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Experimental Research on Seismic Behavior of Concrete Shear Walls Confined by High-strength Reinforcement
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ABSTRACT 

	In recent years, with the increasing height of the building, the increasing vertical loads are resisted by the shear walls at the bottom of the high-rise building. Under strong seismic loads, high-strength concrete shear walls of high axial compression ratio will be prone to happen the brittle failure, and the terminal hooks of stirrup will also open easily, which will make stirrups losing the confinement effect on concrete and longitudinal  reinforcement.  The  results  have  shown  that,  using  high-strength  spiral stirrups in concrete columns could effectively constrain the concrete at the core area and the longitudinal reinforcement,and improve the  seismic performance  of the  column, while avoiding the opening of terminal hooks of common monolithic hoops, saving steel, enhancing the construction efficiency.Thus, in order to improve the ductility of shear walls, high-strength  spiral  stirrups will be applied to the  shear walls, and the seismic performance of this kind of shear walls under low-cyclic reversed loading will be studied.
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1. INTRODUCTION

With the sustained and rapid growth of China's economy and the accelerating urbanization process, high-rise buildings have become the preferred choice for commercial, residential, and other purposes due to their relatively small footprint, large capacity, and wide range of applications. Reinforced concrete shear walls are one of the primary lateral force-resisting components in high-rise structures. The shear walls located at the base of the structure withstand significant combined forces of bending, shear, and axial compression. Their ductility and deformation capacity under seismic loads directly affect the overall seismic performance of the building.
In various concrete structure buildings both domestically and internationally, the application of high-strength concrete is relatively widespread. High-strength concrete offers advantages such as high strength, early strength, low deformation, high durability, and excellent impermeability and frost resistance, making it an ideal material for constructing shear walls. However, high-strength concrete exhibits prominent brittle characteristics and poor deformation capacity. As a result, the use of high-strength concrete shear walls in seismic-prone areas is significantly limited. Furthermore, as the scale of engineering construction continues to expand and building heights increase, the vertical loads borne by the bottom shear walls become greater. Shear walls under high axial compression are prone to compressive-shear or crushing failure, which significantly reduces the building's strength and energy dissipation capacity, and may even lead to building collapse, making post-earthquake repairs difficult. Therefore, improving the brittleness of high-strength concrete shear walls, enhancing their deformation capacity, and thereby boosting their seismic performance is a critical issue in the seismic design of high-rise structures.

2. A Review of High-Strength Spiral Stirrups​

With the sustained and rapid growth of China's economy and the accelerating urbanization process, high-rise buildings have become the preferred choice for commercial, residential, and other purposes due to their relatively small footprint, high capacity, and versatile applications. Reinforced concrete shear walls are one of the primary lateral force-resisting components in high-rise structures. Those located at the base of the structure are subjected to significant combined forces of bending, shear, and axial compression. Their ductility and deformation capacity under seismic loads directly affect the overall seismic performance of the building.
In various concrete structures both domestically and internationally, high-strength concrete is widely used. It offers advantages such as high strength, early strength, low deformation, high durability, and excellent impermeability and frost resistance, making it an ideal material for constructing shear walls. However, high-strength concrete exhibits prominent brittle characteristics and poor deformation capacity. As a result, its application in shear walls in seismic-prone areas is significantly limited. Furthermore, as construction projects continue to expand in scale and building heights increase, the vertical loads on the bottom shear walls also rise. Shear walls under high axial compression are prone to compressive-shear or crushing failure, which significantly reduces the building's strength and energy dissipation capacity and may even lead to collapse, making post-earthquake repairs difficult. Therefore, improving the brittleness of high-strength concrete shear walls, enhancing their deformation capacity, and thereby boosting their seismic performance are critical issues in the seismic design of high-rise structures.
During the 2010 Chile earthquake, severe damage was observed at the boundary elements of shear walls. The damaged walls typically had reinforcement spacing of 200mm × 200mm, with stirrups featuring 90° hooks. Spalling of the concrete cover reduced the effective compressive area of the walls by approximately 20%. Moreover, under seismic action, the 90° hooks of the stirrups were prone to opening, leading to severe buckling failure of the longitudinal reinforcement and even fracture of the steel bars. Consequently, there is an urgent need to adopt a new reinforcement detailing in the confined boundary elements of shear walls to effectively restrain the longitudinal reinforcement, thereby minimizing the outward bulging of the reinforcement in these regions under strong earthquakes and reducing the degree of buckling. In this context, the use of high-strength spiral stirrups as a form of confinement has emerged as a solution.

