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Abstract

:

Earthquake Seismic isolation plays an important role in achieving sustainable earthquake resilience communities. Seismic isolation method is a justified, mature, and reliable performance enhancement strategy for a wide range of structural systems and valuable contents. As a result of the targeted response modification, high-performance expectations and earthquake resilience can be achieved during the service life of the structures that are compliant with the design code requirements. Design and analysis procedures of isolation systems in standards were evolved substantially to expand the use of isolation technology and quantify the benefits of isolation systems to overcome the existing impediments. Strictly speaking, new tools are offered to the engineering community to highlight the possible issues that may appear in isolation units beyond the design basis earthquake level to improve the accuracy of response prediction. This paper aims to overview the characteristics of frequently used isolation systems in the industry with mathematical models, design criteria toward sustainable communities, the current state of practice along with the set forth design requirements of selectively well-known standards with special emphasis to the ELF procedure from the perspective of performance-based design philosophy. Additionally, two large-scale seismic isolation applications in the world are given as benchmark studies for the new construction and upgrading scheme in the content of the study.
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1. Resilience and Robustness of Seismically Isolated Buildings


Earthquake is a natural threat to human lives and assets, and a high portion of the world’s population lives in earthquake-prone regions [1]. Past major earthquakes indicated the vulnerability of building stocks and infrastructures in urban areas (e.g., the 1994 Northridge earthquake, the 1999 Kocaeli and Duzce earthquakes, the 2011 Christchurch earthquake, the 2011 Tohoku-Oki earthquake, and the 2016 Kumamoto earthquake). Seismic design codes have been instrumental in reducing collapses of non-isolated structures and have saved the lives of hundreds of thousands of people. However, over the past 20 years, especially in developed countries, nonstructural system/component damage and loss of functionality (and consequent loss of business) dominated the economic losses caused by earthquakes [2,3,4,5]. Strictly speaking, in the 1994 Northridge earthquake, financial losses due to nonstructural damage were approximately constituted 50% of the estimated total loss of 18.5 billion dollars [6].



Nowadays, modern buildings contain sensitive and costly equipment, that has become vital in business, commerce, education, and healthcare. These building contents frequently are more valuable than the buildings themselves. According to Taghavi and Miranda [5], financial losses associated with the physical nonstructural damage can rise to 70% of the entire cost where the structural system only constitutes 18% of the investment. Thus, the likelihood of losses under a similar scenario earthquake like the 1994 Northridge earthquake might exceed the previous estimates of total losses because of the costly new technological equipment, architectural components, and building contents, and business interruption. Since the primary objective of seismic risk mitigation activities is to reduce the adverse effects of earthquakes such as casualties, loss of functionality, downtime, and direct or indirect economic losses: earthquake-resistant design of new structures and rehabilitation of existing ones with appropriate performance criteria, should constitute a priority.



This paper overviews the fundamental principles of seismic isolation technology, impediments in extending the use of isolation systems, the current state of practice for the design and analysis of most commonly used isolation hardware with a critical appraisal of the justified performance of SI buildings in the past earthquakes. Moreover, a direct displacement-based design approach in a seismically isolated building along with the set forth design requirements of selectively well-known standards are addressed from a PBD aspect. Finally, the paper ends with the author’s remarks on the issues in the design of isolated structures and the presentation of benchmark studies for the continued functionality objective of healthcare facilities in Turkey.




2. Fundamental Principles in the Design and Analysis of Seismic Isolation Systems


Seismic isolation is an effective design and rehabilitation methodology to ensure the desired high-performance expectations in a wide range of applications. The first patented earthquake protection system in the US goes back to the end of the 19th century [7], while the historical background of the conceptual idea is far beyond that era. Although from the 1970s to 2000s seismic isolation technology was proposed as an innovative performance enhancement strategy, nowadays it is transformed to mature and arguably the best way of earthquake protection method [8]. The design concept of passive control systems relies on the decoupling of the entire structure or floor levels through the installation of isolation devices at key interfaces, which enables the shifting of the fundamental vibration period of the structure out of the hazardous range of earthquakes that have the highest level of energy content. In other words, the low-horizontal stiffness provides accommodation of deformation demands at the isolation interface, and the inherent/supplemental damping mechanism avoids the excessive deformation that might be detrimental (Figure 1).



Accordingly, the SI system introduces flexibility to the designer for the installation of isolation units at the foundation, first floor [11], or any other convenient floor level in a building to directly account for the dissipation of earthquake-induced energy with feasible solutions (Figure 2). As a result of the adapted mechanism, anticipated floor accelerations and interstory drifts in the superstructure can reduce drastically. In contrast, fixed-base structures concentrate the inelastic deformations in specified locations of structural members for fulfilling the code-compliant collapse prevention criteria and it may result in very high floor accelerations in stiff buildings or large interstory drifts in the flexible structures, causing difficulties in ensuring the safety of the non-structural components and contents.



