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The severe socio-economic impact of recent earthquakes has further highlighted the crucial need for a paradigm shift in performance-based design criteria and objectives towards a low-damage design philosophy, in order to reduce losses in terms of human lives, repair/reconstruction costs, and recovery time (deaths, dollars and downtime). Currently, displacement-based parameters are typically adopted to design/assess the seismic performance of the structures, by limiting the maximum displacement or the maximum interstorey drift ratio (IDR) reached by the structure under different earthquake intensities. However and arguably, displacement-based quantities are characterized by inherent weaknesses, since, for instance, they are not cumulated parameters, thus not able to capture directly the effects of multiple cycles, deterioration and damage cumulation. Therefore, in the last decades, energy-based approaches were investigated and developed in order to establish alternative engineering demand parameters for the assessment of post-event damage through a dynamic energy balance. Towards the main goal of developing an integrated Displacement and Energy-Based Design/assessment procedure (DEBD) for actual use in practice, this research work proposes an innovative approach based on the use of inelastic spectra correlating the energy components with the corresponding maximum displacement response parameters of the structure. In practical terms, the proposal is to further integrate and develop the well-known Direct Displacement-Based Design, by directly adopting the hysteretic energy as an additional design parameter. The energy inelastic spectra are developed through an extensive parametric analysis of Single-Degree-of-Freedom (SDoF) systems, with different nonlinear hysteretic models. In such an approach, the maximum seismic energy demand imparted to a structure can be directly predicted and controlled, whilst distinguishing the various components of the energy balance, including the hysteretic one. The effects of near-field and far-field earthquakes are also investigated. Results show that in the first case the seismic demand is concentrated in the peak of a few large cycles that absorb the demand energy induced by the high component in peak ground velocity in the second case the higher equivalent number of plastic cycles tends to become critical for structures with inadequate structural details and prone to suffer by cumulative cycles and overall plastic fatigue mechanisms.
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1 INTRODUCTION
In the last decades, the introduction of the Performance-Based Earthquake Engineering (PBEE) concept (SEAOC Vision, 1995; Ghobarah, 2001; Bertero and Bertero, 2002) have led to an innovative seismic design philosophy, in which design objectives for building typologies are identified through the combination of different performance levels of both structural and non-structural components (e.g., fully operational, operational, life safety, and near collapse) and different earthquake intensity levels (e.g., frequent, occasional, rare, and very rare). Currently, three main approaches for the seismic design/assessment of buildings have been developed: i) Force-Based Design (FBD), ii) Displacement-Based Design (DBD), and iii) Energy-Based Design (EBD). The FBD is the most common method, adopted by most of the main international codes such as Standards New Zealand (2004), Standard (2005), ASCE/SEI 7-16 (2017). This method is based on the use 5%-damped elastic spectra, properly scaled by the behavior factors (q), typically selected in line with the typology and characteristics of the building structural skeleton. However, this method presents some criticalities and limits, as pointed out by Priestley (1993). Firstly, the method requires the estimation of the elastic fundamental period T of the equivalent Single-Degree-of-Freedom (SDoF) of the structure and this aspect represents a first critical issue. In fact, the use of the initial stiffness or the cracked stiffness (in many cases by adopting a reduction coefficient equal to 0.5 for the flexural stiffness) for the structural elements can lead to an incorrect estimation of the actual stiffness to be used, namely, the secant stiffness of the force-displacement capacity curve at the yielding point. In fact, as pointed out by Priestley (1998), the stiffness is not constant but proportional to the strength, which is unknown by the definition at the beginning of the design process. Rather, the yielding point (curvature, rotation, displacement) is a constant parameter at a section, member and structural system levels, effectively independent of the strength. Therefore, according to a traditional FBD method a wrong estimation of the fundamental period can affect the seismic design action, potentially leading to an underestimation of the displacement demand. Moreover, the assumption of the Equal Displacement Rule (Muto et al., 1960) represents another main criticism, as potentially (as a cascade effect) affected by the previously mention conceptual mistake associated to the assumption of constant stiffness regardless of strength level, but also due to the fact that it was mostly based on “trends” of an elasto-perfectly plastic hysteresis rule subject to a very limited number (and typology, e.g., far field) of recorded ground motions. Finally, the choice of a Reduction/Behavior factor (Rμ or q) represents another limitation of the method: it is deemed almost impossible to make full use of the behavior factors if the higher values allowed by most of the seismic design codes are adopted and the drift limits are maintained. Consistency with the actual ductility demand of the earthquake and thus of the actual energy dissipation developed by the structural system should be checked to re-evaluate the initially assumed Reduction/Behavior factor.
To overcome the limits of the FDB method, the Direct Displacement-Based Design (DDBD) approach (Priestley, 1998; Priestley et al., 2007) has been developed and proposed since the 1990s. This method is based on the evaluation of secant stiffness to the maximum displacement of the structure (selected by the engineers as a design parameter) for a fixed earthquake intensity, overcoming the issues related to the assumption of the fundamental period (i.e., initial stiffness) value. Then, the design is performed considering an equivalent elastic system (at the design displacement) and the nonlinear behavior is accounted by considering additional viscous damping as a function of the ductility demand, evaluated by assuming the yield displacement of the structure.
In most recent years, the knowledge developed through a DDBD approach, has suggested a compromise solution to “retrofit” the traditional FBD approach, overcoming some key issues and acknowledged limitations. Sporn and Pampanin, 2013 proposed a Corrected-FBD method, which relies upon either an iterative process or a closed-form analytical design method, based on the use of stiffness-strength compatibility domain curves, which also allows to identify the set of compatible and actually useable values of Reduction factors in the design process.
Overall although the DDBD method, as well as the Corrected-FBD method, allow to directly (in the first case) or quasi-indirectly (in the second case) control the maximum design displacement/drift of the structure, not all the limitations of the traditional seismic design approaches based on inherited milestones in the Structural Dynamics and Earthquake Engineering background are eliminated. As an example, the typically adopted equivalent viscous damping value accounts for the (area-based) energy dissipated by the hysteresis rule—related to damage in the case of traditional “monolithic” and ductile structures with discrete plastic hinges—and it is evaluated by empirical relationships with proper correction factors to account for the dynamic response of alternative hysteresis rule (Priestley and Grant, 2005). Therefore, in the DDBD the total hysteretic energy and the cumulated damage to the structure can be controlled but arguably only indirectly using these empirical relationships.
