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Abstract

:

This study employs a non-linear static analysis, known as pushover analysis, to explore the flexural-compressive behavior of complex shear walls within a reinforced concrete (R.C.) structure, adhering to contemporary design standards in Chile. The primary objective is to assess the initiation of damage as the building approaches the limit states outlined in Achisina’s seminal “Performance Based Seismic Design” framework. To achieve this, a sophisticated fiber model, accounting for the confined behavior of concrete derived from the structural elements’ detailing, has been uniformly integrated across the building’s entire height. Furthermore, the analysis incorporates a rigid diaphragm to simulate the R.C. slab’s response accurately. The study implements the N2 method, adjusting for seismic demands in an acceleration-displacement format, which leverages the displacement spectrum defined by Supreme Decree 61, a legislative response to the 8.8 Mw Maule earthquake in 2010. The findings reveal that the analyzed structure meets the immediate occupancy performance level with drifts nearing 5‰ in the symmetrical Y direction. This outcome aligns with prior assessments of Chilean R.C. wall buildings. However, in the asymmetric X direction, the structure exhibits a higher degree of structural damage, aligning with a life safety performance level. This differentiation underscores the critical need for nuanced understanding and modeling of structural behavior under seismic loads, contributing to the ongoing refinement of seismic design practices and standards.
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1. Introduction


The subduction zone formed by the interaction between the Nazca and South American tectonic plates defines Chile’s seismogenic profile, leading to significant tectonic activity. This interaction results in a relative motion of approximately −8.4 cm/year, positioning Chile as one of the regions with a notably higher frequency of interplate earthquakes compared to other global seismic areas [1]. Consequently, earthquakes with elevated seismicity have been recorded in 1985, 2010 and 2014 [2], and thirteen 8.0+ Mw earthquakes have occurred since 1900, averaging one every eight years [3]. To face Chile’s seismogenic reality, it is necessary to constantly test and monitor the national seismic-resistance regulations, with the goal of producing structures that perform adequately. The 27 February 2010, earthquake, with a magnitude of 8.8 Mw, provides a valuable case for analyzing R.C. shear-walls. These structures were designed following contemporary seismic-resistant regulations [4] and faced seismic demands leading to more extensive damage than the 1985 earthquake [5]. In several instances, this resulted in considerable economic losses [6].



Important changes were introduced into seismic-resistant design after the 2010 earthquake [7]. In this context, Supreme Decrees No. 60 [8] and 61 [9] were enacted to establish norms to improve the seismic behavior of R.C. shear-walls. Two main modifications were established (in Supreme Decree No. 60, specifically) [8]: (1) limitation of 0.35 fc’Ag of the axial load to avoid brittle behavior, and (2) Verification was conducted based on the deformation capacity, specifically for roof displacement design, as defined by the elastic displacement spectrum in Supreme Decree 61 [9]. This meant that Chilean structural engineering began to incorporate a displacement-based approach into the design, partially disassociating itself from the analogy between resistance and performance. Since then, a series of studies have been carried out to better understand the seismic behavior of R.C. shear-walls throughout their entire deformation capacity, until their final failure. This is where the renowned nonlinear models arise, which allow us to have more information on seismic performance with the aim of limiting the expected damage of a building subjected to different levels of seismic demand, and thus avoiding the possibility of an undesirable mechanism of collapse. Currently, building design is based on linear methods of structural analysis, which seek to represent, in a simplified manner, the buildings’ seismic behavior. For this type of analysis, a linear relationship between force and displacement is established, which means that at an infinite level of deformations, the element opposes an infinite force. This situation is not completely true, since at a high level of deformation the structure presents a significant degradation of its stiffness that causes the loss of the proportional relationship between force and displacement. For example, R.C. beams begin to crack at very low deformation levels, and this causes a loss of stiffness. Therefore, as the structure begins to suffer damage (a phenomenon that begins at low levels of deformation), the stiffness matrix should change and therefore the stress distribution in the structural analysis as well.



Regarding buildings with shear walls, there are particularities in the behavior of these structures in response to seismic actions that make it interesting to delve into their response. On one hand, for tall buildings, the presence of higher vibration modes is relevant, which can alter the dynamic response [10,11,12]. Another effect to consider when conducting the seismic analysis of these buildings relates to the eccentricity resulting from inadequate stiffness distribution, due to not paying attention to the location of the shear walls, potentially creating serious torsional issues [13,14,15]. Lastly, but no less important, is the deformability of the slabs, especially when there is no presence of beams coupling the shear walls [16,17,18].