Despite tons of scientific papers published in the literature and evolution of designed codes, engineers in the industry still stand distant from isolation technology due to a lack of understanding of the primary benefits of used approaches in isolated structures. Moreover, impediments addressed by Mayes et al. [12] in the 1990s still exist and restrict the use of passive control systems. Therefore, the authors would like to reemphasize some of the noteworthy benefits of appropriately applied technology as follows:




	(a)

	
As a result of reduction of elastic base shear force determined based on the site conditions and seismicity requires less effort with a simpler configuration and limited ductility in the superstructure;




	(b)

	
Ground motion records that may yield extensive damage for an isolated structure can be determined through a comprehensive seismic hazard assessment in the preliminary design phase;




	(c)

	
Sensitivity of SI structures to uncertainties associated with earthquake hazard result in less than the conventional structures;




	(d)

	
The amount of damage sustained in the superstructure is kept in minor levels even under the rare earthquake ground motion levels with feasible design solutions;




	(e)

	
The performance of isolation devices is known better than the structural members of its fixed-base counterparts due to provided quality assurance tests and validated mechanical characteristics in prototype tests;




	(f)

	
Nonlinearity of seismically isolated structures is concentrated in the isolation interface even beyond the considered level of earthquake ground motions due to conservative safety margins and modification factors considered in the bounding analysis;




	(g)

	
Continued functionality can be easily provided by upgrading the existing systems based on the performance expectations of stakeholders or updates in design provisions.









Thus, seismic isolation technology is an alternative robust design and rehabilitation method that fulfills the code requirements while contributing to the community resilience for regions under earthquake threat. Despite burdensome requirements in standards that are not applied to traditional structures fairly, seismic isolation systems still have promising features to provide cost-effective options for performance enhancement and long-term safety regardless of those limitations. Increasing attention of the construction industry to innovative technologies has made the seismic isolation systems arguably the first applicable solution to overcome the challenging problems for performance enhancement. As a consequence of research and development activities in isolation and energy dissipation systems, the total number of available devices in the market and local suppliers are increased considerably in the past three decades. Elastomeric bearings and friction type of sliders are still the predominantly employed types of isolation units in practice due to their ease of applicability and approved performance in earthquakes. The procedure for selecting the most suitable seismic isolation system is not straightforward and differs from traditional building practice. Thereby, performance evaluation of SI systems and optimum design need to be evaluated project-wise and in a device-specific manner. A thorough understanding of mechanical characteristics and design parameters of devices together with the superstructure characteristics is a must in the decision process, where good communication with suppliers is key. Basic response characteristics of commonly used isolation units belonging to the elastomeric and friction slider categories of isolation units are described briefly in this section.



2.1. Elastomeric Bearings


Elastomeric bearing devices are commonly used in many applications starting from the rudimentary years to date. Various types of elastomeric bearings were manufactured in the 1980s for bridges and buildings to promote cutting-edge technology for structures. The first modern building equipped with a seismic isolation system consisting of a rubber-bearing was constructed more than 50 years ago in Skopje. Bulging observed in devices was caused by inadequate vertical stiffness of rubber due to a lack of reinforcing shims [8,13]. Thus, rubber bearings installed in 1969 at Pestalozzi School are replaced 40 years later with their contemporary versions that can exhibit adequate vertical stiffness and desired dynamic response characteristics.



Overall response characteristics of the elastomeric bearings are represented by mathematical models in the design and analysis of seismically isolated structures. Therefore, a set of parameters such as effective stiffness (Keff), equivalent viscous damping ( β eff), characteristic strength (Qd), and post-yield stiffness (Kd) parameters are needed to be validated through the required test procedures or preliminary analysis are performed by obtained parameters from verified devices subjected to approximately similar loading conditions. The first two parameters given are used in linear analysis, and the Qd and Kd can be used to establish the idealized bilinear hysteretic model for the nonlinear response history analysis. An idealized bilinear force–displacement relationship of an isolation system is shown in Figure 3. In addition, more advanced hysteretic models can be used to address the issues that might appear in rare seismic events.



Elastomeric isolation units can be classified into three main categories based on their damping properties and material comprised. In European Standard EN 15129 [14], a device named polymer-plug rubber bearings (PPRB) is included together with three main elastomeric bearings. Type of elastomeric bearings and their mathematical models used to represent the mechanical behavior of elastomeric bearings under dynamic loading are described briefly in this section.