3.  Research Status at Home and Abroad​

In recent years, to improve the ductility and seismic performance of concrete shear walls, scholars domestically and internationally have adopted various measures and conducted corresponding research. The details are summarized as follows:
Zuo Xiaobao, Dai Ziqiang, and Li Yanbo [1] fabricated four high-strength reinforced concrete shear walls, including one solid wall, one with a single vertical slit, and two with vertical slits of different lengths. The authors conducted low-cycle reversed loading tests on the designed specimens to investigate the effects of the length and number of vertical slits on the bearing capacity, stiffness, ductility, energy dissipation capacity, and failure modes of the shear walls. The results showed that introducing vertical slits effectively partitioned the solid wall, increasing the shear-span ratio and changing the failure mode from shear failure to flexural-shear or flexural failure, significantly improving ductility and energy dissipation capacity.
Zhang Zhan and Zhou Kerong [2] performed low-cycle reversed loading tests on three high-performance concrete shear walls (incorporating polypropylene and steel fibers) with different shear-span ratios (1.0, 1.5, and 2.0). The results indicated that the crack resistance of the high-performance concrete shear walls was improved. For shear walls with shear-span ratios between 1.0 and 2.0, indicators such as ductility characteristics and energy dissipation capacity showed little variation.
Lu Xilin, Dong Yuguang, and Ding Ziwen [3] studied the seismic performance of 16 steel-reinforced concrete shear walls through low-cycle reversed loading tests. All specimens had steel sections embedded in the confined boundary elements at both ends. Among them, three specimens had an additional steel section in the center of the wall panel, and one specimen had two symmetrically placed steel sections within the wall panel. The experimental study revealed that shear walls with centrally placed steel sections exhibited significantly higher ductility coefficients and equivalent viscous damping coefficients. Moreover, a higher steel ratio in the central wall panel resulted in better ductility. The shear-span ratio influenced the failure mode: specimens with a shear-span ratio greater than 2.0 failed in flexure, demonstrating good seismic performance, while those with a shear-span ratio less than 1.0 failed in shear, exhibiting poor ductility and energy dissipation capacity.
Qian Jiaru, Jiang Zao, and Ji Xiaodong [4] configured steel tubes in the confined boundary elements at both ends of shear walls and conducted pseudo-static tests to study the seismic performance of six concrete-filled steel tube (CFST) shear walls under high axial compression ratios. One reinforced concrete shear wall specimen was used for comparison. All seven shear walls had a shear-span ratio greater than 2.0. The study showed that the load at each characteristic stage before failure was higher for the CFST shear walls compared to the reference specimen with the same parameters, and their elastoplastic deformation capacity was also greater. A higher steel ratio in the confined boundary elements led to increased bearing capacity and better deformation performance. Under equivalent energy dissipation capacity, the axial compression ratio of CFST shear walls could be 27% higher than that of reinforced concrete shear walls.
Bai Liang [5] combined steel sections with high-performance concrete to design six steel-reinforced high-performance concrete shear walls. Low-cycle reversed loading tests were conducted to analyze seismic performance indicators such as failure mechanisms, hysteretic behavior, and ductility, exploring the influence of parameters like stirrup ratio and axial compression ratio. It was concluded that the failure mode of the shear walls depended on factors such as the axial compression ratio and the relative quantity of horizontal distributed reinforcement to steel sections. The axial compression ratio had a significant impact on the seismic performance of such walls. Additionally, through numerical analysis, ductility coefficients for steel-reinforced high-performance concrete shear walls under different axial compression ratios and characteristic stirrup values were provided.
Li Gen [6] investigated the influence of the steel ratio in the confined boundary elements on the seismic performance of shear walls based on experiments. Studies on four steel-reinforced high-strength concrete shear wall specimens showed that increasing the steel ratio in the boundary elements significantly improved the yield load and ultimate load of the specimens, delayed the stiffness degradation in the later loading stages, and resulted in more stable post-yield stiffness, thereby enhancing the seismic performance of the shear walls.
Li Li, Xue Suduo, and Cao Wanlin [7] designed three 1/3-scale high-strength concrete shear wall models and conducted low-cycle reversed loading tests. They focused on analyzing the bearing capacity, stiffness degradation, ductility, hysteretic characteristics, energy dissipation, and failure modes of high-strength concrete shear walls with embedded steel frames and embedded steel frames with diagonal bracing. It was concluded that compared to ordinary shear walls, incorporating steel frames and diagonally braced steel frames into shear walls could increase the cracking load, yield load, and peak load. Furthermore, yield stiffness, ultimate stiffness, and specimen ductility were significantly improved, with slower stiffness degradation. Additionally, the embedded steel frames and diagonal steel frames delayed crack propagation, resulting in more uniform and widespread crack distribution across the wall surface, which facilitated energy dissipation.
R.A. Link et al. [8] used nonlinear finite element analysis to study the ultimate and post-ultimate bearing capacity of double-steel-plate concrete shear walls under low-cycle reversed loading. Analysis of the test results indicated that after reaching the ultimate bearing capacity, the post-ultimate bearing capacity of double-steel-plate concrete shear walls remained stable until the member underwent large deformations, suggesting that double-steel-plate concrete shear walls exhibit good ductility.
Emori K [9] fabricated double-steel-plate concrete shear walls by welding longitudinal and transverse stiffeners between two steel plates and filling the interior with concrete. Experimental studies suggested that double-steel-plate shear walls with welded longitudinal and transverse stiffeners exhibited good deformation performance and high bearing capacity.
Robert G. Driver, Geoffrey L. Kulak, D.J. Laurie Kennedy et al. [10] studied a four-story, single-bay steel tube-reinforced concrete composite shear wall with steel plates under low-cycle reversed loading tests. The results showed that out of 30 cycles, the specimen experienced elastoplastic or plastic deformation in 20 cycles. In the later stages of loading, although the deformations were large, they were relatively stable, demonstrating good ductility and energy dissipation capacity.
