress-strain curves given in the specification were inputted to the ABAQUS for the consideration of nonlinearity of the concrete material. The uniaxial tension and compression stress-strain curves of concrete C30 are shown in Figure 11.




3.1.2. Models of Steel Plate Shear Walls with PEC Columns


The model was established by using the ABAQUS finite element analysis software. The size of finite element model was the same as the specimen. Firstly, we created all the components that made up the steel shear walls with PEC columns through the Part module. After the components were completed, the Assembly module is used to position the components geometrically so that they were assembled together to form the geometric model of the whole component.



The eight-node three-dimensional hexahedron solid element C3D8R controlled by reduced integration was selected to divide the concrete element in the model building. Shell element S4R was used for steel plate considering the large stress, buckling and tensile deformation in thin-walled steel, shaped steel and joint plate during modeling. Linear beam element B31 considering bending in two directions was selected for steel tie bar. The figure of the model after meshing is shown in Figure 12.




3.1.3. Loading Program


The lateral loading was applied by controlling the displacement, and the loading program is shown in Figure 13. The loading process was divided into 10 steps. The displacement of each step was increased by 5mm, the number of cycles was 1, and the maximum loading amplitude was 50 mm.





3.2. Comparison and Analysis


3.2.1. Failure Mode


The final failure modes of the test and finite element are shown in Figure 14. It can be seen from the figure that the test and finite element have very similar failure modes. The failure sequence of the test specimen included: buckling of the infill steel plate, alternate occurrence and yield of the main diagonal tension strips of the infill steel plate, spread of the main diagonal tension strips of the infill steel plate and occurrence of the secondary diagonal tension strips, local buckling and yielding of the frame beam, cracking in PEC column concrete, continuously increasing out-of-plane displacement of frame beam and cracking of welds at column joint plates due to eccentric loading and fatigue failure. Compared with the test, the failure mode of the finite element is slightly different, because there is no eccentric loading in the finite element and the constraint stiffness is sufficient. The two parts will not crack due to fatigue. The ultimate failure mode of the finite element is not weld cracking, except that the other failure states and sequences are the same as those of the test. Therefore, the PEC columns have sufficient rigidity and strength to constrain the infill steel plate so as to ensure the energy dissipation and improve continuously structural bearing capacity.




3.2.2. Skeleton Curve


Table 2 shows the comparison results of initial stiffness (K0), max load (Pmax) and ultimate load (Pu) of test pieces. As can be seen from the Figure 15 and Table 2, the overall fitting degree of the skeleton curve of the test and the finite element is good, and the computational result of the initial stiffness is close to the experimental one. In contrast, the initial stiffness of the test was relatively low. The result of the positive loading test was 6.22% lower than that of the finite element and the negative loading test was 8.36% lower than that of the finite element. After entering the elastic-plastic stage, the two curves are still in good agreement under tension, with the peak load test result being 0.38% lower than the finite element result and the ultimate load test result being 0.39% higher. However, under the action of pressure, the test result is slightly larger than the finite element result, and the peak load and ultimate load are 6.67% and 2.83% higher respectively. The main reason for this result may be due to residual stress caused by welding.





3.3. Summary


In this section, the failure modes and the skeleton curves obtained by the finite element analysis and test are compared, and the comparison shows that the finite element and test result are close and the curve fitting degree is good. It shows that the simulation results of ABAQUS software are reliable and the theoretical analysis of the test is feasible with finite element results. The research results in this section will provide reference for the research work in the next section.





4. Parametric Analysis


4.1. Height-Thickness Ratio λ


The λ is the ratio of the height or width (the minimum of the two) to the thickness of the steel plate. The height-thickness ratio reflects the stiffness and strength of infill steel plate. The thickness of 1.5 mm, 2 mm, 2.5 mm, 3.0 mm, 3.5 mm, 4.0 mm, 4.5 mm, 5.0 mm were selected as the basic parameters when concrete grade is C30 and the axial compression ratio is 0.3, and the corresponding height-thickness ratio is respectively 933, 700, 560, 467, 400, 350, 311, and 280. The load–displacement curves of steel plate with the thickness of 1.5 mm~5.0 mm are shown in Figure 16.