2.1.1. Low-Damping Rubber Bearings (LDRB)


LDRB is composed of natural rubber, steel shims, and endplates (Figure 4). It shows a linear force-deformation behavior with low energy dissipation capacity (2–3%) up to 100% shear strain. It is possible to experience a stiffening behavior in the horizontal force–displacement relationship beyond the upper limit of shear strains. The shear strain of elastomeric bearings is calculated considering lateral load, compression, and rotation effects. Shear strain value at the onset of stiffening in LDRB differs from HDRB. Thus, the hardness of rubber material is a matter to reflect the possible range of shear modulus in elastomeric bearings. The hardness of rubber is measured by an instrument named the durometer. The shear modulus of LDRBs typically ranges from 0.65 to 1.0 MPa. For achieving a stable response in an isolation system consisting of LDRBs, usually hardware such as lead rubber bearing (LRB), high-damping-rubber-bearing (HDRB), viscous fluid dampers, frictional dampers, yielding hysteretic steel dampers, and lead bars among others are used together with this type of devices to limit excessive displacement demands.



The horizontal stiffness parameter (Kd) of the elastomeric bearing can be calculated using Equation (1). Shear modulus and bonded area of the elastomeric bearing are denoted by G and Ab, where the total rubber thickness of the bearing is represented by Tr. In Equation (1), reasonable percentage of rubber cover used for protection preferably can be included, too. Similarly, the vertical stiffness parameter (Kv) is calculated by Equation (2) considering the compression modulus of the rubber-steel composite,    E c   , and area of steel shim rather than the shear modulus of bonded rubber bearing.    E c    parameter in Equation (3) assumes the incompressibility of rubber for circular pads. In case of having a central hole in the elastomeric bearing    E c    value yields to a smaller value. In addition to the given parameters, shape factors are critical. Rubber-bridge bearing typically has lower first shape factor values (S1) compared to elastomeric isolation units. Higher shape factor values in elastomeric bearings contribute to enhancing the stability and limit the undesired rocking motion. When the shape factor value is high, the effect of compressibility must be taken into account to calculate the Kv value (Equation (4)) through bulk modulus, K. Since it is hard to measure bulk modulus in the laboratory environment, 2000 MPa value is assumed for the bulk modulus of the rubber. In Equation (4),    E o    denotes the longitudinal elasticity modulus, and the αv and κ correction factors are used for the    E o    and rubber hardness, respectively.
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2.1.2. High-Damping-Rubber-Bearing (HDRB)


High-damping and low-damping rubber bearing have a similar configuration as shown in Figure 4. However, the rubber compound used with fillers differs and provides a moderate level of inherent damping capacity to HDRBs. Damping ratios of HDRB can reach up to 10–20% for 100% shear strain based on the manufacturer’s propriety [8]. The shear modulus of high-damping rubber bearing usually ranges between 0.35 MPa and 1.4 MPa. Thus, HDRB effective stiffness may vary based on fillers used in the compound, vulcanization process, and contact pressure related to the bonded rubber area. In case of considering the stiffening response at high shear strain values, simplified bilinear models are not applicable like in the lead rubber bearing or conventional curved surface friction slider. Thereby, a phenomenological model was proposed to draw attention to the variation of response characteristics beyond the design basis earthquake by Grant et al. [15]. The proposed model elaborates Mooney-Rivlin strain energy function defined by a comparable approach corresponding to surface plasticity. It represents the range of stiffness and damping for different shear strain values. Alternatively, a uniaxial mathematical model is developed by Kikuchi and Aiken [16] to capture the variation of response characteristics in good agreement with the experimental data utilizing the multi-spring approach (Figure 5).



Furthermore, the velocity of loading, strain and load history, and ambient temperature affect the force-deformation characteristics of high damping rubber bearings during the cyclic tests. Numerous experiments have also exhibited scragging and the Mullin effect on HDRB bearings caused by bulk modulus reduction at moderate to large shear strains [17,18]. The softening ratio in the first cycle to an assigned shear strain is higher than the subsequent cycles. This phenomenon is first described by Mullin [18]. Then, Clark distinguished the impact of softening by explaining the permanent softening as scragging and the temporary reduction as the Mullin effect. In AASHTO [19], de facto values of property modification factors are defined for HDRB, LRB, and LDRB based on aging and scragging.





2.2. Lead Rubber Bearing (LRB)


Lead-rubber bearing is first introduced in New Zealand by Robinson in the late 1970s, where seismic isolation applications using LRB are utilized all over the world [20,21,22]. As a common practice, the fabrication process of LRB is identical to a low-damping rubber bearing except for the inserted lead plug to the center hole. Lead core yields at a relatively low level of stresses at normal temperatures, and it has a recrystallization property providing a stable dynamic behavior under repeated cycles. In other words, the elastomer provides low horizontal stiffness, and the lead core provides characteristic strength and the energy dissipation feature for avoiding excessive deformations. Internal construction from a cut-away view and typical uniaxial cyclic response of multi-spring analytical models are given in Figure 6.



Rate-independent bilinear models are used to represent the force–deformation relationship of lead rubber bearings in object-oriented and commercial software. In practice-oriented applications, the idealized hysteresis loop is governed by three parameters, namely characteristic strength (Qd), post-elastic stiffness (Kd), and yield displacement (Dy). Characteristic strength can be calculated by using only the properties of the lead plug (Equation (5)). Yield strength and cross-sectional area of the lead core in Equation (5) are denoted by    σ L    and    A L   , respectively.


