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Abstract

:

This study explores an advanced prefabricated composite structure, namely ECC/RC composite shear walls with enhanced seismic performance. This performance enhancement is attributed to the strategic use of engineered cementitious composites (ECC) known for their superior ductility. The study conducts both experimental and numerical simulation analyses to scrutinize the seismic energy absorption capabilities of this innovative structure. Emphasis is placed on critical aspects, such as the optimal deployment areas for ECC within composite coupling beams and shear walls, the grade of ECC strength, the proportion of stirrups in coupling beams, and the caliber of longitudinal reinforcement. Through finite element analysis, this research quantitatively assesses the impact of these variables on seismic energy dissipation, incorporating evaluations of load–displacement hysteretic behaviors and the energy dissipation potential of ECC/RC shear wall samples. The findings suggest the optimal ECC application in the coupling beams, and within a 14% structural height at the base of shear walls. Recommended design parameters include an ECC strength grade of E40 (40 MPa), longitudinal reinforcement of HRB400 (400 MPa), and a stirrup ratio in coupling beams of 0.5%.
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1. Introduction


The advancement of intelligent science and technology has become a pivotal strategy globally. As economies and societies evolve, traditional industries, characterized by high resource consumption, environmental pollution, and labor intensity, are under increasing pressure to transform and upgrade. In the construction sector, conventional on-site pouring methods are beset with challenges, including substantial resource consumption, low efficiency, resource wastage, quality assurance difficulties, and environmental degradation. To address these challenges, the industrialization of prefabricated building construction has gained increasing attention and adoption. This method represents a modern approach in the construction industry, characterized by design standardization, factory production, assembly construction, and intelligent, informatized management [1].



Prefabricated structural systems, encompassing concrete, steel, and timber structures, are extensively utilized. Among these, prefabricated concrete structures are predominantly employed in residential, educational, and office buildings. The prefabricated shear wall structure, in particular, is extensively used in high-rise buildings due to its lower resource consumption and environmental impact.



Recent research has focused on the mechanical properties, ductility, and durability of prefabricated concrete shear wall structures [2,3,4,5]. These studies have demonstrated that such structures possess an enhanced lateral stiffness and energy dissipation capacity, making them suitable for seismic regions. However, the connections between prefabricated components, especially horizontal connections, are crucial for seismic performance and warrant further attention.



Various horizontal connection methods in precast shear walls, such as grouting sleeve, constrained slurry anchor steel bar, and metal bellows slurry anchor steel bar connections, have been explored. In China, grouting sleeve connections are recommended as the most mature and effective reinforcement technology. However, these connections in prefabricated shear wall structures have shown limitations in seismic resistance compared to cast in situ structures. Peng et al. [6] conducted low-cycle repeated load tests on grouting sleeve-connected prefabricated shear wall specimens, revealing inferior stiffness and energy dissipation compared to cast in situ specimens. Brunesi et al. [7,8] investigated the seismic performance of a full-scale, two-story, lightly reinforced precast concrete wall panel structure connected by steel connectors and mortar, identifying the joints as the weakest structural elements. Similarly, studies by Qian et al. [9] and Wu et al. [10] indicated that despite mechanical similarities to cast-in-place structures, the lower ductility of joints in prefabricated structures compromises their structural integrity and robustness. Qian et al. [11] observed significant damage to coupling beams in a three-story assembled shear wall concrete structure connected by mortar sleeves, although the story drift conformed to China’s high-rise building structure design code [12]. Typical earthquake damage in grouted sleeve-connected prefabricated shear wall structures includes loss of coupling beam function, concrete destruction at the compression side wall base, and reinforcement yielding or slipping out of the concrete [13,14,15,16].



Currently, prefabricated components in concrete shear wall structures are primarily used for vertical load-bearing and enclosure systems, while lateral force-resisting shear wall members are often constructed in situ. This approach results in a low prefabrication and assembly rate, complicating construction processes. To enhance the widespread adoption and application of prefabricated concrete shear wall structures, it is imperative to strengthen and guarantee their seismic performance effectively.



Designing structures for seismic resistance involves reducing seismic demand based on the ductility level permissible within the structural system. Special attention must be paid to ensuring that critical structural parts can withstand the required nonlinear deformation without significant strength loss [17]. Therefore, employing materials with high ductility or damping, such as engineered cementitious composites (ECC), in key stress and energy dissipation areas can enhance the structure’s seismic energy dissipation capacity.



ECC, a material with high ductility and comparable compressive strength to concrete, exhibits exceptional tensile strain hardening capability [18]. It also has superior damping and energy dissipation capacities [19], effectively absorbing energy input into the structure. ECC’s tensile strain ranges from 3 to 7% [20,21,22] and it forms dense cracks with spacing as narrow as 3 to 6 mm post-cracking [23,24,25]. Additionally, ECC outperforms concrete in shear bearing and deformation resistance [26] and exhibits excellent crack width control, deformability, self-healing ability, and damping characteristics in various structural components [27,28,29,30], making it an ideal seismic material.



Zhang et al. [31] studied ECC coupling beams’ shear strength and seismic resistance, finding superior performance in these aspects. Suryanto et al. [32] compared the earthquake resistance of external ECC beam–column joints to those without ECC, with ECC joints showing better performance. Cai et al. [33] investigated the ductility, stiffness, and energy dissipation of ECC/RC composite frames compared to RC frames, noting significant improvements in the ECC/RC frames. Khan et al. [34,35] demonstrated that ECC beam–column joints without shear reinforcement still surpassed the code-specified shear resistance. Ye et al. [36] and Yang et al. [37] conducted low cyclic loading experiments on RECC-coupled shear walls, finding that using ECC materials in cast in situ connection areas significantly improved the seismic energy dissipation capacity compared to specimens without ECC. Yang et al. [38] studied the principles of stress and energy dissipation under low cyclic loading through finite element analysis, revealing the failure mechanisms and internal force distribution in prefabricated ECC/RC shear walls. However, to date, no study on the optimization design of prefabricated ECC/RC composite coupled shear walls based on seismic energy dissipation mechanism or comprehensive quantitative analysis has been conducted.



In this paper, the seismic energy dissipation performance of the prefabricated ECC/RC composite coupled shear wall structure will be studied by combining experimental and numerical analysis. The optimal design will be studied based on the seismic energy dissipation mechanism. Through comprehensive numerical quantitative analysis, the optimization design suggestions will be put forward. This study will fill the gap in the field of seismic energy dissipation optimization design of the prefabricated ECC/RC composite coupled shear walls. This work is original and novel and has great scientific and engineering significance.