It is found that the trend of the load–displacement curves with different thickness of steel plate shear walls are basically the same by observing the 8 curves. There is a first peak at point A. The curve falls briefly at Point B, then continue to rise to ultimate strength of point C. When thickness of the steel plate is increased by 0.5 mm, the ultimate strength increases by about 200 kN (see Table 3). The ultimate strength corresponding to the displacement increases gradually. However, the range is not very large, which shows that the stiffness and ductility of the entire structure are still dominated by the stiffness of the frame. It is noted that the value of point C is decreased when the plate thickness is smaller t = 1.5 mm getting close to the web thickness of PEC column, which indicates that the two peaks of the displacement-load curve are caused by the mismatch of stiffness. On the one hand, this phenomenon can reduce or avoid by improving the design. On the other hand, it also reflects that the PEC columns can improve the overall stiffness of the frame significantly. The stress nephogram of last cycle peak point is shown from Figure 17 with different thickness of steel plate shear walls with PEC columns.



The failure model of the steel plate shear wall with PEC columns has a significant “strip” feature and buckles along the diagonal line with the maximum stress. The number of stripes and the degree of the deformation are decreased with the increase of the thickness of the plate. With the increase of the thickness of the plate, plate stress develops from the upper right corner to the lower left corner. The plumpness of the Hysteretic curves is increased with the increase of the thickness of the steel plate, as shown in Figure 18. The contour envelope area of the hysteretic loop and the energy dissipation coefficient of 8 specimens are shown in Table 4. As shown in Figure 19, the accumulation of each cycle energy consumption is increased significantly.




4.2. Strength Grade of Concrete


Concrete is an important material that influences the compressive strength of columns. However, it is found that the concrete has little effect on the lateral load resistance, bending strength and the stiffness of steel plate shear walls with PEC columns by the test of uniaxial loading and cyclic loading with different grade of concrete. In the case that the parameters of the axial compression ratio is 0.3 and the thickness of steel plate is 2.5 mm, finite element analysis can be carried out taking concrete strength grade of C30, C40, C50, C60, C70, and C80 as the parameter. Specimen numbers and parameters are shown in Table 5.



The grade of concrete has little effect on the strength of the entire structure through the load–displacement curve obtained by the finite element analysis. (see in Figure 20). Table 6 shows that the ultimate bearing capacity of the base reaction is slightly improved with the increase of concrete grade. That is to say, the concrete strength can affect the axial bearing capacity of the PEC column directly. However, under the lateral force, the moment is still mainly resisted by the infill steel plate, and the concrete has little contribution to the resistance moment. The concrete has little effect on the energy consumption of steel plate shear walls from the hysteretic curve and energy dissipation obtained by cyclic loading. The hysteretic loop area and the energy dissipation coefficient are shown in Table 7.



The curves, for example S1C30 and S1C50, are almost agreed with each other with different grades of concrete. The hysteretic curves are shown in Figure 21, and the gap of accumulated energy dissipation is not significant as shown in Figure 22.




4.3. Axial Compression Ratio μ


The axial compression ratio is selected as the main parameter by considering the influence of vertical load on the lateral bearing capacity. The axial compression ratio is the ratio of the axial load to the design strength of the column, and the formula is μ = N/fy. Under the condition that the basic parameter of concrete is C30 and the thickness of steel plate is 2.5 mm, the axial compression ratio with the values of 0, 0.2, 0.3, 0.4, 0.5 and 0.6 are used in the finite element analysis. Specimen numbers and parameters are shown in Table 8.



It can be found that the ultimate bearing capacities at point A and B change little with the increase of the axial compression ratio from load–displacement curves, as shown in Figure 23. However, the influence of ultimate strength is slightly larger at point C. The bearing capacity is gradually reduced with the increase of the axial compression ratio. Comparing the axial compression ratio of 0 and 0.6, the ultimate bearing capacity of the former is 14.4% higher than that of the later, and the difference is about 120 KN, which is shown in Table 9.



With the increase of the axial compression ratio, the hysteretic capacity is reduced slightly, and the maximum difference of energy dissipation coefficient is not more than 0.5. The trend and plumpness of hysteretic curves are still relatively close as shown in Figure 24 and Table 10. The accumulated energy dissipation is shown in Figure 25.