Moreover, the effects of near-field or far-filed earthquakes are considered by adopting different spectral reduction factors to reduce the seismic demand. This is indeed in line with the physic of the problem, since, from an energy point of view, the structure subjected to a near-field earthquake undergoes higher seismic input energy and maximum displacement demand, while it performs fewer cycles to dissipate hysteretic energy (Manfredi et al., 2003; Cheng et al., 2021). However, the approach can be improved as the problem is considered mainly by empirical coefficients to reflect the overall impact on the response for a class of structural systems, without an effective direct control on the relevant energy parameters.
In addition, other limits have been highlighted in the adoption of displacement-based peak quantities only as design parameters. The first one concerns the relationship between the total damage achieved by the structure and the corresponding maximum displacement. Adopting displacement-based peak quantities as sole engineering demand parameters can lead to improper consideration of damage accumulation since, unlike energy-based quantities, they are not cumulative parameters. This issue can be critically emphasized when dealing with mainshock-aftershock earthquake sequences (e.g., Gentile and Galasso, 2021; Pedone et al., 2023).
Substantial research effort has been also devoted to investigating and providing suitable damage parameters to properly evaluate the evolution of damage at both component and structural levels. Towards this scope, a few decades ago the concept of “damage indices” (DIs) has been introduced. When defined in their normalized form, DIs would be typically equal to 1 in the case of failure and equal to 0 in the case of no plastic damage. Conceptually, either displacement-based (e.g., displacement ductility) or energy-based quantities (e.g., hysteresis ductility; Mahin and Bertero, 1981) can be considered to define DIs. Nevertheless, in line with the above discussion, both methods are affected by some limitations.
On one hand, displacement-based quantities are not able to effectively capture the effects of cumulative damage (e.g., repeated cyclic loading and/or the number of plastic excursions), while, on the other hand, characterizing the structural damage by only energy-based quantities may be challenging (e.g., Kazantzi and Vamvatsikos, 2018). Although several studies have proved that designing with energy-based parameters allows for the prediction of displacement-based quantities (e.g., Benavent-Climent, 2011; Morillas and Escolano-Margarit, 2020; Mota-Páez et al., 2021), these methodologies could increase the dispersion of the results in terms of displacement-based quantities from the target (Benavent-Climent and Mota-Páez, 2017), adding further epistemic uncertainties to the inherent and unavoidable aleatory uncertainties associated with the seismic demand. Furthermore, in the latter energy-based approach, displacement-based peak quantities would be assessed only indirectly, whereas a DDBD approach would allow for a direct control of the displacement demand. For this reason, several damage models based on the combination of displacement-based and energy-based quantities have been investigated and proposed in the past (e.g., Banon and Veneziano, 1982; Park and Ang, 1985; Fajfar, 1992; Kunnath et al., 1992; Cosenza et al., 1993). These DIs are typically based on the concept of a low-cycle fatigue failure. Among the others, the DI proposed by Park and Ang. (1985) is arguably the most widely adopted in the literature. In this context, research effort has been also devoted to investigating the relationship between the dissipated energy and displacement ductility (e.g., Akiyama, 1999; Akiyama, 2008; Benavent-Climent et al., 2021). However, some limitations can be highlighted when DIs are considered to characterise structural damage. Among others, one of the most relevant limitations is related to the load history, which can significantly affect the amount of hysteretic energy. Moreover, Cosenza et al. (1993) highlighted that the cycle amplitude is also a relevant parameter, since it has been proved that cycles with limited plastic deformation are less relevant to structural damage than cycles with large plastic deformations. For these reasons, Kappos, 1997 pointed out that DIs should be defined and calibrated considering standardized testing procedures (i.e., with well-defined load history) and a large amount of experimental data. Finally, a performance-based design framework accounting for residual deformation as an additional complementary damage parameter has been proposed by Pampanin et al. (2002), Pampanin et al. (2003), Christopoulos et al. (2003), Christopolous et al. (2004) The above authors highlighted that existing DIs have been typically calibrated to effectively characterize the performance of structures near collapse (i.e., DI = 1), while they seem unable to provide reliable information for lower performance levels (e.g., damage control). Thus, a residual deformation damage index (RDDI) for both structural and non-structural components has been introduced. Moreover, the concept of a residual deformation-based performance matrix has been proposed, which allows identifying different performance levels through a combination of maximum interstory drift and residual deformation. Inelastic residual and residual/maximum displacement spectra were also presented for various hysteresis rules. A further development into a probabilistic framework inclusing maximum and residual displacement for both assessment and design was proposed by Uma et al. (2006).
Based on the above discussion, it is evident that an hybrid and integrated method, capable to combine the latest advances and know-how developed in the earthquake engineering environment and thus starting from a Direct-Displacement Based Design method including residual deformation with integrated features from an Energy-Based Design (EBD) approach could and should be developed and proposed as a more comprehensive and suitable method for the seismic design and assessment of structures under seismic action.
Referring to the original features and latest developments of Energy-based approaches (Figure 1), some of the key advantages could be recognized as: i) the use of scalar cumulative measures (i.e., energy): and ii) the use of complementary and more damage-related information than the sole displacements, such as the number of equivalent cycles. However, as a primary well-known limitation, differently from a displacement-based approach, the energy-based methods still require a better definition of damage state thresholds in terms of hysteretic energy, as well as a well-established design procedure for structures. Thus, research effort is still needed for a reliable implementation of an energy-based approach in seismic engineering. Alternatively and arguably more practically, the combination and integration of the key features of the various method can lead to a powerful and robust design approach.
[image: Figure 1]FIGURE 1 | Schematic flow chart of FBD (left), DDBD (center) and EBD (right) procedures.