2. Experimental Investigation


2.1. Specimen Design


For the experimental study, a half-scale, two-story spatial structure representing a prefabricated ECC/RC composite shear wall structure was conceived. This complex assembly comprises eight prefabricated flange walls, eight web walls, four composite coupling beams, eight lateral beams, four bases, and six composite floors. The design is inspired by the original wall system of Zhongnan Century City in Jiangsu Province, China, aligning with the ‘Technical specification for precast concrete structures’ [39]. In strategic locations, such as the juncture of the coupling beam and the prefabricated concrete wall pier, and atop the composite coupling beams, ECC material is meticulously placed, as depicted in Figure 1. The visual representation (Figure 1) deliberately omits the reinforcement details of the prefabricated elements to maintain clarity. Table 1 enumerates the identification and reinforcement specifics of these components. Dimensions of coupling beams are noted, with a length of 920 mm, whereas the heights of the precast concrete section and the cast-in-place ECC measure 150 mm and 100 mm, respectively, resulting in a span-to-height ratio of 3.68. The beam–wall connection zone dimensions vary across two layers, with the first and second layers measuring 160 mm in width and 450 mm and 350 mm in height, respectively. Vertical integration of the steel bars within the precast walls is achieved through steel sleeves and expansive cement mortar. Meanwhile, horizontal connections—encompassing flange to web wall, beam to wall, beam to floor, and wall to floor—are executed with either cast-in-place concrete or ECC, ensuring structural cohesion.




2.2. Material Properties


The examination of material properties reveals distinct compressive strengths for the concrete used in the precast elements and the concrete used in situ, recorded at 36.8 MPa and 32.6 MPa, respectively. Engineered cementitious composites (ECC) exhibit a compressive strength of 35.2 MPa and a tensile strength of 4.6 MPa, alongside an ultimate tensile strain of 3.4%. The reinforcing bars, HPB300 and HRB400, demonstrate yield strengths of 309 MPa and 416 MPa, respectively. The mechanical characteristics of both concrete and ECC, along with the reinforcing steel’s properties, are systematically cataloged in Table 2 and Table 3.




2.3. Testing Methodology


The specimen’s foundation is securely fastened to the structural laboratory ground using ground anchor screws passing through pre-designed holes. Annotations 8 and 9 in Figure 2 are the ground anchor screws and laboratory ground, respectively. Vertically, the structure’s axial bearing capacity is subjected to a 24% load via eight hydraulic jacks, which tension steel strands. Annotations 4 and 7 marked in Figure 2 are hydraulic jacks and steel strands, respectively. This force is then evenly distributed across the specimen’s summit through transfer beams (annotation 3 in Figure 2), as depicted in Figure 2’s schematic of the cyclic loading apparatus.



Horizontal cyclic loading is administered using a mechanical testing and simulation (MTS) system (annotation 2 in Figure 2), anchored to the reaction wall (annotation 1 in Figure 2) with a maximum force of 1000 kN. The horizontal load is transmitted to the end of the specimen through the threaded steel connecting rods, so that both thrust and tension can be applied, as illustrated in annotations 5 and 6 in Figure 2. The horizontal cyclic loading adopts the slow continuous loading method, and the loading rate is 0.5 mm/s [40]. Initially, in the specimen’s elastic phase prior to yielding, loading cycles are managed under load control, and are incremented by 50 kN until the anticipated yield load (Py) is reached, defined by the yield displacement (Δy). After yielding, loading cycles transition to displacement control, progressing through incremental stages of Δy, 2Δy, 3Δy, …. Each load level undergoes a single cycle, whereas each displacement level is subjected to three cycles. The cyclic loading sequence is detailed in Figure 3. Testing concludes when the load diminishes to 85% of the maximum load, at which point the specimen is deemed to have failed.




2.4. Damage and Failure Characteristics


The damage and failure of the prefabricated ECC/RC composite shear wall structure are mainly manifested in the cracking of the bottom of the shear walls and the coupling beams, which can be seen in Figure 4. The cracks in the web walls are horizontal cracks at the initial stage of loading, and gradually develop along the inclined direction with the increase in horizontal load, and finally show as bending-shear cracks. The cracks in the flange walls are horizontal cracks, which eventually show bending failure. The cracking of the coupling beams is mainly concentrated at the ends and the cast-in-place ECC area, and there are many fine cracks in the ECC.




2.5. Load–Displacement Hysteresis Behavior


Figure 5 illustrates the load–displacement hysteresis loops, which are characterized by a bow shape, highlighting the specimen’s robust energy dissipation capability and minimal residual deformation. The load–displacement skeleton curve, detailed in Figure 6, delineates critical stages, such as the cracking, yielding, peak, and failure points. Initial crack formation was observed at a displacement of 3.64 mm under a horizontal force of 248.7 kN. Yielding occurred when the displacement reached 7.84 mm with an applied load of 524 kN. The specimen achieved its maximum load capacity at 991.7 kN, corresponding to a displacement of 33.67 mm. The failure threshold was identified when the load diminished to 836 kN and displacement extended to 50.5 mm. Table 4 compiles the mechanical properties extracted from these observations.





3. Numerical Simulation


In this study, the finite element analysis software ABAQUS 2020, renowned for its comprehensive capabilities, serves as the foundation for the numerical simulations. The process of developing and analyzing models encompasses several critical steps outlined below.



3.1. Material Constitutive Relations


The simulation’s framework integrates the behavior of concrete, ECC, and steel reinforcement. The uniaxial stress–strain curve for concrete is adopted from the “Code for Design of Concrete Structures” (2015 Edition) (GB50010-2010) [41], ensuring compliance with established standards. The ECC’s stress–strain profile is derived from the methodology introduced by the research team led by Pan [42], highlighting the innovative application of ECC. Furthermore, the simulation incorporates damage factors for both concrete and ECC, following the guidelines proposed by Zhang Jin and colleagues [43]. For the modeling of steel reinforcement, a bilinear stress–strain curve is utilized, providing a detailed representation, as depicted in Figure 7.




3.2. Element Type and Model Building


In the realm of finite element analysis, both the concrete and ECC elements are depicted using eight-node hexahedral linear reduced-integration elements (C3D8R) [42]. The prefabricated joints’ vertical reinforcements are modeled with two-node spatial linear beam elements (B31), and the additional reinforcement utilizes space truss elements (T3D2).



Interactions between concrete surfaces and between concrete and ECC are modeled via surface-to-surface contact. For normal direction interactions, a hard contact strategy is adopted, permitting potential separation, while tangential movements are governed by a penalty friction model with a friction coefficient of 0.4 [44].



The simulation constructs a half-scale, two-story spatial structure of a prefabricated ECC/RC combined shear wall, reflective of the experimental specimen’s dimensions. The finite element model’s depiction, including the application of ECC at critical junctions, such as beam-to-wall and within the upper extents of composite coupling beams, is presented in Figure 8a. Figure 8b showcases the steel reinforcement layout within the model. Given the negligible slip between the steel reinforcement and concrete, as well as between the steel and ECC under applied forces, the model assumes effective bonding, employing the “embedded region” contact feature for interface adherence in ABAQUS.