5. Conclusions and Future Work


Based on the results of this research, the PEC columns have the advantages of high strength and stiffness. Due to these advantages of PEC columns, it is very suitable to be used as the vertical edge member of steel plate shear wall structure. In this paper, a single-span 1/3 specimen of steel plate shear wall with PEC columns is tested under cyclic loading, and the results of the test and finite element are compared. The influence of basic parameters such as height-thickness ratio, strength grade of concrete and axial compression ratio on its bearing capacity and hysteretic behavior is analyzed by finite element software. Finally, the research results are summarized, and the following conclusions are drawn.




	(1)

	
It is found that the steel plate shear wall with PEC columns has better mechanical properties and superior seismic performance by finite element analysis and test research. The results show that the introduction of PEC columns into steel plate shear walls plays an outstanding role in improving the seismic performance of steel plate shear wall and exerting the advantages of deformation and energy dissipation of the infill steel plates.




	(2)

	
The hysteretic behaviors of steel plate shear wall with PEC columns are stable, and the hysteretic curves are relatively full. The energy dissipation capacity is stable. The energy dissipation coefficient reaches 3.82 and 2.27 by using the finite element analysis and test, respectively. The energy dissipation coefficient is larger obtained by the finite element analysis and experiment.




	(3)

	
PEC columns have a good anchoring effect on diagonal tension field of steel plate shear wall. The steel plate yield before the failure of PEC columns. The damage of the steel plate presents a remarkable “stripe” feature, and the concave-convex buckling is formed along the diagonal line where the stress is maximum.




	(4)

	
The height-thickness ratio λ as the main parameter of the steel plate has a large effect on the ultimate strength and the hysteretic performance of steel plate shear wall with PEC columns. With the increase of height-thickness ratio, the hysteretic loop becomes full, the increase of ultimate bearing capacity is between 10% and 30%. The concrete strength as the main influential parameter on the axial compressive strength of PEC columns has little effect on the lateral resistance of the steel plate shear wall with PEC columns, and hysteretic behavior with the different grade concrete has little change. The axial compression ratio μ has a great effect on the ultimate bearing capacity of the structure. The ultimate strength and energy dissipation capacity decrease with the increasing of axial compression ratio μ.









The experimental results in this research reveal that crack type of damages exist in the steel plate shear walls with PEC columns. However, the current strain gauges cannot monitor such damages in real time. In future research, the authors will explore real-time crack damage detection in steel plate shear wall with PEC Columns by using the embeddable piezoceramic smart aggregate and surface-bonded piezoceramic patch transducers.
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Figure 1. Geometrical Dimensions. (a) Front View, (b) Side view, (c) Top View, (d) Cross - section of PEC Column. 
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Figure 2. Physical Photo of Test Specimen PEC (partially encased composite). 
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Figure 3. Loading system diagram. (a) loading device (b) scaffolds. 
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Figure 4. Loading Program. 
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Figure 5. Displacement Meter Layout. 
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Figure 6. Strain Gauges Layout. 
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Figure 7. Phenomenon of Test. (a) The main diagonal tension stripe that appeared when the displacement reached 11 mm, (b) Infill steel plate tension stripe, (c) All diagonal tension stripes appearing during the test, (d) Secondary diagonal line, (e) The paint coating of wed of frame beam cracked and transverse cracks appeared in the middle of the column, (f) Transverse and oblique cracks appeared in the upper part of the column and The maximum out-of-plane displacement of the frame beam occurred when displacement reached 26 mm, (g) Top flange damages, (h) Slight torsion of frame beam, (i) Deformation of beam end (j) crack at loading end. 
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Figure 8. Loading-displacement curve. 
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Figure 9. Skeleton Curve. 
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Figure 10. Displacement Meter. (a) No. 5; (b) No.6; (c) No. 7; (d) No.3. 
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Figure 11. Material model. (a) Stress-strain relationship under compression; (b) Stress-strain relationship under Tension; (c) The bi-linear model considering reinforcement. 
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Figure 12. The figure of the model after meshing. (a)PEC columns; (b) Concrete; (c) Steel Beam; (d) Infill Plate; (e) Overall Model. 
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Figure 13. Loading System. 
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Figure 14. Failure mode: (a) Experiment; (b) Finite Element. 
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Figure 15. Skeleton Curve. 
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Figure 16. Load–Displacement Curves. 
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Figure 17. The stress nephogram of last cycle peak point with different thickness of steel plate shear wall with PEC column. (a) λ = 933; (b) λ = 467; (c) λ = 350 t = 4.0 mm; (d) λ = 280 t = 5.0 mm. 
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Figure 18. Hysteretic curves with the increase of the thickness of the steel plate. (a) t = 1.5 mm; (b) t = 2.0 mm; (c) t = 2.5 mm; (d) t = 3.0 mm; (e) t = 3.5 mm; (f) t = 4.0 mm; (g) t = 4.5 mm; (h) t = 5.0 mm. 
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Figure 19. Accumulation Energy Consumption. 
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Figure 20. Load–Displacement Curves. 
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Figure 21. The hysteretic curves with different grades of concrete. 
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Figure 22. Accumulation Energy Consumption. 
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Figure 23. Load–Displacement Curves. 
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Figure 24. The hysteretic curves with different axial compression ratio. (a) μ = 0; (b) μ = 0.2; (c) μ = 0.3; (d) μ = 0.4; (e) μ = 0.5; (f) μ = 0.6. 
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Figure 25. Accumulated Energy Dissipation. 
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Table 1. Member parameters.
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	Member
	Section-Size (mm)