   Q d  =  σ L   A  L        



(5)







Rate-independent plasticity models are commonly used in object-oriented and commercial software. Bilinear force–deformation relationship of LRBs can also be represented by employing Bouc-Wen [23] and coupled-plasticity with a circular yield surface (Figure 7). In this way, force–deformation relationships can be captured with acceptable accuracy. Bouc-Wen model incorporates the smooth plasticity models that are compatible with the test data. However, analysis results may lead to the underestimation of displacement demands by omitting the coupled plasticity models.



In structural analysis programs like SAP2000 [24], 3D-BASIS-ME-MB [25] two-directional smooth bilinear hysteretic models are established utilizing the approach of Park et al. [26]. Smooth bilinear hysteretic models give acceptable results under bi-directional input motions [25]. The forces mobilized in the orthogonal directions during earthquake excitation can be defined by Equations (6) and (7). The isotropic formulation is an appropriate idealization to describe the bi-directional behavior of lead rubber bearings.
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α is the post-yield stiffness ratio,    F y    is the yield force, and Y is the yield displacement. Zx and Zy are two dimensionless variables governed by the following differential equations proposed by Park [26]. A, γ, and β are dimensionless parameters that control the shape of the hysteresis loops. The proposed model can be utilized for all types of elastomeric bearings. High-damping-rubber-bearing requires special attention due to shear strain-dependent stiffening behavior.
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2.3. Friction Slider Type of Isolation Systems


Friction reduction and lubrication are well-documented to emphasize the economic aspects, reliable performance, and longevity in different disciplines. Increasing earthquake demand parameters were necessitated to develop new passive control hardware with higher displacement capacity. The first contemporary application of the sliding isolation system had a flat surface with a low coefficient friction parameter in the patented design approach of Johannes Avetican Calantarients in 1909 [8]. The main difference between these two approaches was the incorporation of a low friction coefficient with more controllable self-lubricating materials and stainless steel rather than creating a layer of Talc. Numerous self-lubricating materials have been proposed to provide a low coefficient of friction in sliding isolation hardware.



Polytetrafluoroethylene (PTFE) is the most commonly used self-lubricating material among the available ones in flat and curved surface friction sliders. In addition to PTFE, known as Teflon, Polyethylene, and Polyamide-based materials have started to be used as an alternative material to reduce friction in Europe. In this way, favorable features of polymers are adapted to be functional under a high level of contact pressure and temperature. The PE-based self-lubricating material in Europe is named UHMWPE (ultra-high-molecular-weight-polyethylene), where the high strength property is a result of its molecular chain. Using such various composite materials in contemporary sliding isolation systems dictates quantifying key design parameters and establishing approval criteria to be used in manufacturing. Thereby, certification of materials in isolation hardware is a must in Europe. Quaglini et al. [27] have proposed a small-scale test procedure for self-lubricating materials to reproduce the actual condition of sliding isolation units.



The design procedure of friction sliders relies on the fundamental concepts of structural mechanics, material properties, and consideration of tribology on macro scales. Several models that are available in the literature can be incorporated to compute the friction force. Coulomb friction is the simplest model to apply in dynamic analysis among others. However, it is well understood that friction force developed at the interface of two materials is dependent on the contact pressure, sliding velocity, ambient temperature, temperature rise on the sliding interface, load and deformation path history, the degree of wear, and cleanliness of the surface. In the light of characterization tests, the velocity-dependent friction model is found to be adequate in the design and employed in both practice-oriented and object-oriented software for practical purposes.



Mokha et al. [28] have conducted a series of tests on sheet-type Teflon sliding bearings under varying bearing pressures, and static and sliding kinetic coefficients of friction measurements are obtained to calibrate the friction model of the PTFE sliding bearings. Critical findings from this study were the dependencies of the frictional force on the velocity of sliding, on bearing pressure, and the condition of the interface. The dependency of the coefficient of friction to the sliding velocity and the variation of the contact pressure is represented by Equation (9) in mathematical models (Figure 8a). The maximum coefficient of friction and minimum coefficient of friction are denoted by fmax and fmin in Equation (9), where the rate parameter and velocity are represented by a    and      u    ˙   , respectively.


     μ s  =  f  m a x   −  (   f  m a x   −  f  m i n    )   e  − a  |  u ˙  |       



(9)







Similarly, variation of fmax parameter based on the change of contact pressure can be represented using Equation (10) (Figure 8b). Moreover, it is possible to use more sophisticated models to demonstrate the strength degradation due to temperature rise on the sliding interface [29,30].