3.3. Boundary Conditions and Loading Methods


The foundation of the modeled structure is securely anchored at its base, mirroring the experimental conditions. Vertical forces are consistently applied across the loading beam, as shown in Figure 9a. Horizontally, the model undergoes reversed cyclic loading, initiated through force-displacement techniques. Initially, force-based loading is adopted, proceeding in stages with each increment defined as a 50 kN multiple. Following the attainment of yield displacement, the procedure transitions to displacement-based loading, employing increments equal to integer multiples of the yield displacement. This phase involves conducting three cycles at each level until structural failure is observed. The loading sequence reflects the experimental approach, detailed in Figure 3. A reference point (RP) is designated at the spatial structure model’s apex, linked to nodes at both extremities of the loading beam, enabling the implementation of horizontal displacements at RP, as depicted in Figure 9b.




3.4. Mesh Subdivision


Utilizing the swept meshing approach guarantees consistency in mesh generation, with a specified cutting surface to ensure uniformity across all elements. This includes steel reinforcements, wall segments, coupling beams, floor sections, loading beams, and foundational elements, each with a mesh dimension uniformly established at 0.05 m. The spatial model’s mesh configuration is illustrated in Figure 10.




3.5. Analytical Calculations


The computational framework is segmented into two distinct phases. Initially, the foundation is immobilized to define inter-component contact dynamics, paving the way for vertical force application. The subsequent phase involves constraining lateral movements parallel to the wall’s plane on the loading beam’s sides, ensuring structural equilibrium under load. Horizontal forces are then engaged. For iterative computation, the Newton–Raphson technique is applied, with step size adjustments to address convergence or efficiency challenges.




3.6. Damage and Crack Distribution


The damage and crack distribution of the concrete and ECC in ABAQUS is reflected by the tensile damage factor. The closer the damage factor is to 1.0, the more serious the damage to the concrete or ECC is. Figure 11 shows the distribution and variation of the tensile damage factor of the spatial structure specimen of the prefabricated ECC/RC combined shear wall structure.




3.7. Comparison of Numerical and Experimental Results


In order to make the comparison between the test and the calculation results clear, the web wall and the flange wall are intercepted from the integral structure for comparison. Figure 12 is the comparison of experimentally measured cracks and finite element simulation cracks. Figure 12 shows that the webs are mainly flexural shear diagonal cracks, and the flanges are mainly horizontal bending cracks. The crack pattern simulated by the finite element model is approximately consistent with the actual crack pattern.



Figure 13 and Figure 14 showcase that the load–displacement hysteresis and skeleton curves from both the simulation and experimental protocols are approximately consistent with the experimental test results. However, the finite element method shows a slightly stiffer rigidity and a lower displacement. One reason is that the finite element calculation method uses the finite degree of freedom to approximate the infinite degree of freedom in the real structure. The finite element solution is equivalent to making the structure deform according to the given shape function. Compared with the real situation, the constraints are increased in the finite element simulation, so the stiffness is larger than the real solution. Correspondingly, the displacement is a little smaller. The second possible reason is that the threaded steel connecting rods that transmit the horizontal load may produce a small irreversible tensile deformation in the later stage of loading, resulting in a length slightly larger than the original length, and the measured displacement of the specimen also increases accordingly. There are two ways to reduce this gap. One is to divide the meshes more finely in the finite element calculation, so that the gap is closer to the infinite degree of freedom, and, thus, closer to the real situation. Another method is to use almost non-deformed steel to make the threaded steel connecting rods to reduce irreversible tensile deformation.



Although there are slight differences, the comparison between the experimental and numerical simulation results of the cracking morphology and the load–displacement curves verifies the correctness of the numerical simulation method.





4. Quantitative Analysis of Influence Factors


This section delves into the paramount variables that shape the seismic energy absorption capabilities of such structures. These include the deployment areas of ECC within composite coupling beams and shear walls, ECC’s compressive strength, the coupling beams’ stirrup ratio, and the tensile strength of longitudinal reinforcements. An exhaustive quantitative examination was undertaken to evaluate the impact of these parameters on seismic energy dissipation metrics, such as load–displacement hysteresis behaviors and energy absorption efficiency, utilizing our refined numerical model. Herein, a comprehensive analysis of these parameters’ effects on the structural seismic energy dissipation efficiency is articulated.



4.1. Use Regions of ECC in Composite Coupling Beams


4.1.1. Selection of Parameters


Given its enhanced complexity and cost over traditional concrete, ECC’s economic viability, especially in fully incorporating it within coupling beams, warrants scrutiny. This investigation evaluates the seismic energy absorption efficiency of ECC by comparing three coupling beam configurations: fully concrete (structure 1-1), a hybrid of ECC and concrete (structure 1-2), and exclusively ECC (structure 1-3). Consistent across these variants are other factors, like the stirrup ratio, the nature of longitudinal reinforcement, concrete strength, and ECC type, among others. Table 5 enumerates the specific parameters for this analysis, adhering to Chinese standards [40], where HRB400 denotes a 400 MPa tensile strength of the reinforcing bar, and E40 and C40 represent the compressive strengths of ECC and concrete, respectively, each at 40 MPa.




4.1.2. Load–Displacement Hysteresis Behavior


Figure 15 illustrates the load–displacement hysteresis curves for specimens subjected to low cyclic loading, highlighting the differential impact of ECC application within the coupling beams. Integrating ECC not only postpones the yielding of these beams but also enhances the overall shear wall structure’s delay in yielding, thereby augmenting the energy dissipation potential of the structure. The depicted curves showcase a pronounced bow shape. Notably, the pinching effect—a measure of energy dissipation efficiency—is most evident in the purely concrete structure (structure 1-1), diminishing progressively in the ECC-integrated structures (structure 1-2 and structure 1-3), with structure 1-3 exhibiting the least pinching. This indicates that structure 1-3’s hysteresis loop is the most complete, signifying superior energy dissipation capability.




4.1.3. Energy Dissipation Capacity


The capability of energy absorption, quantified by the hysteresis loop’s enclosed area, is determined through an approximate integral technique. Table 6 presents both the single-cycle energy dissipation metrics and the aggregate energy dissipation figures for the specimens, reflecting different extents of ECC integration within the composite coupling beams. The symbol Δ in Table 6 denotes the yield displacement.



The analysis distinctly showcases that integrating ECC, even solely within the cast-in-place sections of coupling beams, significantly bolsters the structure’s seismic energy absorption capabilities. As delineated in Table 6, a definitive hierarchy emerges in energy dissipation efficiency: Structure 1-3 surpasses structure 1-2, which in turn exceeds structure 1-1, across both single-cycle and aggregated energy dissipation metrics. This progression underscores an enhancement in energy absorption capabilities correlating with the augmented incorporation of ECC within the coupling beams.