Soon Ho Cho, Bryce Tupper, William D. Cook et al. [11] designed three shear walls: one with hollow structural sections (HSS) in the boundary elements, one with channel sections in the boundary elements, and one with traditionally confined boundary elements (longitudinal bars and closely spaced stirrups). Low-cycle reversed loading tests were conducted on these three shear walls, and their hysteretic curves and displacement ductility coefficients were obtained. The study showed that with reasonable configuration and detailing, the seismic performance of steel-reinforced concrete shear walls could achieve effects comparable to that of shear walls with ordinary confined boundary elements (longitudinal bars and closely spaced stirrups).
Zhang Hongmei, Lu Xilin, and Yang Xueping et al. [12] designed four reinforced concrete shear walls with different characteristic stirrup values in the confined boundary elements. Low-cycle reversed loading tests were conducted to analyze the influence of different characteristic stirrup values on the seismic performance of the specimens. The results indicated that, considering factors such as axial compression ratio and aspect ratio, reasonable configuration of stirrups in the confined boundary elements could effectively confine the concrete in the boundary elements, improving the bearing capacity and seismic performance of the shear wall specimens.
Young-Hun Oh et al. [13] designed four full-scale shear wall specimens with different boundary element configurations (hidden columns and end columns) and conducted experimental studies to explore the influence of different confined boundary element configurations and the number of transverse reinforcements on the deformation capacity of shear walls. The results showed that the configuration of the boundary elements significantly affected the deformation performance of the shear walls. A greater number of transverse reinforcements resulted in better confinement of the core concrete and improved the ductility and energy dissipation capacity of the shear wall specimens.
Liang Xingwen, Deng Mingke, Xin Li et al. [14][15] proposed the concept of using segmented confined stirrups in the confined boundary zones of shear walls. Accordingly, they fabricated a total of nine high-strength concrete shear walls and conducted low-cycle reversed loading tests. The results showed that compared to ordinary stirrups, segmented confined stirrups provided better confinement, leading to a greater increase in the compressive strength of the core concrete and significantly improving the ductility and energy dissipation capacity of the shear walls. However, there should be an upper limit for the volumetric stirrup ratio in the confined zone.
Liang Xingwen, Yang Penghui, and Cui Xiaoling [16] designed six high-strength concrete shear wall specimens with end columns based on performance-based design theory, using segmented confined high-strength stirrups inside the end columns. By analyzing the hysteretic characteristics, skeleton curves, ductility, energy dissipation, and stiffness degradation of these shear walls under low-cycle reversed loading, it was pointed out that setting end columns at both ends of the shear walls significantly improved the ductility and energy dissipation capacity of the specimens. Furthermore, a greater number of stirrups and a larger confinement zone inside the end columns resulted in better confinement of the core concrete and stronger energy dissipation capacity of the specimens.
Zhang Yueguo, Zhang Longfei, and Yan Shi [17] applied 1280 MPa prestressed steel bars as longitudinal reinforcement, horizontal distributed reinforcement, and stirrups in shear walls and studied the seismic performance of the specimens through low-cycle reversed loading tests. Analysis of the test results showed that configuring appropriate high-strength longitudinal bars and high-strength stirrups in the confined boundary elements of shear walls could effectively improve the deformation capacity of the members and reduce the amount of reinforcement required.
Fang Xiaodan, Li Zhaolin, Wei Hong et al. [18] focused on increasing the longitudinal reinforcement ratio in the confined boundary elements of shear walls. Based on this concept, they designed seven shear walls with a high reinforcement ratio in the boundary elements and one ordinary reinforced concrete shear wall specimen for comparison. By studying their failure characteristics, ductility, energy dissipation capacity, and stiffness degradation under low-cycle reversed loading, it was concluded that increasing the longitudinal reinforcement ratio in the confined boundary elements not only improved the bearing capacity of the shear walls but also enhanced their ductility, with ductility coefficients ranging from 4.15 to 5.08, meeting seismic performance requirements.
Li Zhenbao, Song Youyou, Zhang Huiming et al. [19] applied 1000 MPa high-strength steel bars in the hidden columns of shear walls, designing four ordinary concrete shear walls with high-strength steel bars in the hidden columns. Pseudo-static tests were conducted. After detailed analysis of the testing process and results, it was noted that configuring high-strength longitudinal bars in the confined boundary elements increased the yield load and peak load of the specimens, increased the yield displacement and ultimate displacement, significantly improved cumulative energy dissipation, enhanced deformation capacity, and benefited seismic resistance. Encrypting stirrups in the hidden column area had little effect on the shear capacity of the specimens but improved their deformation capacity.
Liu Jiabin, Chen Yungang, et al. [20] used rectangular spiral stirrups to confine the corrugated pipes in the connectors of prefabricated shear walls. Through low-cycle reversed loading tests, the failure modes of the specimens were analyzed. It was concluded that using rectangular spiral stirrups in the hidden column area of precast shear walls provided good confinement to the compressed region at the bottom of the specimens, improved the load-displacement hysteretic behavior, and contributed to the enhancement of the seismic performance of prefabricated shear walls.
From the above analysis, it can be seen that to improve the ductility of shear wall members, scholars domestically and internationally have adopted various methods: introducing vertical slits in the wall panel, incorporating fibers into the concrete, using high-strength steel bars and high-strength stirrups in the confined boundary elements, adding steel sections or steel tubes in the boundary zones, embedding steel frames within the wall panel, and employing steel plate shear walls. However, experimental studies on applying spiral stirrups as confinement reinforcement in shear walls are rarely seen.