     μ s  =  f   max    , 0   −  (   f  max , 0     −  f  max ,  p       )  tanh  (  ε p  )     



(10)







2.3.1. Conventional Curved Surface Friction Sliders


Curved surface friction slider (CSFS) bearing is a form of sliding bearing consisting of an articulated slider on a stainless-steel spherical surface. The first patented device in North America is named Friction Pendulum SystemTM (FPS) [32]. However, several patent applications in history indicate that the idea of friction sliders goes back to more than 100 years ago [7,33]. The drawings of a contemporary version of the friction slider in the patent application by Zayas et al. had some similarities with the patent of Penkhun [34].



Contemporary CSFS provides the sliding mechanism consisting of friction force and restoring capability in a single unit. The first modern application of CSFS type of bearings is used to retrofit an apartment building in California in 1989 [8]. Since then, traditional curved surface friction sliders have been used widely to isolate buildings, bridges, and storage tanks where design provisions for CSFS. Such widespread use of curved surface sliders has necessitated the implementation of the standardized design and analysis rules together with the required test protocols in standards. Design provisions for CSFS have been implemented to relevant standards to cover generic behavior with special emphasis on the restoring force capability rather than referring to a particular trademark friction slider [35,36].



The force–displacement behavior of CSFS is dependent on the coefficient of friction, variation of axial load on the bearing, and effective radius of curvature. Geometric configuration and the free body diagram of a curved surface friction slider are illustrated in Figure 9. Based on the small deformation theory, Equation (11) can be used in the preliminary design of the curved surface friction sliders to represent the rigid-plastic response. Tisol of the CSFS depends only on the effective radius of curvature value due to the nature of the isolation device, where the horizontal stiffness and equivalent hysteretic damping can be calculated considering Equations (12) and (13). But when the angular displacement amplitude of the pendulum becomes large enough that the small-angle approximation no longer holds, then the equation of motion must remain in its nonlinear form. Although small-deformation theory can capture the overall response of seismically isolated structures, the need of employing a more sophisticated analytical model that accounts for the P-Δ effects under large deformation demands was dictated in past earthquakes (e.g., the 1994 Northridge, the 1995 Kobe, the 1999 Kocaeli, the 2009 L’Aquila, the 2011 Christchurch, and the 2011 Tohoku earthquake). The nonlinear force-deformation response history of CSFS is decomposed to friction force and restoring force components in Figure 10.
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Earthquake ground motions at a point consist of three translational and three rotational components. Unidirectional consideration might be misleading to evaluate the critical design parameters of sliding isolation units. Therefore, nonlinear response history analysis of seismically isolated bridges by accounting bidirectional loading and coupled plasticity models was performed by various researchers [37,38] to assess the accuracy of the uniform load pattern method in AASHTO Guide Specification. The importance of bi-directional loading and variation of the axial load for the rate-independent model of curved surface friction sliders are highlighted by Mosqueda et al. [39]. A simplified approach considers two independent unidirectional elements according to Coulomb’s friction model in orthogonal horizontal directions. Force-deformation calculation can be carried out using Equation (14), where N is the axial force acting on the isolator,    R  eff     is the effective radius of curvature, u and    u ·    denote the sliding displacement and the sliding velocity, respectively. Friction forces for two directions are arranged as given in Equation (15). The commercial software [24] and 3D BASIS-ME [31] use a smoothed plasticity model for FP bearings that utilizes the bidirectional Park–Wen model [26]. In addition, Tsai et al. [40,41] proposed a finite element formulation to include local bending moments for unidirectional and bidirectional motion.
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Furthermore, breakaway friction, stick-slip condition, and coupled bi-directional force–deformation relationships can be observed during the characterization tests of sliding isolation units. A conventional type of curved surface friction slider is incorporated to assess the possible seismic upgrading schemes in the RETRO project. The test protocol described by Lomiento et al. [29] is applied to determine the mechanical features of the traditional CSFS unit. For the pseudo-dynamic testing of a large-scale bridge structure in JRC-ELSA laboratories, the influence of breakaway friction and stick-slip conditions are illustrated in Figure 11 [42]. A constant vertical load of 450 kN per isolator is applied to isolators at the short and tall piers, in which runs of five sine cycles at a constant frequency of 1/100 Hz were imposed with amplitudes of 50, 40, 30, 20, and 10 mm. The maximum velocity at every amplitude ranged from 3.14 to 0.63 mm/s.



More advanced analytical models of traditional curved surface friction sliders to demonstrate the importance of multi-directional loading and the influence of heating are given in a section devoted to challenges in the design.