4.2. Use Regions of ECC in Shear Walls


4.2.1. Selection of Parameters


Acknowledging the susceptibility of shear wall lower sections to seismic forces, which frequently result in plastic hinge formation, this segment investigates the impact of varying ECC application extents at the shear wall base to ascertain optimal implementation. Structure 2-1, constructed purely of concrete, contrasts with structure 2-2 through structure 2-5, which progressively integrate ECC from 200 mm to 800 mm at the base, corresponding to incremental structural height percentages. Consistency is maintained across other variables, such as the stirrup ratio in coupling beams and the specifications of longitudinal reinforcement and concrete types. Detailed parameters for this analysis are encapsulated in Table 7.




4.2.2. Load–Displacement Hysteresis Behavior


Illustrated in Figure 16 are the load–displacement hysteresis curves for specimens subjected to low cyclic loading. These curves demonstrate a more pronounced completeness as the application height of ECC at the base of the shear walls increases, signifying a notable improvement in the structure’s capacity for energy dissipation.




4.2.3. Energy Dissipation Capacity


Table 8 details the energy dissipation metrics for five structural configurations across both single cycles and cumulative impacts. Initially, Structure 2-1 outperforms structure 2-2 in single-cycle energy dissipation, a phenomenon highlighted in Table 8. This stage, marking the specimens’ initial yielding phase, reveals the minimal yet significant influence of ECC application. At this juncture, the inherent stiffness of the structural elements predominantly governs energy dissipation, with the rigidity of concrete contributing more significantly than that of ECC, thus favoring structure 2-1’s energy dissipation profile over structure 2-2.



With the elevation of ECC incorporation to 400 mm, an increase in yield points is observed, overshadowing the stiffening effect of concrete, and setting a new comparison where structure 2-2 is surpassed by structure 2-3. Incrementing ECC’s presence to between 600 and 800 mm at the shear wall’s base diminishes the yield displacement’s role in energy dissipation, reshaping the hierarchy to structure 2-3 outperforming structure 2-4 and structure 2-5. Moreover, extending displacement loading to double the yield displacement reconfigures the relationship across single-cycle and cumulative energy dissipation figures, establishing a trend where greater ECC implementation in shear walls correlates with heightened energy dissipation capacity, evidenced by the no ECC to 800 mm increments.



Table 8 also illustrates the cumulative energy dissipation values for structures 2-1 to 2-5, which are 339,460.5 J, 377,573.7 J, 412,205.4 J, 424,149.1 J, and 429,266.4 J, respectively, after undergoing the third cycle of 6∆ loading displacement. When compared to structure 2-1, the cumulative energy dissipation of structures 2-2 to 2-5 shows an increase of 11.2%, 21.4%, 24.9%, and 26.5%, respectively. Notably, the application of ECC material at the bottom 400 mm of the shear wall results in a cumulative energy dissipation increase of over 20% compared to the specimen without ECC. As ECC usage at the bottom of the shear wall continues to rise, there is a corresponding increase in cumulative energy dissipation, albeit at a diminishing rate. For instance, the energy dissipation of structure 2-3 is 9.2% higher than that of structure 2-2, while the increase from structure 2-2 to structure 2-1 is more modest at 2.9%.



Optimal energy dissipation performance is achieved with the incorporation of ECC at 400 mm from the base of the shear wall. The distinctive properties of ECC, including its enhanced ductility, damping capabilities, and superior resistance to deformation under tensile, compressive, and shear forces—despite its comparative lower stiffness to traditional concrete—play a pivotal role in dictating the overall energy dissipation efficiency. This efficiency is critically influenced by the material’s deformation capacity, stiffness, and load-bearing potential. Consequently, it is advised that the ideal proportion of ECC to be utilized in precast shear walls is established at 14% (400 mm) of the total structural height.





4.3. Strength of ECC


4.3.1. Selection of Parameters


Parameter analysis from Section 4.1 and Section 4.2 indicate optimal seismic performance when ECC is utilized in specific areas, namely the coupling beams and the lower 400 mm of shear walls. We varied the ECC strength in these regions to assess its impact, using the ECC types E40, E60, and E80, corresponding to compressive strengths of 40 MPa, 60 MPa, and 80 MPa, respectively. Other unspecified parameters are the same. The variation parameters of the ECC strength are shown in Table 9.




4.3.2. Load–Displacement Hysteresis Behavior


Figure 17 illustrates that the hysteresis behavior of the specimens is relatively unaffected by ECC strength variations, indicating that ECC’s energy dissipation capacity is not significantly influenced by its compressive strength.




4.3.3. Energy Dissipation Capacity


Table 10 presents the energy dissipation data under cyclic loading. Initially, higher strength ECC shows greater energy dissipation, likely due to increased stiffness. However, as loading progresses, the trend reverses, with lower strength ECC demonstrating superior energy dissipation. This highlights the importance of balancing strength and ductility in ECC for optimal seismic performance.





4.4. Stirrup Ratio of Coupling Beams


4.4.1. Selection of Parameters


This study examines the impact of varying stirrup ratios in coupling beams. The coupling stirrup ratios of structure 4-1, structure 4-1, and structure 4-1 are 0.50%, 1.13%, and 2.01% (corresponding to diameters of 4 mm, 6 mm, and 8 mm), respectively. The configurations of the structural specimens are detailed in Table 11.




4.4.2. Load–Displacement Hysteresis Behavior


Figure 18 presents the hysteresis curves for the specimens. The similarity across different stirrup ratios suggests a negligible effect on the load–displacement behavior within the parameters of this study.




4.4.3. Energy Dissipation Capacity


Table 12 compares the energy dissipation values across different stirrup ratios. The data reveals only slight differences in both single-cycle and cumulative energy dissipation values, suggesting a minimal impact of stirrup ratio variations on energy dissipation.





4.5. Strength of Longitudinal Reinforcement


4.5.1. Selection of Parameters


This section evaluates the impact of varying longitudinal reinforcement strengths on structural performance. The longitudinal reinforcements used in structure 5-1, structure 5-2, and structure 5-3 are HRB335, HRB400, and HRB500, respectively. The ECC usage range is consistent with Section 4.4. Table 13 details the parameter configurations for the specimens.




4.5.2. Load–Displacement Hysteresis Behavior


Figure 19 presents the hysteresis curves for the specimens. An increase in reinforcement strength leads to fuller hysteresis loops, indicating enhanced yield and peak loads.