Therefore, this paper aims to investigate the seismic response of different structures from an energy point of view, with particular focus on the development of inelastic input energy spectra and propose an innovative Integrated (Direct) Displacement and Energy-Based Design (DEBD) approach, which offers the advantage of directly measuring/estimating maximum displacements and energy components, using their respective displacement-based and energy-based approaches. In that direction, firstly an extensive parametric analysis of SDoF systems, involving several alternative nonlinear hysteretic models subject to either near-field and far-field recorded ground motions is carried out to develop inelastic input energy spectra. The derived spectra are thus used to predict the maximum seismic input energy demand imparted to a structure and assess the different components of the energy balance. In such a way, the hysteretic energy can be selected at the beginning of the design process for a given earthquake intensity as an additional and complementary design targeted parameter to the maximum (and residual) displacement/drift. An illustrative application of the proposed integrated DEBD approach is thus presented, considering an innovative low-damage (rocking-dissipative) unbonded post-tensioned wall building. A comparison between the proposed DEBD and the more-widely-adopted FDB and DDBD approaches is also carried out. In Section 2 an overview of the key features of energy-based approaches is presented. The inelastic energy spectra are obtained in Section 3, through different parametric analysis of near-field and far-field earthquakes. Subsequently in Section 4 a flowchart shows the application of the proposed integrated Displacement and Energy-Based Design (DEBD) approach, based on inelastic energy spectra illustrated in Section 3. Finally a design example of a DEDB approach is presented and compared with more traditional FBD and advanced DDBD approaches, in order to demonstrate the possibility and reliability to control in the design phase both the maximum (and residual) displacement/drifts as well as the hysteretic energy under seismic action.
2 ORIGIN OF THE ENERGY APPROACH
Considering, for the sake of simplicity, a SDoF system and applying the definition of work to the force equilibrium equation of motion (1), the energetic-based Equation 3 can be obtained by integrating over the time, [image: image], the product between the equilibrium forces with the instantaneous displacement of the structure [image: image] (2) (Akiyama, 1985; Akiyama, 1988). The integration can be carried out either in terms of relative or total displacement of the system with respect to the ground: the two formulations coincide without loss of generality in the periods between T = 0.1 s and T = 4 s (Uang and Bertero, 1988; Uang and Bertero, 1990).
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In Equation 1, m is the mass of the system, c is the viscous damping coefficient, k is the stiffness of the structure, u is the relative displacement of the structure, [image: image] is the relative velocity, [image: image] is the relative acceleration and [image: image] is the ground acceleration seismic forcing. The first term of Equation 2 Ek represents the Kinetic Energy; Ed is the viscous Damping Energy, accounting for specific phenomena such as friction, microcracking of the structural elements and soil-foundation interaction; the third term of Equation 2 represents the energy absorbed by the structure Ea, composed of the recoverable Elastic Energy Es and the Hysteretic Energy Eh, representing the energy dissipated by plastic deformations of the structure; finally Ei is the seismic Input Energy, representing the amount of energy imparted to the construction. It is worth noting that the amount of input energy is not fixed for a given earthquake record, and as a result, the same consideration is valid for the hysteretic energy. In fact, input energy depends on the characteristics of the specific structure, e.g., the fundamental period, the damping value and slightly both the force-deformation backbone curve and the cyclic hysteretic behavior (Decanini and Mollaioli, 2001; Pampanin, 2003).
An important parameter in the EBD approach is the ratio between the Hysteretic Energy and the Input Energy [image: image]. This ratio can be assessed, in a very simplified way, through Equation 4 (Akiyama, 1988).
[image: image]
However, as recently demonstrated by Escolano-Margarit et al., 2023, the Akiyama’s expression should be used for large levels of ductility, but it is inaccurate for low levels of ductility. Other relationships about the [image: image] ratio are presented in Decanini and Mollaioli, 2001.
In the approach adopted by the Building Research Institute (2009) for structures with displacement-dependent dampers, the hysteretic energy is directly related to the equivalent velocity Veq (5):
[image: image]
Where Veq can be assumed to be close to the pseudo-velocity [image: image] (typically, [image: image] is an upper-bound of [image: image]); the [image: image] can be easly obtained from the pseudo-acceleration value (Benavent-Climent et al., 2021).
Past research works in literature investigated the use of energy-based quantities in order to evaluate the seismic performance of buildings. Among many others, an example of the dynamic response of structures over time in terms of energy-based quantities can be found in Pampanin et al. (2001), Pampanin et al. (2003), where a first-in-literature energy term comparison between a recently developed low-damage PRESSS hybrid technology (PREcast Seismic Structural Systems, Priestley et al., 1999), based on jointed ductile connections with unbonded post-tensioned rocking-dissipative mechanisms, and traditional monolithic technology (Reinforced Concrete, RC, buildings or steel structures) was presented. Results show that the kinetic energy of the system oscillates around zero, while the viscous damping energy increases over time, as well as the hysteretic energy after the yielding of the structure. It can be highlighted that the kinetic energy of the hybrid system is higher than a traditional monolithic system due to the higher relative velocity. The energy absorbed [image: image] in the hybrid system is characterized by more marked oscillations due to the recoverable elastic component. At the end of the ground-motion excitation, after the free oscillations, the kinetic energy is zero and it is possible to observe only the non-recoverable hysteretic energy and the viscous damping energy, which are equal to the seismic input energy imparted to the structure for the energy balance equation (Figure 2A). As noted in those earlier contributions, an energy-based analysis can well explain the actual low-damage mechanisms of a rocking-dissipative unbonded post-tensioned technology, when compared to a traditional (ductility = damage) reinforced concrete solution. The peculiar self-centering and dissipative mechanism of a hybrid system, represented by a flag-shape hysteresis rule, allows to dissipate/release/accommodate the higher input energy motion through a very effective distribution into kinetic motion (forced and then free-oscillation of the rocking system) and an innovative (ductility not equal to damage) hysteresis energy dissipating mechanism. In Christopoulos and Filitrault (2006), the energy balance during an earthquake is explained through a rain flow analogy (Figure 2B). The water entering from the roof of the structure represents the seismic input energy. Thus, the inertia activates the masses kinetic energy and the deformation of the structural elements. Vibration energy is deemed as a continuous transfer of kinetic energy into strain energy and vice versa. During the vibration energy, part of the energy is dissipated by the viscous damping of the structure. If the system is perfectly elastic, the dynamic energy balance would be defined by the energy components mentioned above. Otherwise, when the structural elements overcome their strength capacity, the progressive damage and/or plasticization of the structure causes the increase of hysteretic (plastic) energy.