2.3.2. Multi-Surface Friction Sliders


Following the conventional curved surface friction slider, multi-surface friction sliders consisting of two and four sliding surfaces are introduced to the earthquake engineering community for having a more compact and economical device with a higher margin of safety (Figure 12). The conceptual idea of a multi-surface isolation system goes back to the original patent of Jules Touaillon’s double concave rolling ball mechanism in 1870 [7]. Its contemporary version incorporates advanced self-lubricating wear material and a stainless-steel sliding surface with a more stable response feature. The displacement capacity limitation increasing the cost of conventional curved surface friction sliders is overcome with a performance enhancement through an adaptive response of multi-surface curved friction (MSCF) sliders. The adaptive MSCF type of isolation unit can exhibit varying strength and stiffness characteristics with increasing amplitude (Figure 13). In addition to cost benefits, sharing the displacement demands among multiple surfaces for the special configuration result in halving of the sliding velocities, reduction of deterioration in wear material, and variability of friction force along with compatibility to multi-level performance objectives.



A conventional curved surface friction slider is transformed to a multiple independent pendula mechanism to achieve an adaptable behavior while creating cost-effectiveness. Multiple pendulum mechanism in a single isolation unit is investigated through analytical and experimental studies by Tsai [46,47,48,49]. Following the initiative works of Tsai et al., comprehensive characterization tests of MSFS with two sliding interfaces with different configurations and dimensions are carried to confirm the accuracy of earthquake demand predictions from developed theory in the study of Fenz and Constantinou [43] and Morgan and Mahin [50]. Mathematical models of double and triple pendulum motion of MSCF sliders are developed using either available nonlinear elements or a specific link element by several researchers [43,44,45,50,51,52]. Hysteresis loops of mathematical models for triple and double pendulum motion with sliding regimes are shown in Figure 13. Special configurations of multi-surface friction sliders have widespread use in practice, where appropriate geometry and coefficient of friction parameters at each sliding interface are assigned using equal radii and coefficient of friction based on the device type. Fenz and Constantinou [43,45] have proposed equivalent analytical models validating the observed response considering the available suite of nonlinear link elements in commercial software during the time of nonexistent particular link elements for multi-surface friction sliders. The proposed series model of the MSCF slider with triple pendula motion by Fenz and Constantinou is validated and verified under unidirectional motion. Series models can work under multi-directional motion using radial configuration but can be computationally expensive. Thus, the link element developed for MSFS in commercial computer programs can be preferred. Series and parallel models of the multi-surface curved friction sliders are given in Figure 14 [45,51].



Furthermore, the remarks of Tsai et al. [53,54] about more complex multi-surface friction sliders named Quintuple consisting of six sliding surfaces, nine regimes, and five pendula for complex multi-stage adaptive behavior are utilized by Lee and Constantinou for the extension of the MSCF slider with triple pendula motion by including the proper unloading portion of the hysteretic behavior [55]. Similar to the study of Fenz and Constantinou [49,53], modeling of the overall behavior of Quintuple devices in commercial software is provided similarly for the practicing engineers.






3. Performance of SI Structures in Major Earthquakes


3.1. Design Issues


Lessons learned from earthquakes highlighted some design issues of isolation systems in the state of practice. In the 1990s, the failure of seismic isolation systems and the poor performance of this technology are attributed to the improper applications, inconsistent displacement capacity estimates with the seismic hazard, and the lack of understanding behavior of devices under certain conditions. For instance, during the 1999 Duzce earthquake, the issue of insufficient displacement capacity of the isolation units led to the failure of all devices in Bolu Viaducts. Similarly, the overloading of piers and stiffening of seismic isolators in cold temperatures are associated with the undesired response of devices in the 1993 Kushiro-Oki earthquake [56].



Apart from SI applications in bridges, seven seismically isolated structures in the Los Angeles area were affected by 17 January 1994, M6.8 Northridge earthquake. Two buildings equipped with seismic isolation in the region could not fully be activated and did not respond as intended [57]. Similarly, according to Kuang et al. [58], in the 2011 Christchurch earthquake, the Christchurch Women’s Hospital (CWH) building responded very differently from the design perspective and targeted performance objective. Building design by following specifications is aimed to have a lower stiffness and yield strength value than what was observed in two relatively large events on 23 December 2011.



Another important design issue in SI structures is the failure of connection details. Kani et al., Kasai et al., and Morita have reported failure of connections details of the isolation units in the 2005 Fukuoka and 2016 Kumamoto earthquakes in Japan [59,60,61]. Reported design issues are handled by revised code provisions, design recommendations, and enhanced mechanical characteristics of isolation units in the manufacturing process.




3.2. Seismic Performance of Monitored Buildings


Structural health monitoring in seismically isolated (SI) are essential to fully understand the response characteristics of the protection system during earthquakes and gather valuable information about the level of performance enhancement and damage state. However, the number of monitored SI buildings is relatively low compared to the total number of IS structures. Several instrumented buildings were provided important information about the seismic performance of earthquake protection systems and highlighted the verification of performance goals and design issues in major earthquakes.



During the 17 January 1994 Northridge earthquake, the first set of strong-motion records are retrieved from a base-isolated hospital building of the University of California (USC). PGA values are found larger than the results of the postulated design criteria and the isolation system experienced nonlinear displacements that led to a reduction of floor accelerations at floor levels [62]. The earthquake level was in DBE and SI system only reached its 10% displacement capacity (Figure 15).