4.5.3. Energy Dissipation Capacity


Table 14 displays the energy dissipation values for structural specimens with different strengths of longitudinal reinforcement. The data reveals a clear trend: structure 5-3 > structure 5-2 > structure 5-1, both in terms of single-cycle and cumulative energy dissipation. This indicates an increase in energy dissipation capacity with the enhancement of longitudinal reinforcement strength. However, high-strength steel bars contribute more to the structural performance before yield. Considering the high price and the reduction in ductility, using high-strength steel is not essential, and the HRB400 steel bar is a better choice.






5. Results and Optimization Design Suggestions


The ECC/RC composite shear wall structure has a good seismic energy dissipation capacity, and ECC is as easy to install as concrete; however, it also has some limitations. For example, it is difficult to repair when the shear walls are damaged. In addition, the price of ECC is about 2.5 times that of concrete, and the high cost makes ECC unable to be widely used in the ECC/RC composite shear wall structures. Therefore, it is necessary to optimize the design of the prefabricated ECC/RC composite shear wall structure, considering its technical performance and cost.



Machine learning, artificial intelligence, and neural network methods [45,46,47,48] have significant advantages in optimal design. Purohit et al. [49] used deep learning technology to obtain effective segmentation results. Zhao et al. [50] proposed an intelligent design method for a beam and slab of shear wall structure based on deep learning. Du et al. [51] established a rapid optimization method for flexible support structures based on mathematical models.



This paper draws on machine learning, artificial intelligence, and neural network methods. Emphasis is placed on critical aspects, such as the optimal deployment areas for ECC within composite coupling beams and shear walls, the grade of ECC strength, the proportion of stirrups in coupling beams, and the caliber of longitudinal reinforcement. Through finite element analysis, this research quantitatively assesses the impact of these variables on seismic energy dissipation, incorporating evaluations of load–displacement hysteretic behaviors and the energy dissipation potential of ECC/RC shear wall samples. Insights from this analysis reveal the following:




	-

	
Incorporation of ECC in composite coupling beams significantly bolsters seismic resilience compared to traditional concrete counterparts, with benefits amplifying alongside increased ECC integration.




	-

	
The most effective energy dissipation is achieved with ECC applied 400 mm up from the shear wall’s base, recommending a 14% structural height allocation (400 mm) for optimal ECC integration in prefabricated walls.




	-

	
ECC materials of lesser strength demonstrate enhanced energy dissipation abilities under prolonged loading conditions.




	-

	
Variations within the examined stirrup ratio spectrum (0.5% to 2.01%) have a minimal effect on the seismic performance.




	-

	
The necessity for high-strength steel is de-emphasized, with HRB400 grade steel emerging as the preferable option.









Based on the above research results, considering both cost-efficiency and performance, the study advocates for strategic ECC deployment within coupling beams and recommends a 14% structural elevation (400 mm) at shear walls’ base. Optimal parameters proposed include ECC strength grade E40, a longitudinal reinforcement of HRB400, and a stirrup ratio within coupling beams set at 0.5%, detailed in Table 15.




6. Discussion


In this paper, the seismic energy dissipation performance of the prefabricated ECC/RC composite shear wall structure is studied by means of experiments and numerical simulation. Based on the experimental verification of numerical simulation, this study employs finite element analysis to examine the impact of various factors on seismic energy dissipation under low cyclic loading. The study focuses on key areas, such as the application zones of ECC in composite coupling beams and shear walls, ECC strength, the stirrup ratio in coupling beams, and the strength of longitudinal reinforcement. The influence of these parameters on seismic energy dissipation is quantitatively evaluated by finite element analysis. These analyses include load–displacement hysteretic curves, as well as an assessment of the energy dissipation capacity of ECC/RC shear wall specimens. Based on the above research results, the optimization design recommendations are put forward.



Reflecting on the analysis of a half-scale, two-story spatial structure that closely replicates an actual test specimen, this research offers insightful guidelines for engineering applications. Nonetheless, it emphasizes the need for further exploration into the behavior of such engineering solutions under real earthquake conditions to ensure wide-ranging applicability. In the future, we will analyze the seismic performance of full-scale engineering structures, and use the methods of artificial intelligence, machine learning, and neural networks to conduct more accurate optimization design research on practical engineering applications.
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Figure 1. Graphs of the two-story spatial structure specimen of the prefabricated ECC/RC combined shear wall. (a) Planar graph; (b) 1-1 section graph. 
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Figure 2. Schematic representation of the cyclic loading device. 
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Figure 3. Time history plot of the cyclic loading. 
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Figure 4. Damage and failure of the prefabricated ECC/RC composite shear wall structure. (a) Integral structure; (b) web wall; (c) flange wall. 






Figure 4. Damage and failure of the prefabricated ECC/RC composite shear wall structure. (a) Integral structure; (b) web wall; (c) flange wall.



[image: Buildings 14 00951 g004a][image: Buildings 14 00951 g004b]







[image: Buildings 14 00951 g005] 





Figure 5. Load–displacement hysteresis curves. 
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Figure 6. Load–displacement skeleton curve. 
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Figure 7. Stress–strain curve of the steel bars. 
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Figure 8. Finite element analysis model of the prefabricated ECC/RC combined shear wall. (a) Finite element model; (b) steel cage of the spatial structure specimen model. 
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Figure 9. Boundary conditions and loading methods. (a) Boundary conditions and vertical loads; (b) low-cycle repeated horizontal displacement loading. 
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Figure 10. Finite element model meshing. 
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Figure 11. Damage and crack distribution of the prefabricated ECC/RC composite shear wall structure. 
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Figure 12. Comparison of experimentally measured cracks and finite element simulation cracks. (a) Web wall; (b) flange wall. 
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Figure 13. Load–displacement hysteresis curves. 
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Figure 14. Load–displacement skeleton curves. 
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Figure 15. Load–displacement hysteresis curves. (a) Structure 1-1; (b) structure 1-2; (c) structure 1-3. 






Figure 15. Load–displacement hysteresis curves. (a) Structure 1-1; (b) structure 1-2; (c) structure 1-3.