[image: Figure 2]FIGURE 2 | Energy-based concept illustrations. (A) Comparison of energy time-history between hybrid and traditional technology (Pampanin, 2003). (B) Rain flow analogy during an earthquake (Christopoulos and Filitrault, 2006).
Decanini and Mollaioli. (2001) and later Mollaioli et al. (2011) studied a methodology for the assessment of the seismic energy demands imposed on structures. In these works, inelastic design energy spectra were developed and the authors pointed out that ductility is a non-negligible parameter in the determination of the inelastic input energy spectrum. Other important parameters are the site-source distance, the characteristics of the soil and the period of vibration. Then it is also observed that the ductility demand strongly affects the hysteretic energy. Specifically, its increase especially occurs for very rigid structures. However the hysteretic cycle model affects much more in the evaluation of the hysteretic energy and seismic input energy ratio (Ehyst/Einp), rather than only in the evaluation of the seismic input energy.
Many researchers proposed energy-based design methods for different structural systems. Akbas et al. (2001) performed statistical analyses to study energy input and dissipation. The authors emphasized the relationship between the energy input and structural properties, the energy distribution throughout the structure, and the energy dissipation capacity of the structure and the structural elements. Chou and Uang. (2003) investigated the distribution of hysteretic energy and proposed an energy-based design approach. The energy-based design for self-centering concrete frames was studied by Song et al. (2021). They outlined an energy-based design based on a proposed damage model; hysteretic energy demand was introduced as a key design parameter to consider the effects of cumulative damages on structures. In Benavent-Climent et al. (2010) design energy input spectra are presented for moderate-to-high seismicity regions. Approaches concerning the energy-based seismic design methodology were proposed by Leelataviwat et al. (2007) and Donaire-Ávila et al. (2017).
Finally, the equivalent cycles performed by the structures represent another critical damage indicator that can be obtained by adopting an energy-based approach. This quantity provides the number of plastic cycles at the maximum plastic excursion value developed by the structure to dissipate the hysteretic energy induced by the seismic demand. For a perfectly plastic system this value is defined as (Eq. 6):
[image: image]
The seismic input energy (seismic demand) is generally related to the PGV, the amplification factor of the velocity and the duration of the earthquake excitation (Manfredi et al., 2003). The highest values of input energy are typically in the zone near the fracture where the earthquake occurs. However, its peak is given by the velocity which rapidly decreases with the distance, while the number of plastic cycles tends to progressively increase by increasing the distance from the fault. The damages caused by the near-field earthquakes are mainly due to the PGV and Incremental Velocity IV (i.e., the area underlying the highest pulse). The ground movement under near-fault leads the structure to absorb a large amount of energy with few plastic cycles. Hence cyclical damage to structures is generally more important for far-field earthquakes, while for near-field earthquakes it governs the response to peak demand. Structures need construction details for the structural and non-structural elements, in order to ensure good cyclic behavior.
3 INELASTIC RESPONSE SPECTRA: PARAMETRIC ANALYSIS
3.1 Description of the case-study structures and modelling approach
In order to develop inelastic design spectra for different typologies of structures, a parametric analysis of the seismic performance of different SDoF systems is performed. The case-study structures are characterized by the same force-displacement monotonic behavior, but different hysteresis rules. Specifically, the geometry of the system is described by the fundamental period T and the spectral acceleration Sa. Constant strength inelastic design spectra for each Sa values are presented (Mahin and Lin, 1983 and Pal et al., 1987), rather than for fixed ductility values (such as in Iwan, 1980; Chopra and Goel, 1999), in order to obtain inelastic spectra more applicable during the structure design phase. To represent the behavior of several structures, 15 different periods are selected with fine discretization for lower values, to simulate different heights and construction technologies. Moreover, six values between 0.05 and 0.5 g are considered for spectral acceleration (Sa). According to Kam et al. (2008) a value of 0.5 g is representative of a moderate level of acceleration, in order to protect the non-structural contents. Strength degradation is not included in the model. Finally, different hysteretic behaviors are considered to account for the different construction technologies, namely: Perfect Elastic (OSC), Elastoplastic (EP), Takeda Thin (TKS), Takeda Fat (TKF), Nonlinear Elastic (EL), and Hybrid (HYB). For each hysteretic behavior, the analysis is carried out considering both no hardening (r = 0) and hardening equal to 5% of the initial elastic stiffness (r = 0.05). The selected values for both the fundamental period and the yielding acceleration Say, as well as the considered hysteresis rules, are listed in Figure 3.
[image: Figure 3]FIGURE 3 | Alternative Hysteretic cycles. (A): Perfect Elastoplastic; (B): Elastoplastic with Hardening; (C): Nonlinear Elastic; (D): Takeda Fat; (E): Takeda Thin; (F): Hybrid Self-Centering.
The Elastoplastic rule (EP, Figure 3A, B) is deemed as representative of the cyclic behavior of steel or seismic isolated structures. Concerning the Takeda hysteresis rule (Otani, 1974), this hysteretic model is typically adopted for Reinforced Concrete (RC) structures, since it allows to consider the degradation of stiffness due to cracks and loss of bond. Two main parameters must be defined in the Takeda rule: the unloading stiffness α, the reloading stiffness β. Hence, two alternative behaviors are considered in this study: a Takeda Fat (TKF, Figure 3D), characterized by an unloading stiffness α equal to 0.3 and a reloading stiffness β equal to 0.6, and a Takeda Thin (TKS, Figure 3E) model, with α equal 0.5 and β = 0. The former (TKF) is representative of ductile RC frames (i.e., beam-sway mechanism), while the latter (TKS) is representative of structures with high axial load stress, in which a higher inherent re-centering behavior is observed (Priestley et al., 2007). To represent hybrid low-damage structures such as PRESSS or Pres-Lam technologies, consisting of a combination of a nonlinear elastic behavior to represent the self-centering contribution provided by the unbonded post-tension tendons and an elastoplastic cycle for the energy dissipation contribution of the external hysteretic plug and play, the Flag-Shape hysteretic cycle is selected. This model requires the definition of an additional parameter, namely, β, the contribution ratio (to the total capacity) of the hysteretic dissipation. In this study, three different β values are considered, i.e., 0.2, 0.4, and 0.6 (HYB, Figure 3F). Finally, the Nonlinear Elastic case is also considered in the parametric analysis (EL, Figure 3C), as representative of structures characterized by earthquake-resistant elements with only unbonded post-tension tendons and without supplemental dissipative components.