This research embarked on a detailed examination of seismic performance through the lens of a typical 14-story residential structure equipped with reinforced concrete (RC) shear walls, located in Villa Alemana (Valparaíso Region, Chile). Employing advanced nonlinear models, including both distributed fibers and concentrated hinges, the study developed a refined model showcasing total inelastic behavior to assess compliance with performance Limit States as outlined in the “Performance-based Seismic Design” document by the Chilean Association of Seismology and Earthquake Engineering [19]. This approach marks a significant shift from traditional force-based methodologies to performance-based seismic design principles, offering a more nuanced understanding of RC shear walls’ behavior, especially in light of the regulatory shifts following the 2010 earthquake. By rigorously evaluating the modifications aimed at bolstering structural resilience, the study not only illuminates the effectiveness of these changes but also pioneers practical recommendations for seismic-resistant design. Emphasizing the strategic augmentation of shear wall density in asymmetric directions and leveraging structural stiffness, the findings provide a comprehensive framework for enhancing seismic resilience. Consequently, this research fills a critical gap in seismic engineering by delivering a holistic perspective on the determinants of RC shear walls’ seismic performance and proposing evidence-based strategies to fortify structures against seismic challenges prevalent in regions like Chile.




2. Background


If a structure has the capacity to respond elastically to seismic demand, there will be a linear relationship between force and displacement, resulting from the elastic stiffness of the structural system and leading to behavior characterized by low levels of deformation and displacement. However, given that the design assumes the resistance must be greater than the load, it is highly probable in practice, especially under Chile’s seismogenic conditions, that the seismic demand will exceed the design’s provisions. As a result, the structure is likely to experience considerably greater displacement and is expected to respond in the inelastic range, leading to structural damage. Thus, the force-based design methodology reveals a critical limitation in its inability to verify a structure’s capacity to withstand high-intensity earthquakes.



Currently, Chile has a force-based seismic design methodology (Modal-Spectral Analysis) that is consistent with the ASCE-7 standard used in the United States [20] and is specified in the Nch433 “Seismic Design of Buildings” [21] regulation, where the damage or inelastic behavior are controlled through response or behavior reduction factors commonly referred to as R factors. The values of these R factors are derived from empirical experience and engineering judgment. This methodology was initially formulated in relation to structural ductility [22], but it depends on other variables such as overstrength and structural redundancy. This method has been questioned because it does not provide precise information on the expected structural behavior of a building if it is subjected to a seismic demand where the structure’s stiffness begins to suffer significant degradation. Even though practices based on the Chilean seismic design code have shown that buildings present a practically operational level of performance [23,24,25], performance-based design procedures are not included in this code. In Chile, Supreme Decree No. 60 currently describes a simplified methodology to determine the deformation capacity of R.C. shear-walls [8], neglecting the influence of stiff diaphragm coupling on the inelastic behavior of the building’s critical section.



Modern seismic codes, which try to reflect great advances in knowledge and understanding in a very simple way, are not transparent about the expected level of behavior or response of the complete system [26,27,28,29,30]. For this reason, it is necessary to implement a structural design and analysis methodology that allows us to achieve a deeper understanding of the problem of seismic-resistant design, considering the inelastic behavior of R.C. sections. This insight will enable the determination of performance levels which must subsequently be validated within the building under various seismic demand scenarios. This implementation has been widely discussed over the past two decades which has ultimately led to the practical application of performance-based design.



2.1. Force-Based Design


The force-based seismic design philosophy employs linear elastic analysis for the design of a building’s structural elements, utilizing spectral modal analysis. This method applies lateral forces proportional to seismic coefficients and building weight across various floors, aligning with vibration modes [31]. These forces, determined by design spectra, undergo modal combination, such as the CQC method per Nch433 standard [21]. The analysis incorporates response reduction factors influenced by structural period and materiality, simulating the building’s potential inelastic behavior through energy dissipation. However, this approach simplifies by uniformly applying reduction factors across all vibration modes, which may not accurately reflect the structure’s actual response [32], especially as higher vibration modes become more significant in non-linear scenarios [33]. While the design method proposes a link between structural displacement capacity and seismic forces across deformation ranges, it indirectly checks interstory drift without ensuring structural efficiency [34,35,36,37,38]. It fails to directly predict potential collapse mechanisms, only implicitly addressing life safety levels and assuming uniform stiffness loss, which doesn’t hold for all structuring types.




2.2. Performance-Based Design


The capacity design philosophy, introduced by John P. Hollings in the 1960s in New Zealand, aims to prevent fragile collapse in the event of severe earthquakes by ensuring that yielding occurs only in ductile zones specifically designated by the structural designer [39]. This approach intends for the structure to accommodate seismic displacements with predictable and desired behavior, maximizing deformation and energy dissipation capacities while effectively reducing seismic demands on the structure [40]. Analogously, this concept likens the structural system to a chain that remains ductile overall if the weakest link is intentionally designed to be ductile, thereby maintaining integrity even when not all links share this property [41,42,43].