	infill plate
	1850 × 1400 × 2.5



	frame beam
	H100 × 50 × 4.5 × 3.2



	left and right columns
	H150 × 150 × 4 × 6
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Table 2. Comparison of experiment and finite element analysis.
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Item

	
Forward Loading

	
Reverse Loading




	
     K 0      (kN/mm)

	
     P  max       (kN)

	
     P u      (kN)

	
     K 0      (kN/mm)

	
     P  max       (kN)

	
     P u      (kN)






	
Experiment

	
40.38

	
535.5

	
516.2

	
39.94

	
−506.5

	
−468.0




	
Finite Element

	
42.89

	
502.0

	
502.0

	
43.28

	
−508.4

	
−466.2




	
Difference (%)

	
6.22

	
−6.67

	
−2.83

	
8.36

	
0.38

	
−0.39











[image: Table] 





Table 3. Load–Displacement curve.
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	Specimens Number
	Peak of Point A (kN)
	Displacement of Point A (mm)
	Inter Story Drift of Point A
	Peak of Point C (kN)
	Displacement of Point C (mm)
	Inter Story Drift of Point C
	Lateral Stiffness (kN/mm)





	S1t1.5
	518
	5.02
	3.35 × 10−3
	590.5
	51.78
	3.45 × 10−2
	103.19



	S1t2.0
	685.5
	4.48
	2.99 × 10−3
	736.2
	44.99
	3.00 × 10−2
	153.01



	S1t2.5
	816.4
	4.47
	2.98 × 10−3
	930.6
	46.8
	3.12 × 10−2
	182.64



	S1t3.0
	962.6
	3.96
	2.64 × 10−3
	1104.9
	47.7
	3.18 × 10−2
	243.08



	S1t3.5
	1105.3
	3.95
	2.63 × 10−3
	1419
	50.26
	3.35 × 10−2
	279.82



	S1t4.0
	1232.7
	3.95
	2.63 × 10−3
	1622.7
	53.83
	3.59 × 10−2
	312.08



	S1t4.5
	1358.5
	3.95
	2.63 × 10−3
	1761.5
	52.5
	3.50 × 10−2
	343.92



	S1t5.0
	1480.6
	3.95
	2.63 × 10−3
	1962.1
	53.82
	3.59 × 10−2
	374.84
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Table 4. Hysteretic Loop Envelope Area and Energy Dissipation Coefficient.
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	Specimens Number
	SABC+SCDA Area (kN·mm)
	SOBE+SODF Area (kN·mm)
	Energy Dissipation Coefficient E





	S1t1.5
	63,360
	28,800
	2.2



	S1t2.0
	80,640
	25,040
	3.5



	S1t2.5
	128,510
	33,600
	3.82



	S1t3.0
	135,640
	35,120
	3.86



	S1t3.5
	157,840
	39,840
	3.96



	S1t4.0
	170,640
	38,400
	4.44



	S1t4.5
	202,640
	44,280
	4.57



	S1t5.0
	221,920
	47,550
	4.67
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Table 5. Specimens Number about Grade of Concrete.
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	Specimens Number
	Grade of Concrete
	Axial Compression Ratio u
	Plate Thickness