The analyses are performed using the structural software Ruaumoko2D (Carr, 2007). From a computational point of view, the SDoF system is modelled through a mass on a roller sliding in the horizontal direction and connected by an elastic translational spring; viscous coefficient is modelled considering a Rayleigh damping proportional to the initial stiffness of the system and 5% of critical damping. The length of the spring and the mass are unitary to generalize the results and for this reason the nonlinear yielding forces Fy match with Say values.
3.2 Ground-motion selection
To evaluate the nonlinear dynamic behavior of the structures, the suite of unscaled ground motions of the Peer West 2 database (Pacific Earthquake Engineering Research Center, 2000) are used. The site of L’Aquila (Italy) is considered in this study. The acceleration spectrum is carried out according to the Italian building code (D.M. 17/01/2018. Norme Tecniche per le Costruzioni (NTC), 2018), considering a building life equal to 100 years, Importance Level II (usage class) typical or residential buildings, usage coefficient CU equal to 1 and soil type E. All the selected accelerograms are “as recorded,” i.e., not scaled. Ground motion records are selected considering either near-field earthquakes, with a site-source distance less than 10 km and “Pulse—like Records” type specified in the database, and for far-field earthquakes, where the distance is beyond 20 km and the type is described in the database as “NO Pulse—like Records”. The considered range of magnitudes is consistent with the Probabilistic Seismic Hazard Analysis (PSHA) of the site of interest, i.e., between 5 and 7. Overall, 84 near-field earthquakes and 25 far-field earthquakes are adopted (Supplementary Table S1 ). Figure 4 shows the individual acceleration, displacement and velocity spectra of the selected records (for both near-field and far-field earthquakes) and their average spectra.
[image: Figure 4]FIGURE 4 | Response spectra of the selected ground motions. (A): Near-field absolute acceleration. (B): Near-field displacement. (C): Near-field spectral velocity. (D): Far-field absolute acceleration. (E): Far-field displacement. (F): Far-field spectral velocity.
3.3 Results and discussion
In order to facilitate the discussion, the results of the performed parametric analyses can be grouped into four main blocks.
- Near-field records and SDoF systems with no hardening (r = 0);
- Near-field records and SDoF systems with hardening (r = 5%);
- Far-field records and SDoF systems with no hardening (r = 0);
- Far-field records and SDoF systems with hardening (r = 5%).
For the sake of brevity, only the main obtained results are discussed below, including a full description response spectra of the SDoF systems with zero hardening under near-field records and a comparison between near-field and far-field earthquakes for the self-centering SDoF systems with either r = 0 and r = 0.05.
3.3.1 Near-field records and SDoF systems with no hardening
Concerning the seismic input energy per unit mass, the final cumulative value induced by each earthquake is considered, in order to correlate it with the final hysteretic energy, representing the progressive damage to the structure. Figure 5 shows the seismic input energy demand for each considered hysteresis rule and fixed values of yielding point, espressed in terms of Say, in order to define the seismic input energy inelastic spectra.
[image: Figure 5]FIGURE 5 | Comparison of the average final seismic input energy inelastic spectra varying the yielding acceleration Say—Near-field case. Perfect Elastic (OSC), Takeda Thin (TKS), Takeda Fat (TKF), Nonlinear Elastic (EL), Self-Centering Hybrid (HYB), Elastoplastic (EP). (A): Say = 0.05 g. (B): Say = 0.10 g. (C): Say = 0.20 g. (D): Say = 0.30 g. (E): Say = 0.40 g. (F): Say = 0.50 g.
By increasing the yielding acceleration Say, the seismic input energy tends to impart the same energy as the elastic oscillator with 5% of critical damping. This result is consistent with the observation of Decanini and Mollaioli. (2001), which concluded that as the ductility decreases, the seismic input energy increases; by increasing the ductility, on the other hand, the peak of the spectrum shifts towards the lower periods. For medium-high values of spectral yielding acceleration Say, the seismic input tends to be constant with any hysteretic cycle: For low values of Say instead, it can be noted that for very rigid structures, it is the hysteretic cycles with greater re-centering behavior that impart greater input energy (HYB1, HYB2, HYB3 and EL), compared to traditional monolithic technologies (especially elastoplastic EP, where the seismic input energy is about 80% of that low-damage seismic input energy). Finally, for very flexible structures, the seismic input energy tends to be constant for all hysteretic models and for each yield point Say.
Results of the hysteretic energy and seismic input energy ratio Ehyst/Einp inelastic spectra, are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Comparison of the average hysteretic energy and seismic input energy ratio Ehyst/Einp inelastic spectra varying Say—Near-field case. (A): Say = 0.05 g. (B): Say = 0.10 g. (C): Say = 0.20 g. (D): Say = 0.30 g. (E): Say = 0.40 g. (F): Say = 0.50 g.
The hysteresis rule is the fundamental parameter governing the amount of energy dissipated by hysteresis. It can be noted that traditional systems (i.e., EP, TKS, and TKF) are characterized by the greatest hysteretic energy contribution regardless of the yielding Say values. However, for traditional monolithic structures, this implies important cumulative residual displacement and damage. Increasing the spectral yielding acceleration, less dissipation of hysteretic energy is reached (due to an increase of the re-centering behavior given by the elastic component of strength). By increasing the Say value, the peak of the Input Energy spectrum shifts towards period values ​​corresponding to rigid structures, with a lower contribution of the hysteretic ratio, Ehyst/Einp, and this is consistent with Cheng et al. (2021) and Fajfar and Vidic (1994). For low values of Say, the EP cycle has higher values ​​of Ehyst/Einp ratio, with a maximum values equal to almost 70% (considering period values of lower than 0.5 s). As expected, the TKF hysteresis rule dissipates more hysteretic energy than the TKS, because the latter is used to simulate the axial load of the structures, which allows greater re-centering component. Finally, considering a flag-shape behavior, higher values of the area of the cyclic hysteresis loops (i.e., higher β values) lead to higher hysteresis dissipative contribution; in fact, the third hybrid hysteretic model, namely, HYB3 (with β = 0.6), has the highest hysteretic component. Figure 7 shows some classical inelastic spectra in terms of maximum displacement, absolute acceleration, and velocity for different level of spectral yielding acceleration values Say.