Building upon this foundation, performance-based seismic design focuses on minimizing structural damage across varying seismic demands. This methodology was further developed by the Structural Engineers Association of California (SEAOC) through the formation of the Vision 2000 committee [44], tasked with establishing guidelines for assessing structural seismic performance. This initiative was partly in response to the significant earthquakes that occurred from 1960 to 1970, leading SEAOC to propose in the Blue Book specific expectations for the seismic behavior of structures. These developments underscore a shift towards more resilient structural design strategies, emphasizing the importance of both targeted ductility in critical areas and comprehensive performance assessment to enhance earthquake readiness and reduce potential damage.



	
Structures must withstand frequent earthquakes without experiencing damage.



	
They must resist rare-occurrence earthquakes without causing structural damage, though they might suffer damage to secondary elements.



	
Withstand a very rare earthquake, experiencing both structural and non-structural damage, but not reaching a collapsed condition.



	
This design approach seeks to define different levels of performance for different levels of seismic demands derived from a probabilistic approach. In general, 4 performance levels are defined:




	
Fully operational: Zero structural and non-structural damage.



	
Operational: Cracks in structural elements. Minor damage.



	
Life safety: Moderate damage to some elements. Loss of resistance and stiffness of the resistant system of lateral loads. The system remains functional.



	
Collapse prevention: Severe damage to structural elements. It may be necessary to eventually demolish the building.











Unlike traditional methods, performance-based design allows us to evaluate the expected performance of a building governed mainly by displacements. Although there is great uncertainty in determining how the materials will perform when the seismic event occurs, nonlinear modeling allows for a better representation of the bending and compression behavior of R.C. sections for all ranges of deformations. For example, the structural designer can obtain information on the actual location of the critical region (section where the highest concentration of inelastic demand is expected) that has previously been chosen in the conventional design but has not been explicitly verified in structural analysis [45,46]. In addition, performance-based design allows us to verify that there is an adequate resistance of the structural elements and compliance with their expected elastic condition for an earthquake that demands of the building a condition of operational performance.



In recent years, Chilean regulations on the seismic-resistant design of R.C. shear-walls have undergone important changes, which has generated interest in a group of researchers and designers in the study and evaluation of the seismic performance of buildings. In this scenario, the Chilean Association of Anti-Seismic Engineering (Achisina) drafted the document “Performance-based Seismic Design”, for the evaluation of the performance of buildings within the Chilean seismic context. This document establishes guidelines in nonlinear modeling and its subsequent analysis based on acceptance criteria or performance levels and has been used to conduct the case study design of this research. Performance-based design is an initiative that, along with others, aims to enhance the response of structures to the effects of natural hazards. However, the definition of criteria for evaluating building performance is a topic where design codes exhibit varying criteria in determining limits [47]. Among the new initiatives, we can mention methodologies based on resilience, which the reader can find in works published by various authors [48,49,50,51,52,53].




2.3. Resilience-Based Design


Recently, in addition to performance-based design, resilience-based design has emerged, which has similar objectives to the former, but is not limited exclusively to the realm of structural behavior and its contents. This evolution is highlighted by Terzic et al. [48], who underscore the significance of evaluating buildings’ functional recovery post-earthquake.



Resilience-based design applied to seismically resistant buildings refers to a comprehensive approach in structural engineering that emphasizes the capacity of a building to withstand, adapt to, and recover from seismic events [48]. This design philosophy goes beyond ensuring mere survival during an earthquake, focusing on minimizing downtime and expediting functional recovery, as demonstrated by Hosseinzadeh and Galal [49] through their probabilistic seismic resilience quantification. It integrates probabilistic assessments of seismic hazards, structural vulnerabilities, and post-event functionalities to develop buildings that not only protect lives but also preserve their operational capacities after seismic incidents [50]. By considering a wide range of seismic demands and incorporating innovative optimization techniques, as explored by Joyner et al. [50], resilience-based design aims to achieve a balance between structural integrity, cost-efficiency, and rapid post-disaster recovery. This approach is distinguished by its emphasis on pre-event preparedness, including mitigation measures and retrofitting strategies, as well as post-event response and recovery actions, thereby aligning with broader goals of sustainability and disaster risk reduction in the built environment [51].



Collectively, these studies reinforce the paradigm of resilience-based design, underlining the need to incorporate probabilistic analyses and material deterioration considerations for a comprehensive evaluation of structural resilience [52,53]. The synergy among these contributions, from the framework for modeling post-earthquake functional recovery [48] to the state-dependent aftershock resilience analysis [53], provides a solid foundation for the development of design and retrofit strategies aimed not only at immediate structural survival post-earthquake but also at rapid functional recovery, thus aligning with sustainability goals and disaster risk reduction objectives. Other works addressing resilience-based design can be found in references [54,55,56,57,58,59].