4. Application of High-Strength Spiral Stirrups in Shear Walls​

The application of spiral stirrups in shear walls is relatively limited. Some scholars have patented designs that incorporate circular spiral stirrups within shear walls. Yin Hongyu, Xun Yong, and Shao Yunxia et al.[21] proposed densely arranging circular spiral stirrups along the cross-section inside concrete shear wall panels to enhance their load-bearing capacity, reduce sectional dimensions, and decrease self-weight under the same design axial force. Zhang Pinle, Pan Wen, and Tao Zhong[22] introduced a hollow reinforced concrete shear wall with end columns. The wall panel is hollow, and the end columns have a circular cross-section with internally configured circular spiral stirrups that provide confinement to the end columns, thereby improving the seismic performance of the structure. However, scholars from these two institutions did not conduct sufficient experimental research or theoretical analysis on these new structural forms. Therefore, how the configuration of spiral stirrups improves the seismic performance of shear walls, its impact on the failure modes of specimens, and whether it contributes to increased load-bearing capacity remain topics worthy of further study.
In recent years, domestic research on precast assembled concrete shear walls has been burgeoning. Guo Zhengxing et al. conducted experimental studies on joints of a new precast assembled shear wall structure (NPC) and found that the good plasticity of the connecting reinforcement in the assembled joints improved displacement ductility compared to cast-in-place joints, while stiffness and energy dissipation capacity were similar to those of cast-in-place joints. Qian Jiaru et al. performed seismic performance tests on precast reinforced concrete shear walls with various structural connections and different methods of vertical reinforcement connection. They discovered that sleeve grouting connections and indirect lap connections with sleeve grouting effectively transmitted stress in vertical reinforcement. However, the interface between the precast wall and cast-in-place concrete was difficult to compact thoroughly, resulting in horizontal through cracks. Jiang Hongbin et al.proposed an "inserted reserved hole grouting reinforcement lap connection," which uses core drilling to create holes and employs spiral stirrups to reinforce the lap zone, also known as "confined grouted sleeve reinforcement lap connection." In reference [14], with the volumetric spiral stirrup ratio and lap length as main parameters, unidirectional and bidirectional reinforcement lap performance tests were conducted, and a theoretical formula for spiral stirrup design was established.