[image: Figure 7]FIGURE 7 | Examples of the maximum response inelastic spectra varying Say—Near-field case. (A): Maximum Displacement—Say = 0.05 g. (B): Maximum Displacement—Say = 0.2 g. (C): Maximum Displacement—Say = 0.40 g. (D): Acceleration—Say = 0.05 g. (E): Acceleration—Say = 0.2 g. (F): Acceleration—Say = 0.40 g. (G): Velocity—Say = 0.05 g. (H): Velocity—Say = 0.2 g. (I): Velocity—Say = 0.40 g.
Worth reminding that Equal displacement rule (EDR) is typically considered applicable between the elastic and inelastic oscillators for medium-low stiffnesses. For rigid structures, the classical seismic design approaches modify the EDR assumption into an Equal Energy approach by increasing the expected inelastic displacement. In fact, as mostly confirmed in Figures 7A–C, the nonlinear behavior increases the displacement response of more rigid structures. The latter result is further amplified by decreasing the Say values, since the strength difference between the inelastic and elastic oscillator increases (Fajfar, 2000). The peak displacement responses are higher for hysteretic cycles which have greater re-centering elastic component (in order: EL, HYB1, HYB2, HYB3), while the more dissipative hysteretic cycles show lower values. Then, it is possible to observe that by increasing the yielding point Say, both the absolute acceleration and the relative velocity of the nonlinear oscillators increase. The hysteretic cycle does not affect the inelastic absolute acceleration spectra, except for short periods in which the elastic component amplifies the effect. Nonlinear elastic (EL) or low-damage hybrid (HYB) systems have the highest velocity response: this is confirmed by the higher kinetic and dissipation energy components due to the viscous damping in the dynamic energy balance.
3.3.2 Response spectra of SDoF systems with hardening r = 5%
In this paragraph, a comparison of inelastic spectra (r = 0 and r = 0.05) is reported. For the sake of brevity and without loss of generality, it is decided to report the results of the HYB2 cycle only (which is also used in the worked example in Section 4). Firstly, the effects of near-filed earthquakes are investigated. Figure 8 shows that considering hardening behavior equal to 0.05 (continuous line), in general, a small increase in the seismic input energy demand is observed (Figure 8A). This difference is substantial for lower period values. Regarding the energy ratio Ehyst/Einp (Figure 8B) hardening behavior has little effect. The maximum displacement decreases due to the modelling of the hardening, especially for low values of the yield point Say (Figure 8C). Concerning the absolute acceleration and velocity, both increase if the hardening behavior is included (Figures 8D, E). Finally, the most relevant effect of the hardening behavior is the reduction of the residual displacement at the end of the earthquake and this is showed in Figure 8F for EP cycle, because low-damage systems have negligible residual displacement. The latter results are consistent with Christopoulos et al., 2003, Christopoulos et al., 2004.
[image: Figure 8]FIGURE 8 | Comparison of the HYB2 average inelastic spectra r = 0 vs. r = 0.05—Near-field case. (A): Seismic input energy. (B): Ehyst/Einp. (C): Maximum Displacement. (D): Absolute acceleration. (E): Relative velocity. (F): Residual displacements of the EP cycle.
Considering far-field earthquake records, the results in terms of response spectra are shown in Figure 9, again for the HYB2 cycle and considering both no hardening (r = 0 with dashed line) and hardening behaviors (r = 0.05 with continuous line). The seismic input energy, for far-field earthquakes, is much lower than for near-field earthquakes (Figure 9A). Considering the hardening of the hysteretic models it is possible to observe a small increase in the seismic input energy demand. This difference is substantial for lower period values. On the other hand, the Ehyst/Einp ratio is slightly lower in the far-field scenario than in the near-field earthquakes (Figure 9B). Considering the hardening of the hysteretic models (continuous line), it is possible to note a slight decrease in the hysteretic energy. The maximum displacement is lower in the far-field scenario rather than in the near-field scenario, since the seismic energy demand is lower (Figure 9C). The maximum displacement decreases due to the presence of hardening, especially for low values of the yielding point Say. Absolute acceleration is not very sensitive between near-field and far-field earthquakes (in the second case it is slightly lower, Figure 9D). However, the same conclusion is not valid for the velocity: as for the seismic input energy, also the relative velocity of the structure (Figure 9E) and, consequently, the kinetic energy dissipated by the viscous damping decrease considering near-field earthquake scenario.
[image: Figure 9]FIGURE 9 | Comparison of the HYB2 average inelastic spectra r = 0 vs. r = 0.05—Far-field case. (A): Seismic input energy. (B): Ehyst/Einp. (C): Maximum Displacement. (D): Absolute acceleration. (E): Relative velocity. (F): Residual displacements of the EP cycle.
3.3.2.1 Number of equivalent plastic cycles
The number of plastic cycles neq are higher in the far-field scenario than in the near-field earthquakes. The ground movement under near-fault leads the structure to absorb a large amount of energy with few plastic cycles. Hence cyclical damage to structures is generally more important for far-field earthquakes. Then Figure 10 shows that traditional monolithic structures undergo more plastic cycles than low-damage structure, due to their higher hysteretic energy component. The shape of the curves is in agreement with Cheng et al. (2021).
[image: Figure 10]FIGURE 10 | Example of the number of equivalent plastic cycles. (A): Far-field earthquakes. (B): Near-field earthquakes.
4 ENERGY-BASED DESIGN: WORKED EXAMPLE
This section presents an illustrative application of the displacement/energy-based design using the inelastic spectra r = 0 obtained in the previous Section 3. In this approach, both the hysteretic energy and the maximum displacement are considered as control/target design parameters. Figure 11 shows a conceptual flow chart summarizing the proposed integrated Displacement and Energy-Based Design (DEBD) procedure to define an objective capacity curve for the considered structures.
[image: Figure 11]FIGURE 11 | Flowchart of the integrated Displacement and Energy-Based Design (DEBD) procedure.