3. Description of the Building Studied


Located in the city of Villa Alemana, it is a 14-story tower with a maximum height of 39.40 m, 2.55 m-high floors, and 2 underground levels. The structure is designed for residential use and is constructed from reinforced concrete. The structuring is typical of buildings conformed of shear-walls with a core of walls for vertical transit in the center of the structural plant, and with complex configurations. The set of shear-walls that contributes to the system of vertical and transversal loads has a thickness of 20 cm on practically the entire floor plan, except for some perimeter shear-walls that are thicker (30 cm) on the lower floors and reach 20 cm at the maximum height, with the objective of reducing the eccentricity of the floor plan.



The structure presents a symmetric plane for the Y axis (strong axis), and an asymmetric plane for the X axis (weak axis). In addition, the building slabs are 15 cm thick on all floors. Figure 1 shows an isometric view of the Project, and Figure 2 shows a typical plan view. Relevant geometric characteristics of the building are summarized in Table 1.



Henceforth, the term “complex shear walls” will be used to define the building’s shear walls that do not have a typical geometry, such as rectangular or T- or C-shaped, as commonly found in other countries. As can be seen in Figure 2, the shear walls possess polygonal geometries with various lengths that will support seismic loads in both directions of analysis.



The building’s foundation is on soft type D soil (180 m/s ≤ Vs30 < 350 m/s) and Type 3 seismic zoning (close to the subduction zone) according to current Chilean regulations [9]. The preliminary seismic design of the building was carried out following the seismic-resistant provisions specified in the national regulations, considering the incorporation of Supreme Decree No. 61 [9] in the structural analysis and No. 60 [8] in the structural design. In addition, the building has a shape aspect of 2.6 (35.7 (m)/13.87 (m)), classified as “slender walls” [60,61,62,63] for which flexural deformations are considered the main contributor to lateral deformations. According to the design criteria, the building is structured with G-35 quality concrete from stories 1 to 2, G-30 from stories 3 to 4, and G-25 from stories 5 to 14. In addition, the reinforcing steel corresponds to type A630-420H with a yield stress of 420 MPa. Modal-spectral analysis has been implemented to determine base shear from the lateral distribution of forces.




4. Modeling and Analysis of the Case Study


4.1. Non-Linear Modeling


The nonlinear static analysis (pushover) has been executed in SeismoStruct [64], a user-friendly software for managing the structural analysis process, which allows nonlinear static and dynamic analysis to be performed using both fiber and lumped hinge models.



Structural elements are modeled considering the characteristics of the cross-sections, which are then used to generate both the plastic hinge model and the fiber model. The plastic hinge model consists of elastic elements with hinges at both ends representing the equivalent nonlinear behavior of the cross-section.



Fiber elements are essentially used to represent shear walls. In these elements, material nonlinearity is considered based on the complete distribution of inelasticity in the element, unlike the usual practice of employing models where plasticity is concentrated at specific points. This offers the advantage of not requiring empirical calibration of the actual or ideal behavior of the element under idealized load conditions, as is the case with concentrated plasticity models. In both programs, fiber-based modeling is used to represent the cross-sectional behavior of the element, where each fiber is associated with a uniaxial stress-strain relationship, and the state of the element is obtained from the integration of the nonlinear uniaxial stress-strain response of each individual fiber within the section (typically 100 to 150 fibers).



These elements with complete inelasticity distribution can be implemented using two different finite element formulations: the classical displacement-based (DB) elements and the more recent force-based (FB) formulation. In the first formulation, the procedure involves imposing a displacement field, such as the linear variation of curvature in the member. In contrast, in the second formulation, the equilibrium of the element is strictly satisfied without preventing the development of inelastic deformations in the member.



To verify the validity of the modeling, in the considered static pushover analysis, the development of the moment-curvature relationship of the element is reviewed, to be compared with that obtained by design calculation, where both effectively do not consider the cyclic degradation of materials. The design curve is performed with bilinear simplification, considering the initial stiffness accounting for cracked concrete cover.



On the other hand, shear resistance is calculated based on the expressions provided in ACI 318-08 [65], for wall and beam elements, from the transverse reinforcement of these elements defined within the model. These values will be used to determine the shear capacity-demand ratio, when establishing which elements are controlled by ductile or brittle failure.



Within the requirements of the procedures presented in the standards ASCE/SEI 41-17 [66] and Achisina, the modeling of slabs considering realistic stiffness properties is included, to adequately represent their function as diaphragms. For this, the first document allows establishing the diaphragm as rigid, flexible, or semi-rigid, depending on the comparison between maximum lateral displacement and the average interstory drift of the floor elements below the diaphragm. In contrast, the Achisina document leaves it to the discretion of the designer to define the stiffness properties of the diaphragm to realistically represent the force transfer action. Regarding this, the analysis program considers that slabs function as rigid diaphragms in the structural configuration of the model, as occurs in most reinforced concrete buildings. Additionally, it is important for the diaphragm to establish the parameters of the penalty functions for the constraints, where standard values were used and that also facilitate obtaining convergence of the analysis.