5. Experimental Study on High-Strength Steel Reinforced Concrete

This study utilized 1100 MPa grade high-strength steel bars (d=5mm) as spiral stirrups and wall distributed reinforcement. A total of four high-strength steel confined concrete shear walls were designed, among which three incorporated variations in the parameters of average confinement stress and characteristic stirrup value, while the remaining one served as a control specimen. Low-cycle reversed loading tests were conducted on the specimens to observe the crack development and failure process of each, and to determine their failure modes. Based on the experimental data, seismic performance indicators such as the hysteretic curves, skeleton curves, ductility and deformation, energy dissipation capacity, and stiffness degradation of the specimens were analyzed. The results indicated that densely configured high-strength spiral stirrups can improve the ductility of shear wall specimens, enhance their deformation and energy dissipation capacities, and simultaneously delay the degradation of stiffness and load-bearing capacity. This strengthens the ability of the shear walls to continue bearing loads and resisting deformation under seismic action. Based on the experimental results, a restoring force model suitable for the designed specimens was established using experimental fitting. This model includes a four-linear skeleton curve model, loading-unloading rules, and stiffness degradation laws. The model shows good agreement with the experimental results and can provide a reference for elastoplastic time-history analysis of high-strength steel confined concrete shear walls.

6. Mechanistic Analysis Finite Element Simulation and Analysis Results

Reasonable stress-strain curves for steel reinforcement and concrete, failure criteria, and model parameters were selected. A finite element model of high-strength steel reinforced high-strength concrete coupled shear walls was established using the finite element analysis software ABAQUS, and nonlinear finite element analysis was conducted. The load-bearing capacity, deformation capacity, and failure modes of the shear walls were analyzed. The errors between the finite element analysis results and the experimental results in terms of stress, displacement, and ductility coefficients at key points were small. The failure mode of the finite element model closely matched that of the experimental specimen, validating the rationality and reliability of the ABAQUS finite element model. Based on the ABAQUS model, a parametric analysis was performed to investigate the influence of parameters such as axial compression ratio, concrete strength grade, coupling beam span-to-depth ratio, longitudinal reinforcement ratio in the boundary elements, and steel strength on the seismic performance of the high-strength steel reinforced high-strength concrete coupled shear walls.
A nonlinear finite element model of high-strength steel confined concrete coupled shear walls with boundary elements was established using ABAQUS. The concrete damage plasticity model in ABAQUS was adopted to account for material nonlinearity during numerical simulation. The numerical analysis results were compared with experimental data, confirming the rationality and reliability of the finite element model. Based on this, the effects of parameters such as axial compression ratio, concrete strength grade, coupling beam span-to-depth ratio, longitudinal reinforcement ratio in the boundary elements, and steel strength on the seismic performance of the coupled shear walls were analyzed. Additionally, recommendations were provided for the practical application and design of the high-strength steel confined concrete coupled shear walls studied in this paper.
Nonlinear finite element analysis was performed on four high-strength steel confined concrete coupled shear walls using ABAQUS. The loads and displacements at key points obtained from the numerical analysis were consistent with the experimental results, and the failure modes of the finite element models aligned well with the experimental outcomes. This demonstrates that the analysis accuracy of the program for high-strength steel reinforced high-strength concrete coupled shear walls meets engineering requirements.