The proposed integrated DEBD design procedure is also compared with the classical design approaches (FBD and DDBD), in order to highlight exclusively a direct control on the design seismic performance parameters.
4.1 Description of the case-study structure
The case-study structure is characterized by a plan dimension of 28 m × 22 m (Figure 12), with an interstorey height of 3.6 m for five floors (18 m in total height). Lateral resistance is provided by two perimeter seismic frames in the longitudinal direction Typo, and two walls in the transversal direction. The wall length is 5.5 m and its thickness is 0.4 m. The total mass is 1,446 tons and it is divided respectively in 298 and 254 tons for each floor and the roof. The energy-based design procedure is applied to a PRESSS hybrid wall with re-centering ratio λ equal to 1.6 (β = 0.4).
[image: Figure 12]FIGURE 12 | Case study building geometry. (A): Typical floor plan. (B): Geometrical wall elevation.
4.2 Record selection
The performance of the wall is compared using nonlinear time history analyses (NLTHAs), considering different near-field accelerograms (Supplementary Table S2) from those used for the inelastic spectra of Section 3.2. The ultimate life safety (ULS) intensity level is evaluated according to the building code (NTC 2018), considering a building life equal to 100 years, Importance Level II (usage class) typical or residential buildings, usage coefficient CU equal to 1 and soil type E.
4.3 Case-study design
4.3.1 Force-based design
The analysis is performed according to the Italian NTC2018 code. The wall is modelled with lumped masses on the nodes of the structure and with frame elements which have: i) modulus of elasticity equals to 34 GPa; ii) reduction coefficient equal to 0.5 for the flexural stiffness. From the modal analysis the fundamental period of the structure is 0.63 s. A behavior factor q = 4 is selected, based on typical design practice and in line with the NTC2018 miminum requirements. The elastic period of the structure is calculated through modal analysis and the other parameters are evaluated with linear static analysis according to Italian NTC 2018. It is crucial to emphasize that it would be recommended to reduce the behavior factor q, if a traditional monolithic structure design had been carried out in order to reduce the residual damage to the structural elements. A rigorous consistency with the actual ductility demand of the earthquake and thus of the actual energy dissipation developed by the structural system should be checked to re-evaluate the initially assumed behavior factor, making the design process iterative. However, this last step was omitted from the worked example since it is outside the goals of this research work.
4.3.2 Direct displacement-based design
In the DDBD, the maximum lateral displacement achievable under seismic action is fixed at 0.17 m, corresponding to approximately 1.30% of equivalent SDoF interstorey drift. It is has herein chosen not to select a higher interstorey drift value for Life Safety Limit State in order to reduce the deformation demand on the Plug and Play external replacable dissipaters (Pampanin et al., 2010). The yielding displacement of the wall is calculated with the DDBD cantilever formulation (by assuming the yield stress fy equal to 450 MPa and the steel modulus of elasticity Es equal to 210 GPa), and it is equal to 0.06 m, that corresponds to a 0.4% of equivalent SDoF interstorey drift. The hysteretic energy is empirically represented by an additional area-based equivalent viscous damping (Eq. 7) as per Priestley et al. (2007). A more rigorous analysis was omitted for this last parameter since it is outside the goals of the research work. Furthermore, by designing for near-field earthquakes, the spectral reduction factor [image: image] is adjusted by modifying the square root (typical for far-field earthquakes) in a power factor equal to 0.25, i.e., [image: image]
[image: image]
4.3.3 Displacement and Energy-based design
For PRESSS low-damage technologies, maximizing the hysteretic energy represents a fundamental objective to reduce the seismic input energy demand while avoiding significant structural damage (unlike the traditional monolithic structures). According to Priestley, 1998, the yielding displacement is considered independent of the strength capacity and it is derived as per the DDBD method. A strength capacity Say = 0.2 g is considered, in order to maximize the energy ratio Ehyst/Einp and reach the maximum displacement equal to 0.17 m. In this way the elastic period (secant to the yielding point) of the structure is 0.7 s. The parameters interpolated in the inelastic spectra are shown below (Figure 13), including the seismic input energy demand for unit mass (Figure 13C).
[image: Figure 13]FIGURE 13 | Interpolation of design parameters in the inelastic spectra. (A): Maximum Displacement. (B): Hysteretic energy and seismic input energy ratio Ehyst/Einp. (C): Unitary seismic input energy.
4.4 Comparison between the seismic design methods
The simplified target design pushover curves obtained with DEBD, DDBD and FBD methods are shown in Figure 14. Moreover, for the DEBD only, the overturning moment (OTM) is evaluated and a detailed design of the hybrid connection of the wall is carried out. A comparison between the target design (obtained through the DEBD procedure) and the designed hybrid wall is presented in Figure 14A, while Figure 14B shows the geometrical and reinforcement details of the considered hybrid connection.
[image: Figure 14]FIGURE 14 | Worked example design results. (A): Comparison of alternative pushover target design curves depending on the design methods. (B): Section design data of the PRESSS wall.
In order to investigate the effectiveness of the alternative design methodologies, including the proposed DEBD, NLTHAs are carried out on a Multi-Degree-of-Freedom (MDoF) numerical model implemented in the structural software Ruaumoko. Specifically, masses are concentrated in the nodes of each floor and the nonlinear behavior is concentrated at the base with HYB2 hysteretic cycle modeled as a rotational spring. The viscous coefficient is modelled considering a Rayleigh damping proportional to the initial stiffness of the system and 5% of critical damping.