Ishinomaki Red Cross Hospital is one of the healthcare facilities exposed to severe shaking during the 2011 Megathrust Tohoku earthquake in Japan which was very close to the epicenter. The impact of the long period and long duration earthquake ground motion records on the healthcare facility provided an opportunity to examine the effectiveness of the isolation systems. The isolation system used in the building preserved the functionality of the healthcare facility as intended. Three meters away, the embankment of the hospital building prevented the possible inundation (Figure 16). Approximately one hour after the 2011 Tohoku event, it served more than 2750 injured people.



In the 2011 great Tohoku earthquake, another isolated structure named Tsukuba City Hall (TCH) building was subjected to extremely rare and large earthquakes as a part of the strong-motion network (Figure 17). Even though the TCH building is approximately 350 km away from the epicenter, it has been subjected to strong ground motion shaking. In the base isolation system of the precast prestressed moment frame concrete building, 11 low-damping rubber bearings, 45 lead rubber bearings, and 9 steel-damper-combined rubber bearings are incorporated. This structure was an important building to evaluate the performance of the isolation system not only for being exposed to the largest earthquake in the history of Japan but also to experience 84 aftershock sequences that occurred from 2010 to 2016 to evaluate the dynamic characteristics of the seismic isolation system and the continued functionality of the structure and damage to its contents [63,64]. Peak ground acceleration is reduced more than 2.5 times on the 6th floor compared to the measured acceleration waveforms in the isolation interface.



The nine-story reinforced concrete office building located in Sendai, Miyagi Prefecture, performed well in the 2011 Tohoku-Oki earthquake (Figure 18). The construction of the building was completed in 1981. Then, as a part of the retrofit scheme, seismic isolation system is installed in 2009 before the main event. The earthquake protection system consists of a combination of lead rubber and natural rubber bearing. The structural health-monitoring system used in the building consists of three axial accelerometers at the basement floor, first floor, and top floor. Floor accelerations are reduced by the seismic isolation system incorporated in the building in the range of 0.68 to 0.49 in X and Y directions, respectively [59].



Besides the detrimental influence of near-fault pulses, the 2011 Tohoku-Oki megathrust subduction earthquake sequence has revealed the importance of considering the long period and long-duration ground motions and showed some of the design issues in seismically isolated structures such as the performance of supplemental energy dissipating devices regarding the thermal deterioration and durability under repeated high amplitude cycles. Sharing such invaluable data of manufacturers will help to design resilient structures for practicing engineers. In Figure 19, ratios of maximum acceleration in the top floor to that on the foundation measured from instrumented seismically isolated (elastomeric bearings) buildings (epicentral distance from 172 km to 457 km) in the 1999 Tohoku-Oki earthquake are shown [65]. The horizontal acceleration ratios in the superstructure are less than one and increasing acceleration on the foundation reduces the acceleration ratios. However, the vertical accelerations recorded are amplified up to 2.2 along with the height. These empirical results indicate that additional measures are needed to further reduce the peak accelerations in the superstructure.



The most commonly observed design issues in seismically isolated buildings can be associated with the estimation of deformation limits, insufficient clearance for moat walls, improper optimization of energy dissipation capacity of the system, failures at connection details, configuration problems in seismic isolation system in terms of cost-effectiveness, the occurrence of high floor accelerations, plastic damages in the foundation level, loss of load-bearing capacity in isolation units and exposure of high level of damages in utility systems.





4. Prescribed Performance Criteria for SI Structures


In general, code-designed buildings should be able to: (1) Resist a minor level of earthquake ground motion without damage; (2) resist a moderate level of earthquake ground motion without structural damage, but possibly with nonstructural component/system damage; and (3) resist a major level of earthquakes without collapse. Performance objectives in building design codes of seismically isolated buildings differ from traditional fixed-base buildings. Design provisions of isolated buildings aim to avoid structural damages and limit the nonstructural damages to ensure “immediate occupancy” performance level under exposure to a design earthquake ground motion. In this regard, the EC-8 [66,67] allows a maximum strength reduction factor value of 1.5, ASCE/SEI 7-10 [68] allows the strength reduction factor to be 0.375 times the one for a corresponding fixed-base structure (less than 2) and, the Japanese building code [69] allows for the inelastic response. In ASCE/SEI 7-10 [68], the design earthquake is taken as the 2/3 of the MCER (approximately equal to 2475-year return period earthquake with deterministic caps), whereas in ASCE/SEI 7-16 [70], the design earthquake modified calculation procedure for the elastic design-based shear forces from the Design earthquake ground motion (DE) to MCER ground motion level to simplify the calculation process.