[image: Buildings 14 00951 g015]







[image: Buildings 14 00951 g016] 





Figure 16. Load–displacement hysteresis curves. (a) Structure 2-1; (b) structure 2-2; (c) structure 2-3; (d) structure 2-4; (e) structure 2-5. 
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Figure 17. Load–displacement hysteresis curves. (a) Structure 3-1; (b) structure 3-2; (c) structure 3-3. 
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Figure 18. Load–displacement hysteresis curves with varied stirrup ratios. (a) Structure 4-1; (b) structure 4-2; (c) structure 4-3. 
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Figure 19. Load–displacement hysteresis curves with varied reinforcement strengths. (a) Structure 5-1; (b) structure 5-2; (c) structure 5-3. 
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Table 1. The ID and reinforcement details of prefabricated components.
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	Component
	FW-1

Flange Wall
	FW-2

Web Wall
	CB-1

Composite Coupling Beam
	LB-1

Lateral Composite Beam
	LB-2

Lateral Composite Beam
	LS-1

Laminated Slab
	LS-2

Laminated Slab
	B-1

Base





	Number
	8
	8
	4
	4
	4
	4
	2
	4



	Geometric dimension (mm)
	400 × 100 × 1190
	850 × 100 × 1340
	100 × 150 × 920
	100 × 100 × 970
	200 × 100 × 1270
	945 × 50 × 1270
	920 × 50 × 1270
	2390 × 900 × 350



	Longitudinal reinforcement
	12C6
	8C6+10A6
	3C8
	3C12
	3C12
	A6@100
	A6@100
	36C4



	Horizontal reinforcement
	A6@100
	A6@100
	—
	—
	—
	A6@100
	A6@100
	C8@50



	Stirrups
	A4@50
	A4@50
	C6@50
	C6@50
	C6@50
	—
	—
	—







Note: C-HRB400 steel bar, A-HPB300 steel bar.













 





Table 2. Mechanical properties of concrete and ECC.
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	Materials
	Compressive Strength fcu,k (MPa)
	Tensile Strength ft,k (MPa)
	Modulus of Elasticity Es (GPa)
	Ultimate Tensile Strain εsu





	Precast concrete
	36.8
	2.2
	3.15
	—



	Cast-in-place concrete
	32.6
	2.1
	3.12
	—



	ECC
	35.2
	4.6
	1.54
	3.4%










 





Table 3. Mechanical properties of the steel rebars.
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	Steel Type
	Yield Strength fy (MPa)
	Ultimate Strength fu (MPa)
	Modulus of Elasticity Es (GPa)





	HPB300
	309
	358
	209



	HRB400
	416
	489
	200










 





Table 4. Mechanical characteristic values of the specimen.
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	Mechanical Properties
	Cracking Point
	Yield Point
	Peak Point
	Failure Point





	Displacement (mm)
	3.64
	7.84
	33.67
	50.5



	Load (kN)
	248.7
	524.0
	991.7
	836.0










 





Table 5. Variation parameters of ECC in coupling beams.
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Classification of

Specimens

	
Application Regions of ECC in

Coupling Beams

	
Stirrup Ratio of Coupling Beams

	
Type of Longitudinal Reinforcement

	
Type of ECC

	
Type of Concrete






	
Structure 1-1

	
None (Concrete coupling beam)

	
1.13%

	
HRB400

	
E40

	
C40




	
Structure 1-2

	
Cast-in-place areas (ECC/RC coupling beams)




	
Structure 1-3

	
Full ECC (ECC coupling beams)











 





Table 6. Single-cycle/cumulative energy dissipation values (J).
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Displacement Loading Level

	
Number of Cycles

	
Structure 1-1

	
Structure 1-2

	
Structure 1-3




	
Single-Cycle

	
Cumulative

	
Single-Cycle

	
Cumulative

	
Single-Cycle

	
Cumulative






	
1Δ

	
1

	
918.5

	
918.5

	
1186.2

	
1186.2

	
1287.7

	
1287.7




	
2

	
555.6

	
1474.1

	
608.7

	
1794.9

	
658.6

	
1946.3




	
3

	
263.7

	
1737.8

	
220.6

	
2015.5

	
237.5

	
2183.8




	
2Δ

	
1

	
6521.6

	
8259.4

	
7417.9

	
9433.4

	
8062.9

	
10,246.7




	
2

	
4307.9

	
12,567.3

	
5292.6

	
14,726.0

	
5752.8

	
15,999.5




	
3

	
4067.5

	
16,634.8

	
5050.2

	
19,776.2

	
5489.4

	
21,488.9




	
3Δ

	
1

	
12,299.2

	
28,934

	
17,250.3

	
37,026.5

	
18,750.3

	
40,239.2




	
2

	
12,178.7

	
41,021.9

	
14,711.9

	
51,738.4

	
15,991.2

	
56,230.4




	
3

	
12,087.9

	
53,200.6

	
12,974.0

	
64,712.4

	
14,102.2

	
70,332.6




	
4Δ

	
1

	
21,063.8

	
74,264.4

	
21,897.7

	
86,610.1

	
23,801.8

	
94,134.4




	
2

	
18,255.7

	
92,520.1

	
19,782.7

	
106,392.8

	
21,502.9

	
115,155.6




	
3

	
16,788.5

	
109,308.6

	
19,339.5

	
125,732.3

	
21,021.2

	
136,658.5




	
5Δ

	
1

	
25,502.7

	
134,811.3

	
28,540.1

	
154,272.4

	
31,021.9

	
167,680.4




	
2

	
22,941.6

	
157,752.9

	
27,119.2

	
181,391.6

	
29,477.4

	
197,157.8




	
3

	
21,861.5

	
179,614.4

	
26,669.4

	
208,061.0

	
28,988.5

	
226,146.3




	
6Δ

	
1

	
30,998.5

	
210,612.9

	
37,044.6

	
244,032.7

	
40,265.9

	
266,412.2




	
2

	
29,796.7

	
240,409.6

	
35,971.7

	
281,077.3

	
39,099.7

	
305,511.9




	
3

	
28,689.7

	
269,099.3

	
35,280.9

	
316,358.2

	
38,348.8

	
343,860.7











 





Table 7. Variation parameters of ECC in shear walls.
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Classification of Specimens

	
ECC Application at the Base of Shear Walls

	
Stirrup Ratio of Coupling Beams

	
Type of Longitudinal Reinforcement

	
Type of ECC

	
Type of Concrete






	
Structure 2-1

	
0

	
1.13%

	
HRB400

	
E40

	
C40




	
Structure 2-2

	
7% structural height (200 mm)




	
Structure 2-3

	
14% structural height (400 mm)




	
Structure 2-4

	
21% structural height (600 mm)




	
Structure 2-5

	
28% structural height (800 mm)











 





Table 8. Single cycle/cumulative energy dissipation of the five structural specimens (J).
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Displacement Loading Level