The constitutive modeling of the materials has been defined for each fiber by the stress-deformation relationship and a certain level of confinement that the section presents because of the detailing of the transversal steel. The coupling beams and the R.C. shear-walls are connected through rigid links, allowing the correct transmission of momentum between these two structural elements. A stiff diaphragm has been integrated into the structure. The main structural model of study considered R.C. shear-walls modeled with infrmFB elements (force-based fiber) and beams using infrmFBPH elements (force-based plastic hinge). On the other hand, beams shorter than 1 m were modeled using infrmDB elements (displacement-based fiber), to reduce numerical instability problems [67].



Regarding the constitutive model to carry out the nonlinear analysis, two models widely used for inelastic structure analysis were applied: the Mander model [68] and Menegotto-Pinto’s behavior-based steel modeling [69]. The maximum displacement used in the analyzes was established at 50 cm, in order to guarantee that the response reached a plastic behavior. The yielding deformation was determined by the bilinear approximation of the capacity curve and area compensation, according to the Park Method [70], through which the energies of the idealized curve and the real capacity curve are balanced. The nominal properties of the structure are taken into consideration since no significant differences are found when obtaining the capacity curve. In addition, 25% of the unreduced live load is taken into consideration, as the Achisina document indicates.



A deterministic approach will be used to define seismic demand, different from the probabilistic international approach. To do so, the following overview of Achisina’s document “Performance-based Seismic Design” [19] will be taken into consideration:




“For these reasons, it is proposed that we adopt as design earthquakes, the considered earthquakes registered in 1985 in the central zone, in 2010 in the central and southern zone of the country, in 2014 in Iquique and in 2015 in Coquimbo. For these earthquakes, characterized by the elastic spectrum of displacements indicated in article 13 of Decree Law No. 61 (2011), it is possible to obtain an immediate occupancy response”.





Therefore, the definition of the design seismic demand will have to be formulated based on the elastic displacement spectrum corresponding to the Maule earthquake of 2010. This seismic demand must be presented in acceleration-displacement format in order to establish compatibility with the pushover analysis.




4.2. Non-Linear Static Analysis (Pushover Analysis)


The nonlinear static analysis (pushover) consists of a procedure for applying a pattern of lateral deformations or lateral seismic loads on the structure, depending on whether the structural analysis tests for deformations or forces.



The most common methodology used in structural engineering consists of the application of a pattern of lateral loads increasing in elevation, consistent with the first mode of vibration. Therefore, this analysis is valid for structures with fundamental periods lower than 1 s, whereas structures with more flexible periods require the influence of superior modes on the structural response to be incorporated into the analysis (pushover analysis with an adaptive scheme). These forces are applied gradually on the building, starting from elastic behavior, followed by the yielding of some structural components (at the point where the original lateral resistance and stiffness begin to drop off), and consequently the excess moment must be absorbed by the nearby components in the redistribution of stress. As the analysis develops, the capacity curve of the structure is presented, which establishes a relationship between the base shear and the deformation capacity of the roof. Conventionally, this type of nonlinear analysis has the purpose of taking the structure to a target roof deformation that allows the peak value of base shear to be reached or 150% of ΔD according to ASCE/SEI 41-17. This analysis incorporates the redistribution of stresses, the P-Δ effect, and the inelasticity of the materials’ behavior.



The modified Capacity Spectrum Method proposed by Fajfar [71,72] has been used to determine the Performance Point imposed on the case study through the lateral forces applied during the Static Nonlinear Analysis, see Figure 3.





5. Results


5.1. Comparison of Modeling Techniques for Nonlinear Sections


A study has been carried out based on two models to find out/establish a comparison in obtaining the capacity curve: (1) “M1 Model” with lumped hinge for the entire building, and (2) “M2 Model” with fiber on walls and lumped hinges in beams. The building was analyzed in all its directions (see Figure 4 and Figure 5). It is observed that the capacity curve obtained for the M1 Model overestimates the resistance capacity of the structure compared to the M2 Model curve. It is also observed that the M1 Model reaches its highest maximum value of shear stress at the same level of deformation where the M2 Model loses convergence. It becomes practically impossible to determine the capacity curve after reaching the maximum shear stress value for the M2 Model, in contrast with the M1 Model, for which strength degradation is observed upon reaching the maximum shear stress value.




5.2. Modal Analysis


The modal analysis reveals a period of 0.56 s in the Y direction, accounting for 64.89% of the translational mass, while in the X direction, a period of 0.65 s corresponds to 64.40% of the translational mass. A total of 50 modes were required to achieve 95% participation of the mass in both directions. These results of the linear analysis provide periods that under the action of the nonlinear dynamic analysis and the presence of flexible soils (for example soil type D) will predictably produce the elongation of this period.