	S1C30
	C30
	0.3
	2.5 mm



	S1C40
	C40
	0.3
	2.5 mm



	S1C50
	C50
	0.3
	2.5 mm



	S1C60
	C60
	0.3
	2.5 mm



	S1C70
	C70
	0.3
	2.5 mm



	S1C80
	C80
	0.3
	2.5 mm
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Table 6. Load–Displacement curve.
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	Specimens Number
	Peak of Point A (kN)
	Displacement of Point A (mm)
	Inter Story Drift of Point A
	Peak of Point C (kN)
	Displacement of Point C (mm)
	Inter Story Drift of Point C
	Lateral Stiffness (kN/mm)





	S1C30
	816.4
	4.47
	2.98 × 10−3
	930.6
	46.8
	3.12 × 10−2
	182.64



	S1C40
	823.3
	4.47
	2.98 × 10−3
	951.8
	46.8
	3.12 × 10−2
	184.18



	S1C50
	823.1
	4.47
	2.98 × 10−3
	955.5
	46.8
	3.12 × 10−2
	184.14



	S1C60
	823.8
	4.47
	2.98 × 10−3
	985.2
	46.8
	3.12 × 10−2
	184.3



	S1C70
	826.7
	4.47
	2.98 × 10−3
	971.2
	46.8
	3.12 × 10−2
	184.94



	S1C80
	824.3
	3.96
	2.64 × 10−3
	970.3
	45.9
	3.06 × 10−2
	208.16
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Table 7. Hysteretic Loop Envelope Area and Energy Dissipation Coefficient.
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	Specimens Number
	SABC+SCDA Area (kN·mm)
	SOBE+SODF Area (kN·mm)
	Energy Dissipation Coefficient E





	S1C30
	128,510
	33,600
	3.82



	S1C40
	129,120
	33,780
	3.82



	S1C50
	129,740
	33,850
	3.83
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Table 8. Specimens Number about Axial Compression Ratio u.
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	Specimens Number
	Grade of Concrete
	Axial Compression Ratio u
	Plate Thickness





	S1μ0
	C30
	0
	2.5 mm



	S1μ02
	C30
	0.2
	2.5 mm



	S1μ03
	C30
	0.3
	2.5 mm



	S1μ04
	C30
	0.4
	2.5 mm



	S1μ05
	C30
	0.5
	2.5 mm



	S1μ06
	C30
	0.6
	2.5 mm
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Table 9. Load–Displacement curve.






Table 9. Load–Displacement curve.





	Specimens Number
	Peak of Point A (kN)
	Displacement of Point A (mm)
	Inter Story Drift of Point A
	Peak of Point C (kN)
	Displacement of Point C (mm)
	Inter Story Drift of Point C
	Lateral Stiffness (kN/mm)





	S1μ0
	813
	4.47
	2.98 × 10−3
	971.9
	47.7
	3.18 × 10−2
	181.88



	S1μ02
	825.3
	4.47
	2.98 × 10−3
	942.7
	46.8
	3.12 × 10−2
	184.63



	S1μ03
	816.4
	4.47
	2.98 × 10−3
	930.6
	46.8
	3.12 × 10−2
	182.64



	S1μ04
	821.5
	4.47
	2.98 × 10−3
	921.8
	47.7
	3.18 × 10−2
	183.78



	S1μ05
	817.7
	4.46
	2.97 × 10−3
	910.2
	50.3
	3.35 × 10−2
	183.34



	S1μ06
	817
	4.46
	2.87 × 10−3
	850.5
	47.7
	3.18 × 10−2
	183.18
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Table 10. Hysteretic Loop Envelope Area and Energy Dissipation Coefficient.






Table 10. Hysteretic Loop Envelope Area and Energy Dissipation Coefficient.





	Specimens Number
	SABC+SCDA Area (kN·mm)
	SOBE + SODF Area (kN·mm)
	Energy Dissipation Coefficient E





	S1μ0
	129,440
	33,392
	3.87



	S1μ02
	128,540
	33,476
	3.84



	S1μ03
	128,510
	33,600
	3.82



	S1μ04
	128,540
	34,360
	3.66



	S1μ05
	125,680
	36,370
	3.46



	S1μ06
	170,640
	36,640
	3.41
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