The results of the performed investigation are resumed in Table 1. Looking at the results of the NLTHAs, it can be observed that, as expected, the closest approach to the energy target predictions showed in Figure 13, it is the Displacement and Energy-Based Design. In fact for the DDBD and FBD methods, only in a second step it is checked if energy NLTHA results are acceptable, while with the DEBD method energy results match with the design parameters. The obtained maximum displacements are very similar between the DEBD and DDBD methods and both methods provide a conservative evaluation with respect to their target design value of 0.17 m. On the other hand, the FBD method significantly underestimates the maximum displacements compared to the design value and this is mainly due to the selected high value of the behavior factor q, which should be in principle double checked and iterated on (Sporn and Pampanin, 2013). Residual displacements evaluated through the NLTHAs are equal to 0.1 mm due to the re-centering behavior of the flag-shape hysteresis cycle. NLTHAs results show a slight increase in absolute acceleration compared to the target values; for the DEBD approach the average is 0.25 g, but this value remains lower than this specific DDBD case and this allows greater protection of the non-structural content (Kam et al., 2008). From the energy point of view, the advantages of adopting a DEBD approach can be recognized, since this approach allows to maximize the average hysteretic energy and to control the seismic input energy demand. It is worth stressing that, for the low-damage PRESSS technology, the hysteretic energy is only expected to reduce the seismic demand without implying significant structural damage, since it is associated to the yielding of the (external re-placeable) Plug and Play devices, rather than to the development of potentially non-repairable plastic hinges in the structural traditional monolithic members. The average results of FBD show the highest hysteretic energy value, but it should be emphasized that the average actual response displacements have exceeded the FBD target value (in other words, the target objectives implied in the FBD have not been respected). Furthermore, the average seismic input energy demand evaluated through NLTHAs is close to the DEBD method target value, which is calculated as the product of the unitary seismic input energy (Figure 13C) with the total floor masses of the structure (1,446 tons). Finally, the NLTHAs of the section design wall show similar results in hysteretic energy and maximum displacements compared to the DEBD method, while the absolute accelerations are lower due to the hardening of the wall connection design.
TABLE 1 | Comparison between NLTHAs response results and the design target parameters.
[image: Table 1]5 CONCLUSION
In the present paper, the energy-based seismic behavior of structures has been investigated. The main objective of the presented research work was to highlight and discuss the energy-based seismic performance of structures by directly adopting the hysteretic energy as an additional design parameter, in order to propose an innovative Integrated (Direct) Displacement and Energy-Based Design (DEBD) approach.
Towards this goal, the energy-based approach has been studied on an average set of accelerograms divided into near-field and far-field scenarios. A parametric analysis has been carried out for different nonlinear hysteretic cycles, representative of the cyclic behavior of the structures: Takeda Thin, Takeda Fat, Elastoplastic, Nonlinear Elastic and Flag-Shape. Specifically, the latter is deemed representative of the innovative hybrid re-centering and dissipative low-damage technologies (e.g., PRESSS in concrete or PRES-LAM in timber). For each considered hysteretic rule, constant-strength inelastic response spectra have been derived, thus setting fixed values of the strength capacity (in terms of yielding acceleration point Say). The performance has been evaluated through the averaging of nonlinear dynamic analyses concerning: i) final seismic input energy, ii) hysteretic energy and seismic input energy ratio Ehyst/Einp, iii) maximum displacement, iv) absolute acceleration, v) relative velocity of the structure. The investigation has been carried out also considering either an elastic-perfectly plastic monotonic behavior (r = 0) or hardening behavior (r = 0.05). The latter showed a strong reduction of residual displacements at the end of the earthquake, due to the increase in strength of the oscillator. From the energy point of view, hardening has generally little effect on the reduction of the final hysteretic energy, except for very rigid structures. Furthermore, it was highlighted that under near-fault sources the seismic input energy is higher than for far-fault earthquakes. For these latter earthquakes, the structures are more vulnerable to cyclical fatigue: in fact, the number of plastic cycles is greater. On the other hand, under near-field effects, due to the high-velocity component, structures absorb the seismic demand in fewer larger cycles. Inelastic energy spectra can be used to select the most performing construction technologies accounting for the control of cumulative damage. The introduction of self-centering hybrid structures showed the gradual increase of hysteretic energy when increasing the hysteretic dissipation contribution β, which in turns reduces the seismic input energy demand. In this typology of structures, hysteretic energy is dissipated only through the plasticization of the external replaceable Plug and Play devices, thus without any substantial structural damage in the plastic hinge region as typical of a traditional monolithic solution designed according to capacity design philosophy (Blume et al., 1961; Park and Pauley, 1975).
Finally, a worked DEBD example of a hybrid low-damage PRESSS wall has been presented to highlight the possible benefit of controlling the structural damage using the inelastic energy spectra obtained in this paper, by correlating the energy components with the corresponding maximum displacement response parameters of the structure, in order to obtain an innovative Integrated Displacement&Energy-Based Design approach. Three alternative design approaches have been considered in the investigation, i.e., Force-Based Design (FBD), Direct Displacement-Based Design (DDBD), and Displacement and Energy-Based Design (DEBD). The effectiveness of the design methodologies has been evaluated by performing also NLTHAs of an MDoF model of the structure.
Firstly, it should be noted that discrepancy between the three methods could be larger than expected, since code (FBD) and empirical (DDBD) formulas were used for the traditional approaches, while in the DEBD case design parameters are evaluated through a stricter parametric analysis by using NLTHAs. Either way, results highlighted that the target and predicted energy seismic parameters were closer in the DEBD approach, rather than the DDBD or even more compared to the FBD. In general, FBD has been shown unable to provide adequate control of the design parameters such as maximum displacement and hysteretic energy. Yet, both DDBD and the proposed DEBD methodology allow for a better estimation of the maximum displacement of the structure. Moreover, when compared to the DDBD, the proposed DEBD methodology allows for maximizing the hysteretic energy, which was one of the target objectives in the design phase for the presented illustrative application. Such an approach has a specific benefit when considering disspative self-centering low-damage solution system, as the hysteretic energy does not represent structural cumulative damage as typical of monolithic traditional counterparts.
Yet, when dealing with general typology of structures, future developments should focus on correlating the hysteretic energy levels with the corresponding damage levels, in order to better define the repairability limit state of structures.
In addition, regulatory energy response spectra should be developed, so as to make DEBD more applicable in the professional practice and more comparable with the current seismic design methods.
In this paper, neq parameter was investigated for both far-field and the near-field scenarios, however it was not included in the proposed DEBD procedure. The aim was therefore to correlate neq with future research, which should also include hysteretic energy and the corresponding damage levels for a more robust EBD procedure.
Finally, an alternative energy dissipation strategy could be developed, using for instance velocity-dependent devices, exploiting the high-velocity component induced by near-field earthquakes, and thus improving the seismic performance of the structure. The design of such devices might be relatively simple through an energy-based approach as it directly distinguishes the energy components of the balance, such as viscous damping energy and absorbed hysteretic energy.
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