The integration of the elongated period in nonlinear seismic analysis emerges as a fundamental factor across recent research, enhancing structural response and seismic reliability assessment. Studies demonstrate the significance of dynamic soil-structure interaction and its influence on seismic demand, with findings indicating that accurate consideration of these interactions, alongside innovative analysis techniques, leads to more reliable predictions of a structure’s seismic performance [73,74,75]. However, the analysis used in this study is of a nonlinear static type, assuming that seismic action is represented by incremental lateral forces independent of time. Consequently, the elongation of the period due to soil flexibility and stiffness degradation does not impact the outcomes of the analyses.




5.3. Capacity Curve Analysis


Firstly, to determine the performance point of the structure, the N2 Method was applied to the building in both directions. The deterministic approach uses the “capacity spectrum” to facilitate the evaluation of the benefits that the project’s structuring aims to achieve, determined from the modal participation factors in each direction (Γx = 1.33; Γy = 1.24). This spectrum will have to be presented in bilinear format based on Park’s energy compensation method [70], to later superimpose it with the seismic demand in acceleration-displacement format and determine the level of seismic demand expressed as design roof deformation. It is important to mention that, among the wide range of available procedures for determining the performance point, the Fajfar method has been applied due to its rationality and practicality. Determining the performance point of the building facilitates the acquisition of the design roof drift value necessary for verifying compliance with the immediate occupancy performance level. This procedure is conducted using the design earthquake derived from the elastic spectrum for type D soil. Meanwhile, to verify the additional deformation capacity, corresponding to the life safety limit state, the demand level is defined by the maximum considered earthquake, calculated as 1.4 times the design earthquake, as defined in the Achisina document [19]. Subsequently, the design demands are represented by vertical lines to determine the range of deformations of interest for analyzing the building’s performance (refer to Figure 6). The green lines represent the design demand, while the red lines represent the maximum considered earthquake demand for both directions of analysis.



Through the study of the demands, a 6.6‰ drift in X and 4.8‰ in Y are established for the DE (design earthquake) level, and 9.2‰ in X and 6.8‰ in Y are established for an MCE (maximum considered earthquake) level. For these drifts, it is necessary to study the performance achieved in the building based on the study of the interstory drifts (global analysis) and the strains at the component level (local analysis). For the MCE demand level, it is observed that, on the Y axis, the structure presents a certain ductility to enter the inelastic range, while on the X axis, the demand imposes a drift close to the maximum drift obtained in that direction of the order of 1%. Based on the structural analysis, setting a drift limit of 5‰ on the capacity curve for both directions indicates that the building’s performance is operational. At a reduced drift of 2‰, the building’s performance remains fully operational, with minimal yielding observed in the longest shear walls in each direction. This suggests that the structural behavior remains predominantly linear-elastic. Through previous characterizations of Chilean buildings and study of performance given the seismic reality, the performance witnessed in the nonlinear analysis is consistent with the investigation of “Seismic Performance of High-rise Concrete Buildings in Chile” [23] in which it is shown that buildings whose stiffness index (Ho/T) is normal, that is between 40 and 70 (m/s), with roof drifts of less than 5‰, had an immediate occupancy response to the 2010 Maule earthquake.





6. An Examination of Global and Local Performance Metrics


6.1. Determination of Performance at the Global Level of Components


The evaluation of interstory drifts for demand levels (blue and green lines in Figure 7) in the determination of performance, allows for the behavior of the structure at a global level to be calculated. To do so, it was first necessary to model a control node at the centroid of all the floors of each structural level, which is attached to the nearest shear-wall by means of a rigid arm. This modeling technique allows for the monitoring, for each load factor of the analysis, the deformations of the nth floors of the building. The red vertical lines represent the interstory drifts of 5‰ and 7‰, the maximum levels established in the Achisina document for buildings with brittle and ductile non-structural elements, respectively.



It is observed that, for the DE demand level, the Y-axis, which is the most rigid direction of the building, exhibits drift values lower than 7‰ and slightly above 5‰., reaching the maximum roof drift values between the 6th and 8th floors; whereas for the MCE demand level, the interstory drifts slightly exceed 7‰. Meanwhile, the X-axis presents higher drift values, slightly exceeding (for the DE demand level) the limit drift values of 7‰ for the immediate occupancy state, concentrating the maximum drift values between the 9th and the 12th floors. The drifts determined in an inelastic behavior reach their maximum levels on the upper floors, whereas the elastic drifts do so at the middle of the building.