7. Research Limitations on Seismic Performance of High-Strength Reinforced Shear Walls

To further promote the application of high-strength spiral stirrups in shear walls, the following aspects require in-depth investigation:
(1) In future studies on the influence of average confinement stress on the seismic performance of shear walls, the disparity between the two variables should be increased to more clearly elucidate the effect of average confinement stress.
(2) The impact of incorporating high-strength spiral stirrups on the axial compression ratio limit of shear walls should be considered.
(3) Based on experimental observations, the high-strength spiral stirrups in the boundary elements exhibited only slight outward bulging, and some stirrups did not yield. Higher-grade concrete should be used in combination with high-strength spiral stirrups to study their seismic performance.
(4) The influence of high-strength spiral stirrups on the seismic performance of shear walls and their confinement mechanism require further thorough research.
(5) Multi-parameter analysis of high-strength steel confined concrete shear walls should be conducted using finite element software to deeply explore the influence of various parameters on their seismic performance.
(6) The restoring force model for high-strength steel confined concrete shear walls established in this study primarily relied on experimental fitting. Its applicability requires further validation through additional experiments.

8. Conclusions

Through low-cycle reversed loading tests on the above four specimens, the failure modes were determined based on experimental observations, the failure process, and test results. Using the obtained experimental data, the load–hysteresis characteristics, skeleton curves, ductility, energy dissipation capacity, strength degradation, and stiffness degradation patterns of each specimen were analyzed. Additionally, a restoring force model was established using experimental fitting. Based on the detailed analysis, the following conclusions were drawn:
(1) The cracks generated in the four shear walls under low-cycle reversed loading were predominantly flexural-shear cracks, with relatively uniform and fine distribution. However, since the shear resistance of the specimens was greater than the bending resistance, the specimens ultimately failed due to buckling or fracture of the longitudinal reinforcement and crushing of the concrete in the compression zone. The failure mode was identified as flexural failure.
(2) The characteristic value of stirrup reinforcement in the boundary confinement zone significantly influenced the ductility, deformation performance, and energy dissipation capacity of the shear walls. Reasonably increasing the amount of stirrup reinforcement in the confined zone markedly improved the ductility, ultimate deformation capacity, and energy dissipation capacity of the members. Under the same conditions, specimens with a higher characteristic stirrup value exhibited slower degradation of bearing capacity and stiffness in the later loading stages, demonstrating prominent ductility.
(3) The average confinement stress is another major factor affecting the seismic performance of high-strength steel confined concrete shear walls. Under the same conditions, specimens with higher average confinement stress exhibited a flatter descending branch of the skeleton curve, larger ultimate displacement, stronger deformation capacity, and better ductility. Moreover, increasing the average confinement stress delayed the degradation of overall stiffness and load-bearing capacity, enhancing the specimen’s ability to continue bearing loads and resisting deformation.
(4) Using 1100 MPa fine-diameter (d=5 mm) high-strength steel bars as spiral stirrups and distributed reinforcement in the shear walls demonstrated significant advantages. Experimental results showed that, at ultimate failure, the high-strength spiral stirrups in the confined zone exhibited only slight outward bulging, avoiding the opening of hooks commonly observed in ordinary single-leg stirrups. This greatly enhanced the confinement effect on the longitudinal reinforcement and core concrete, significantly improving the ductility and deformation performance of the members, as well as increasing the energy dissipation capacity of the shear wall specimens. Therefore, the application of high-strength spiral stirrups has considerable potential for improving the seismic performance of shear walls.
(5) The high-strength spiral stirrups in the boundary elements and wall panel were nested together, strengthening the connection between the boundary elements and the wall panel and enhancing the overall integrity of the shear wall. This resulted in more uniform stress distribution throughout the shear wall, numerous fine cracks, and improved energy dissipation.
(6) The restoring force model established for high-strength steel confined concrete shear walls based on the experimental results showed good agreement with the test data, providing a valuable reference for elastoplastic time-history analysis of such specimens.