	
Number of Cycles

	
Structure 2-1

	
Structure 2-2

	
Structure 2-3

	
Structure 2-4

	
Structure 2-5




	
Single-Cycle

	
Cumulative

	
Single-Cycle

	
Cumulative

	
Single-Cycle

	
Cumulative

	
Single-Cycle

	
Cumulative

	
Single-Cycle

	
Cumulative






	
1Δ

	
1

	
1193.5

	
1193.5

	
1169.7

	
1169.7

	
1715.6

	
1715.6

	
1491.8

	
1491.8

	
1453.9

	
1453.9




	
2

	
647.7

	
1841.2

	
502.3

	
1672

	
768.3

	
2483.9

	
545.5

	
2037.3

	
515

	
1968.9




	
3

	
216.2

	
2057.4

	
297.6

	
1969.6

	
412.3

	
2896.2

	
308.6

	
2345.9

	
332

	
2300.9




	
2Δ

	
1

	
7975.3

	
10,032.7

	
7652.6

	
9622.2

	
8556.3

	
11,452.5

	
8651.8

	
10,997.7

	
8666.9

	
10,967.8




	
2

	
5674.6

	
15,707.3

	
5863.1

	
15,485.3

	
7367.4

	
18,819.9

	
7160.8

	
18,158.5

	
7238.6

	
18,206.4




	
3

	
5397.3

	
21,104.6

	
5771.2

	
21,256.5

	
7005.4

	
25,825.3

	
6922.4

	
25,080.9

	
7012.2

	
25,218.6




	
3Δ

	
1

	
18,649.2

	
39,753.8

	
18,344.2

	
39,600.7

	
22,023.7

	
47,849

	
21,322.3

	
46,403.2

	
22,419

	
47,637.6




	
2

	
15,112.3

	
54,866.1

	
17,998.3

	
57,599

	
20,969.8

	
68,818.8

	
20,720

	
67,123.2

	
21,431.9

	
69,069.5




	
3

	
14,073.5

	
68,939.6

	
15,419.6

	
73,018.6

	
17,581.2

	
86,400

	
19,805

	
86,928.2

	
19,138.9

	
88,208.4




	
4Δ

	
1

	
23,429.7

	
92,369.3

	
26,425.3

	
99,443.9

	
27,936.5

	
114,336.5

	
29,570.9

	
116,499.1

	
29,906.4

	
118,114.8




	
2

	
21,113.2

	
113,482.5

	
24,323.6

	
123,767.5

	
25,400.1

	
139,736.6

	
27,143.4

	
143,642.5

	
27,295.6

	
145,410.4




	
3

	
20,786.3

	
134,268.8

	
23,710.5

	
147,478

	
24,652.7

	
164,389.3

	
25,575.5

	
169,218

	
27,270.4

	
172,680.8




	
5Δ

	
1

	
30,786.5

	
165,055.3

	
33,976.2

	
181,454.2

	
36,745

	
201,134.3

	
37,849.2

	
207,067.2

	
38,685.8

	
211,366.6




	
2

	
29,011.6

	
194,066.9

	
33,178.8

	
214,633

	
36,516.6

	
237,650.9

	
37,338.2

	
244,405.4

	
37,798.4

	
249,165




	
3

	
28,653.2

	
222,720.1

	
33,074.3

	
247,707.3

	
35,751

	
273,401.9

	
36,303

	
280,708.4

	
36,649.8

	
285,814.8




	
6Δ

	
1

	
39,862.9

	
262,583

	
44,226.3

	
291,933.6

	
47,475.5

	
320,877.4

	
48,948.2

	
329,656.6

	
48,656.9

	
334,471.7




	
2

	
38,865.2

	
301,448.2

	
42,983.9

	
334,917.5

	
45,928.6

	
366,806

	
47,494.3

	
377,150.9

	
47,598.2

	
382,069.9




	
3

	
38,012.3

	
339,460.5

	
42,656.2

	
377,573.7

	
45,399.4

	
412,205.4

	
46,998.2

	
424,149.1

	
47,196.5

	
429,266.4











 





Table 9. The variation parameters of the ECC strength.






Table 9. The variation parameters of the ECC strength.





	
Classification of Specimens

	
Application Areas of ECC

	
Stirrup Ratio of Coupling Beams

	
Type of Longitudinal Reinforcement

	
Type of ECC

	
Type of Concrete






	
Structure 3-1

	
Coupling beams and the lower 400 mm of shear walls

	
1.13%

	
HRB400

	
E40

	
C40




	
Structure 3-2

	
E60




	
Structure 3-3

	
E80











 





Table 10. Single-cycle/cumulative energy dissipation with different ECC strengths (J).






Table 10. Single-cycle/cumulative energy dissipation with different ECC strengths (J).





	
Displacement Loading Level

	
Number of Cycles

	
Structure 2-1

	
Structure 2-2

	
Structure 2-3




	
Single-Cycle

	
Cumulative

	
Single-Cycle

	
Cumulative

	
Single-Cycle

	
Cumulative






	
1Δ

	
1

	
1797.9

	
1797.9

	
1827.7

	
1827.7

	
1844.8

	
1844.8




	
2

	
851.8

	
2649.7

	
897.2

	
2724.9

	
921.5

	
2766.3




	
3

	
496.2

	
3145.9

	
539.8

	
3264.7

	
566.3

	
3332.6




	
2Δ

	
1

	
8679.7

	
11,825.6

	
7850.5

	
11,115.2

	
8251.1

	
11,583.7




	
2

	
7490.8

	
19,316.4

	
4902.7

	
16,017.9

	
5061.7

	
16,645.4




	
3

	
7128.8

	
26,445.2

	
4347.2

	
20,365.1

	
4465.5

	
21,110.9




	
3Δ

	
1

	
22,147.1

	
48,592.3

	
20,359.9

	
40,725

	
20,648.2

	
41,759.1




	
2

	
21,093.2

	
69,685.5

	
19,888

	
60,613

	
19,996.1

	
61,755.2




	
3

	
17,704.6

	
87,390.1

	
16,238.3

	
76,851.3

	
16,635

	
78,390.2




	
4Δ

	
1

	
28,071

	
115,461.1

	
26,369

	
103,220.3

	
26,744.5

	
105,134.7




	
2

	
25,534.6

	
140,995.7

	
23,050.5

	
126,270.8

	
23,979.7

	
129,114.4




	
3

	
24,787.2

	
165,782.9

	
22,108.2

	
148,379

	
22,482.1

	
151,596.5




	
5Δ

	
1

	
36,879.5

	
202,662.4

	
35,549.4

	
183,928.4

	
35,664.1

	
187,260.6




	
2

	
36,651.1

	
239,313.5

	
32,085.4

	
216,013.8

	
32,158.9

	
219,419.5




	
3

	
35,885.5

	
275,199

	
30,333.9

	
246,347.7

	
30,159.7

	
249,579.2




	
6Δ

	
1

	
47,613.3

	
322,812.3

	
45,413.8

	
291,761.5

	
46,495.3

	
296,074.5




	
2

	
46,066.4

	
368,878.7

	
43,862.2

	
335,623.7

	
44,070.5

	
340,145




	
3

	
45,537.2

	
414,415.9

	
42,948.7

	
378,572.4

	
42,525.1

	
382,670.1











 





Table 11. Configuration parameters of structural specimens.






Table 11. Configuration parameters of structural specimens.