6.2. Deformation Analysis at Component Level


Performance at the component level is analyzed through strains. For this purpose, points of interest are established on complex walls, whose deformations are calculated for each increment of lateral loads. The progressive behavior of the damage develops from the fulfillment of the Limit States considering the redistribution of stress. This analysis is intended to establish a conservative estimate of the deformation and resistance capacity of the building when it is subjected to high-intensity seismic demands. A study has been developed to analyze the estimation of the elevation deformations for a first complex shear wall (see Figure 8) whose deformations for the DE and the MCE to determine the local performance are shown in Figure 9. Likewise, shows a second complex shear wall (Figure 10) whose deformations for the DE and MCE are shown in Figure 11.



6.2.1. Standard Shear-Wall Section with Unfavorable Complex Sectional Asymmetry in X Direction


This shear-wall system (see Figure 8) has been chosen for the study of strains in elevation (see Figure 9), because it includes the shear-wall that first initiates yielding in the X direction, corresponding to the longest shear-wall in that direction. It is verified that, in the Y direction, the shear-wall perfectly complies with the performance criteria (strain limits) established in the Achisina document for both levels of seismic demand. On the other hand, for the +X direction, given the design demand, the structure shows damage at the Fiber Point 1 on the first floor, where the concrete strain exceeds the value of 1.5%. Therefore, it would be necessary to study this section, which is the most unfavorable in structural design, since at high levels of deformation, its failure mode is controlled by compression. Enhancing the shear wall thickness to augment the level of confinement within the section would significantly improve performance. Nevertheless, this section was subjected to an analysis via the SAP2000 software, to find out the ultimate curvature expressed in the moment-curvature diagram, based on Mander’s confined concrete behavior, as dictated by conventional design practice. It is concluded that it correctly complies with the displacement-based design established in Supreme Decree No. 60 [9] for a roof drift demand of 8.2‰ in +X. This is not consistent with what was reported in the nonlinear structural analysis, since in the +X direction the shear-wall reaches the value of εc = 8‰ for a roof drift of 5.2‰ (that is, the nonlinear coupled behavior infers less deformation capacity). In the Y direction, it is observed that the steel shows adequate performance, since it does not generate an anticipated failure due to compression, allowing deformation capacity and ductility. Regarding ductility, the results obtained from the analysis in the X direction yield values of 3.75 and 2.96 in Y direction.




6.2.2. Section with Unfavorable Complex Sectional Asymmetry in Y Direction


The longest shear-wall system in the Y direction (see Figure 10) allows for a stress analysis (see Figure 11) that shows that in the X direction for the DE level, the most unfavorable region is located at point P3 (subjected to traction), precisely in the longest shear-wall of the system under study. For this complex shear-wall, the 3% tension limit of the steel is exceeded, therefore it would be necessary to confine this area with ties and stirrups with a maximum separation of 6 times ϕ of the longitudinal rebar to avoid buckling from lateral instability of the rebars in the reversal of the load [76]. Despite this observation, the shear-wall system does not exceed the limit values of unconfined concrete for the DE demand level at any of its ends and in any of its directions. Under an MCE demand level, the structure faces a higher demand in the X direction, and the deformation limits of 5% in the steel and of 1.5% in the confined concrete are exceeded. On the other hand, in the Y direction, these limits are not exceeded. It is observed that the strains for the P5 point reach their maximum on the third story, therefore it would be necessary to confine this shear-wall region up to the 3rd story, since after the 4th story they drastically decrease in elevation. For the MCE demand level, in the X direction, a compression failure is observed when the steel exceeds the limit of 5%, that is, when the steel reaches its maximum structural performance. In any case, it is essential to maintain control of the shear capacity of the walls [77].



Figure 12 illustrates the progression of damage states in the complex shear walls of the studied building as pushover analysis is conducted in both X and Y directions, and in both positive and negative signs, across various displacement levels of the roof’s center of gravity. Note that for buildings with complex shear walls, in which there is no symmetry or structural regularity, it is very necessary that the analysis considers the two signs (+ and −) since these produce different states of damage to the complex shear walls. Figure 12 presents the evolution of the damage produced in each analysis, each line represents an analysis, with the global drifts increasing from left to right. Table 2 provides a summary of the different acceptance criteria graphed in Figure 12.






7. Conclusions


This investigation has assessed the seismic performance of reinforced concrete (RC) structures with shear walls using a nonlinear analysis approach under the performance-based approach. It has been determined that, in the most unfavorable direction (X-axis), the structure achieves a life safety performance level, exhibiting damages to certain structural components. This finding is consistent with the seismic demand criteria established in the current Chilean regulations. However, it is crucial to highlight the inherent uncertainties in nonlinear modeling and seismic record selection, suggesting a need for more detailed and comprehensive analysis to refine these estimates.



The study of the damage mechanism upon reaching Limit States reveals that rigorous confinement of shear wall ends is essential to improve their deformation capacity, especially in configurations with complex asymmetry. This underscores the importance of considering design recommendations beyond the current minimum requirements, pointing towards a design practice that fully integrates advances in understanding the inelastic behavior of structures under seismic demand.