REFERENCES

1.   Zuo Xiaobao, Dai Ziqiang, Li Yanbo. Experimental Study on Improving Seismic Performance of High-Strength Concrete Shear Walls[J]. Industrial Construction, 2001, 31(6): 37–39.
2.    Zhang Zhan, Zhou Kerong. Experimental Study on Seismic Performance of High-Performance Concrete Shear Walls with Variable Aspect Ratios[J]. Structural Engineers, 2004, 20(2): 62–68.
3.    Lü Xilin, Dong Yuguang, Ding Ziwen. Study on Seismic Performance of Concrete Shear Walls with Steel Sections Embedded in the Central Region[J]. Earthquake Engineering and Engineering Vibration, 2006, 26(6): 101–107.
4.   Qian Jiaru, Jiang Zao, Ji Xiaodong. Experimental Study on Seismic Performance of Concrete-Filled Steel Tube Shear Walls Under High Axial Compression Ratio[J]. Journal of Building Structures, 2010, 31(7): 40–48.
5.   Bai Liang. Theoretical Study on Seismic Performance and Performance-Based Design of Steel-Reinforced High-Performance Concrete Shear Walls [D]. Xi’an: Xi’an University of Architecture and Technology, 2009.
6.    Li Gen. Experimental Study on the Influence of Steel Ratio in Boundary Elements on Seismic Performance of Medium-Rise High-Strength Concrete Shear Walls [D]. Chongqing: Chongqing University, 2010.
7.    Li Li, Xue Suduo, Cao Wanlin. Experimental Study on Seismic Performance of High-    Strength Concrete-Steel Composite Shear Walls[J]. Journal of Beijing University of  Technology, 2010(7): 920–927.
8.    Link  R A,  Elwi A E. Composite  Concrete-Steel  Plate Walls: Analysis and Behavior[J]. Journal of Structural Engineering, 1995, 121(2):260-271.
9.    Emori K. Compressive and Shear Strength of Concrete Filled Steel Box Wall[J]. Steel Structures, 2002.
10.  Driver R G, Kulak G L. Cyclic Test of Four-Story Steel Plate Shear Wall[J]. Journal of Structural Engineering, 1998, 124(2):112-120.
11.  Cho S H, Tupper B,  Cook W D,  et  al.  Structural  Steel  Boundary Elements for  Ductile Concrete Walls[J]. Journal of Structural Engineerin, 2004, 130(5):762-768.
12.   Zhang Hongmei, Lü Xilin, Yang Xueping, et al. Influence of Stirrup Configuration in Boundary Elements on Seismic Performance of Reinforced Concrete Shear Walls[J]. Structural Engineers, 2008, 24(5): 100–104.
13.  Oh Y H ，Han S W ，Lee L H. Effect of boundary element details on the seismic deformation capacity of structural walls[J]. Earthquake Engineering & Structural Dynamics, 2002, 31(8):1583-1602.
14.  Liang Xingwen, Deng Mingke, Zhang Xinghu, et al. Experimental Study on Performance-Based Design Theory for High-Performance Concrete Shear Walls[J]. Journal of Building Structures, 2008, 28(5): 80–88.
15.  	Liang Xingwen, Xin Li, Deng Mingke, et al. Experimental Study on Seismic Performance and Performance Indicators of High-Strength Concrete Shear Walls[J]. China Civil Engineering Journal, 2010(11): 37–45.
16.  Liang Xingwen, Yang Penghui, Cui Xiaoling, et al. Experimental Study on Seismic Performance of High-Strength Concrete Shear Walls with End Columns[J]. Journal of Building Structures, 2010, 31(1): 23–32.
17.  Zhang Yueguo, Zhang Longfei, Yan Shi. Experimental Study on Seismic Performance of High-Strength Reinforced High-Strength Concrete Shear Walls[J]. Journal of Shenyang Jianzhu University (Natural Science Edition), 2010, 26(1): 119–123.
18.  Fang Xiaodan, Li Zhaolin, Wei Hong, et al. Experimental Study on Seismic Performance of High-Strength Concrete Shear Walls with High Reinforcement Ratio in Boundary Elements[J]. Journal of Building Structures, 2011, 32(12): 145–153.
19.  Li Zhenbao, Song Youyou, Zhang Huiming, et al. Study on Seismic Performance of Reinforced Concrete Shear Walls with 1000 MPa Grade High-Strength Steel Bars in Boundary Elements[J]. Industrial Construction, 2014(12): 57–62.
20.  Liu Jiabin, Chen Yungang, et al. Civil Engineering Structural Testing [M]. Beijing: China Architecture & Building Press, 2006: 127–128.
21.   Yin Hongyu, Xun Yong, Shao Yunxia, et al. Densely Arranged Spiral Stirrup Confined Concrete Shear Wall Structure [P]. China Patent: CN203769142U, 2014-08-13.
22.  Zhang Pinle, Pan Wen, Tao Zhong. A Hollow Reinforced Concrete Shear Wall with End Columns Using Continuous Spiral Stirrups [P]. China Patent: CN203808294U, 2014-09-03.