	
Classification of Specimens

	
Application Areas of ECC

	
Stirrup Ratio of Coupling Beams

	
Type of Longitudinal Reinforcement

	
Type of ECC

	
Type of Concrete






	
Structure 4-1

	
Coupling beams and the lower 400 mm of shear walls

	
0.50%

	
HRB400

	
E40

	
C40




	
Structure 4-2

	
1.13%




	
Structure 4-3

	
2.01%











 





Table 12. Single-cycle/cumulative energy dissipation with different stirrup ratios of coupling beams (J).






Table 12. Single-cycle/cumulative energy dissipation with different stirrup ratios of coupling beams (J).





	
Displacement Loading Level

	
Number of Cycles

	
Structure 4-1

	
Structure 4-2

	
Structure 4-3




	
Single-Cycle

	
Cumulative

	
Single-Cycle

	
Cumulative

	
Single-Cycle

	
Cumulative






	
1Δ

	
1

	
1791.2

	
1791.2

	
1797.9

	
1797.9

	
1822.1

	
1822.1




	
2

	
846.3

	
2637.5

	
851.8

	
2649.7

	
861.6

	
2683.7




	
3

	
494.2

	
3131.7

	
496.2

	
3145.9

	
502.4

	
3186.1




	
2Δ

	
1

	
8592.9

	
11,724.6

	
8679.7

	
11,825.6

	
8809.9

	
11,996




	
2

	
7415.9

	
19,140.5

	
7490.8

	
19,316.4

	
7603.2

	
19,599.2




	
3

	
7057.5

	
26,198

	
7128.8

	
26,445.2

	
7235.7

	
26,834.9




	
3Δ

	
1

	
21,925.6

	
48,123.6

	
22,147.1

	
48,592.3

	
22,479.3

	
49,314.2




	
2

	
20,882.3

	
69,005.9

	
21,093.2

	
69,685.5

	
21,409.6

	
70,723.8




	
3

	
17,527.6

	
86,533.5

	
17,704.6

	
87,390.1

	
17,970.2

	
88,694




	
4Δ

	
1

	
27,790.3

	
114,323.8

	
28,071

	
115,461.1

	
28,492.1

	
117,186.1




	
2

	
25,279.3

	
139,603.1

	
25,534.6

	
140,995.7

	
25,917.6

	
143,103.7




	
3

	
24,539.3

	
164,142.4

	
24,787.2

	
165,782.9

	
25,159.0

	
168,262.7




	
5Δ

	
1

	
36,510.7

	
200,653.1

	
36,879.5

	
202,662.4

	
37,432.7

	
205,695.4




	
2

	
36,284.6

	
236,937.7

	
36651.1

	
239,313.5

	
37,200.9

	
242,896.3




	
3

	
35,526.6

	
272,464.3

	
35,885.5

	
275,199

	
36,423.8

	
279,320.1




	
6Δ

	
1

	
47,137.2

	
319,601.5

	
47,613.3

	
322,812.3

	
48,327.5

	
327,647.6




	
2

	
45,605.7

	
365,207.2

	
46,066.4

	
368,878.7

	
46,757.4

	
374,405




	
3

	
45,081.8

	
410,289

	
45,537.2

	
414,415.9

	
46,220.3

	
420,625.3











 





Table 13. Configuration parameters of structural specimens.






Table 13. Configuration parameters of structural specimens.





	
Classification of Specimens

	
Application Areas of ECC

	
Stirrup Ratio of Coupling Beams

	
Type of Longitudinal Reinforcement

	
Type of Concrete

	
Type of ECC






	
Structure 5-1

	
Coupling beams and the lower 400 mm of shear walls

	
1.13%

	
HRB335

	
C40

	
E40




	
Structure 5-2

	
HRB400




	
Structure 5-3

	
HRB500











 





Table 14. Energy dissipation with varied reinforcement strengths (J).






Table 14. Energy dissipation with varied reinforcement strengths (J).





	
Displacement Loading Level

	
Number of Cycles

	
Structure 5-1

	
Structure 5-2

	
Structure 5-3




	
Single-Cycle

	
Cumulative

	
Single-Cycle

	
Cumulative

	
Single-Cycle

	
Cumulative






	
1Δ

	
1

	
1551.2

	
1551.2

	
1797.9

	
1797.9

	
2079.2

	
2079.2




	
2

	
738.9

	
2290.1

	
851.8

	
2649.7

	
980.2

	
3059.4




	
3

	
435.2

	
2725.3

	
496.2

	
3145.9

	
569.3

	
3628.7




	
2Δ

	
1

	
7502.7

	
10,228

	
8679.7

	
11,825.6

	
10,056.5

	
13,685.2




	
2

	
6475.0

	
16,703

	
7490.8

	
19,316.4

	
8682.3

	
22,367.5




	
3

	
6162.1

	
22,865.1

	
7128.8

	
26,445.2

	
8269.4

	
30,636.9




	
3Δ

	
1

	
19,152.0

	
42,017.1

	
22,147.1

	
48,592.3

	
25,690.6

	
56,327.5




	
2

	
18,233.0

	
60,250.1

	
21,093.2

	
69,685.5

	
24,468.1

	
80,795.6




	
3

	
15,311.9

	
75,562

	
17,704.6

	
87,390.1

	
20,531.3

	
101,326.9




	
4Δ

	
1

	
24,264.6

	
99,826.6

	
28,071

	
115,461.1

	
32,562.4

	
133,889.3




	
2

	
22,072.1

	
121,898.7

	
25,534.6

	
140,995.7

	
29,612.1

	
163,501.4




	
3

	
21,431.1

	
143,329.8

	
24,787.2

	
165,782.9

	
28,753.2

	
192,254.6




	
5Δ

	
1

	
31,878.6

	
175,208.4

	
36,879.5

	
202,662.4

	
42,780.2

	
235,034.8




	
2

	
31,681.2

	
206,889.6

	
36,651.1

	
239,313.5

	
42,510.3

	
277,545.1




	
3

	
31,019.4

	
237,909

	
35,885.5

	
275,199

	
41,627.2

	
319,172.3




	
6Δ

	
1

	
41,156.9

	
279,065.9

	
47,613.3

	
322,812.3

	
55,227.4

	
374,399.7




	
2

	
39,819.8

	
318,885.7

	
46,066.4

	
368,878.7

	
53,429.0

	
427,828.7




	
3

	
39,376.4

	
358,262.1

	
45,537.2

	
414,415.9

	
52,819.2

	
480,647.9











 





Table 15. Recommended parameter values.






Table 15. Recommended parameter values.





	Use Regions of ECC in Composite Coupling Beams
	Use regions of ECC in Shear Walls
	Stirrup Ratio of Coupling Beams
	Strength of Longitudinal Reinforcement
	Strength of ECC





	Coupling beams
	14% structural height (400 mm)
	0.5%
	HRB400
	E40
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