In terms of practical recommendations, the need to increase the density of shear walls in asymmetric directions to reduce seismic demand and improve structural performance is emphasized. This strategy is proposed as an effective measure to limit structural damage and facilitate immediate occupancy levels after seismic events, as has been observed in Chilean buildings with RC shear walls. Similarly, it is recommended that design engineers pay special attention to the shear demands imposed on the building’s shear walls.



The comparison of nonlinear modeling methods has shown that, while the concentrated hinge model may overestimate the resistant capacity, detailed analysis of ultimate deformation offers a pathway to predict structural collapse. Nonetheless, both nonlinear static and dynamic analyses are recognized to have limitations, and there is an advocacy for the development of more efficient and accurate methodologies for seismic performance evaluation. In the event of conducting dynamic time-history analyses, it is recommended to consult literature related to the selection of records, with the aim of reducing the computational cost of the analyses [78,79].



Finally, the importance of advancing research and development of seismic regulations in Chile is underscored, considering both code improvements and the uncertainties associated with current analysis methods. This will not only allow a deeper understanding of seismic behavior of structures but also facilitate the design of safer and more resilient buildings against the seismic challenges of the region.
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Figure 1. Isometric view of the studied building. 
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Figure 2. Typical structural plan view of the building. 
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Figure 3. Graphic determination of the performance point, N2 Method. 
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Figure 4. Pushover analysis using M1 Model in (a) X direction, and in (b)Y direction. 
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Figure 5. Pushover analysis using M2 Model in (a) X direction, and in (b) Y direction. 
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Figure 6. Capacity curves with the demands imposed by DE (green dashed line) and MCE (orange dashed line) in (a) X direction and (b) Y direction. 
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Figure 7. Interstory drifts for DE and MCE computed in (a) X direction and (b) Y direction. 
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Figure 8. Shear-wall with unfavorable complex sectional asymmetry in X direction. 
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Figure 9. Stress analysis of unfavorable complex asymmetric section in X direction. (a) Analysis for DE in Y+ direction, (b) Analysis for MCE in Y+ direction, (c) Analysis for DE in X+ direction, (d) Analysis for MCE in X+ direction. In this figure, the solid red line represents the strain limit of the reinforcing steel, the red long-dashed line represents the strain limit of confined concrete, while the red short-dashed line represents the strain limit of unconfined concrete. 
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Figure 10. Shear-wall with unfavorable complex sectional asymmetry in Y direction. 
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Figure 11. Stress analysis of a complex asymmetric section showed in Figure 10. (a) Analysis for DE in Y+ direction, (b) Analysis for MCE in Y+ direction, (c) Analysis for DE in X+ direction, (d) Analysis for MCE in X direction. In this figure, the solid red line represents the strain limit of the reinforcing steel, the red long-dashed line represents the strain limit of confined concrete, while the red short-dashed line represents the strain limit of unconfined concrete. 
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Figure 12. Damage progression mechanism for different levels of global drift. (a) 0.002 in Y+, (b) 0.005 in Y+, (c) 0.006 in Y+, (d) 0.0068 in Y+, (e) 0.002 in Y−, (f) 0.005 in Y−, (g) 0.006 in Y−, (h) 0.0068 in Y−, (i) 0.002 in X+, (j) 0.005 in X+, (k) 0.0066 in X+, (l) 0.0092 in X+, (m) 0.002 in X−, (n) 0.005 in X−, (o) 0.0066 in X−, (p) 0.0092 in X−. Table 2 shows the meaning of each color in the limit state progression model. 
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Table 1. Characteristics of the studied building.
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	Characteristics
	Value





	Standard floor plan area
	509.83 m2



	Area of walls on X-axis
	15.04 m2



	Area of walls on Y-axis
	12.78 m2



	Density of walls on X-axis
	2.9%



	Density of walls on Y-axis
	2.5%



	No. of floors
	14



	Height from ground floor
	39.4 m










 





Table 2. Acceptance criteria for Achisina Limit States.
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	Acceptance Criteria
	Limit State
	Color





	Concrete unit deformation/Unconfined concrete εc = 0.003
	Immediate occupancy
	[image: Buildings 14 00761 i001]



	Concrete unit deformation/Confined concrete εc = 0.008
	Immediate occupancy
	[image: Buildings 14 00761 i002]



	Concrete unit deformation/Confined concrete εc = 0.015
	Collapse prevention
	[image: Buildings 14 00761 i003]



	Steel unit deformation/Initial yield of Steel εs = 0.002
	Immediate occupancy
	[image: Buildings 14 00761 i004]



	Steel unit deformation/Longitudinal bar buckling εs = 0.03
	Immediate occupancy
	[image: Buildings 14 00761 i005]



	Steel unit deformation/Steel Longitudinal fracture εs = 0.05
	Collapse prevention
	[image: Buildings 14 00761 i006]
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