Interstory drifts and floor accelerations are two critical parameters in the seismic design of structures to avoid excessive damages both in structural and drift-sensitive nonstructural elements. The maximum drift ratio required for the superstructure varies in different codes. In ASCE/SEI 7-10 [68], it is limited to 1.5% of the story height for response spectrum analysis, whereas 2% is allowed in response history analysis. In addition to ASCE/SEI 7-10 [68] criteria of seismically isolated hospital buildings, Zayas [71] states that “Operational” performance level can be satisfied by ensuring the following criteria,



	(1)

	
Providing linear elastic superstructure design;




	(2)

	
Limiting the interstory drifts to less than 0.3%;




	(3)

	
Limiting the median floor accelerations to less than 0.4 g for frequencies less than 20 Hz;







Furthermore, to ensure earthquake resilience design of isolated buildings, the author recommends the following design aspect,



	
Designers must limit damages in expansion joint and utilities at isolation level in buildings;



	
Limit the exceedance of the displacement capacity of the isolation system and the energy dissipation capacity of supplemental devices;



	
Provide sufficient vertical load-bearing capacity and prevent the uplift that might jeopardize the safety of the isolated building;



	
The plastic deformation capacity of the superstructure must be neglected in the design, and it must be considered only as a reserve capacity due to having a limited ductility response;



	
Sufficient displacement capacity should be provided for the clearance to prevent the pounding to the moat wall or adjacent structure;



	
Connection details must be analyzed elaborately, and plastic failure of the foundation that may lead to loss of vertical load-bearing capacity under dynamic actions must be restricted;



	
If possible, full-scale prototype tests of large elastomeric and sliding types of bearings must be performed. However, most of the time suppliers have difficulties providing direct design properties of large isolation units owing to a lack of test machines with sufficient capacity.







5. Direct Displacement-Based Design of SI Structures


The strength-based design procedure for the design of isolated buildings relies on the concept that the earthquake demand is a function of the elastic acceleration response spectrum defined by the initial fundamental vibration period. The hysteretic characteristics of the isolation system allow reducing the elastic demand parameters with the associated inelastic design spectra. Structural deformation is one of the critical performance parameters of isolation systems and is only checked at the end of the design process to confirm the requirements at the damage limit state. However, the flow of the strength/force-based design is incompatible with the adapted procedures of rational Performance-Based Design Framework, which is accepted by the engineering community in the last three decades. It is predicted that the traditional force-based design approach cannot provide appropriate means for implementing concepts of Performance-based Earthquake Engineering [72] since the performance levels are described in terms of deformations, as damage is better correlated to it rather than forces. Regarding ease of control of mechanical characteristics and optimum supplemental damping in SI structures, direct displacement-based design (DDBD) can be an alternative design method to traditional strength-based design procedures. Moreover, as a simple method of analysis, the ELF procedure demonstrates the importance of the iterative direct displacement method either in the calculation of seismic demands for the preliminary design phase or in the establishment of minimum criteria for the final design phase of the multi-mode analysis or nonlinear response history analysis.



The substitute/equivalent SDOF structure used in the ELF method is first proposed by Shibata and Sozen in 1976 [73] and it represents the nonlinear response implicitly through equivalent stiffness and equivalent damping of the considered structure. In accordance with performance objectives, the first step of the direct displacement-based design relies on the establishment of the target displacement profile corresponding to the target displacement profile, and the corresponding equivalent SDOF design displacement (Figure 20) account for the nonlinear MDOF model of the actual structure [74].



5.1. Equivalent 2DOF System for the Direct Displacement Based Design


For the DDDB of SI systems simple 2DOF systems can establish the displacement pattern required for the design of the superstructure by considering superstructure flexibility. The stiffness and the effective viscous damping ratio of the isolator system associated with the displacement level UI are respectively shown by kI and βI. M1, H1, K1, and β1 respectively denote the effective mass, height, stiffness, and the damping ratio of the single degree of superstructure (Figure 21).



Furthermore, it is possible to re-arrange the 2DOF system for retrofit applications of DBDBD where the isolation system is installed at floor levels. A four-step procedure can be briefly expressed as follows:




	
Generation of the equivalent SDOF model;



	
Determination of Keff from the hysteretic model;



	
Relationship between effective damping ratio and the displacement;



	
Displacement spectrum for different effective damping ratios.








The second and the third components are controlled by the relevant characteristics of the isolation system, whereas the required displacement spectrum can be established from the displacement spectrum in standards or using site-specific ground motion characteristics.




5.2. Displacement Spectrum


Displacement spectra are the main ingredient of displacement-based design procedures. The impacts of near-fault ground motions with pulse content and long-period and long-duration ground motions (e.g., the 2011 Tohoku-Oki earthquake) on isolation systems are already emphasized in Section 2. Although IBC [35,66] defines the displacement spectra, some other design codes generate the peak response from the acceleration spectra. Such conversion of the acceleration spectra into displacement spectra results in unrealistic spectral shapes and spectral ordinates [75,76]. The transition corner period at longer periods in EC8 [66] is lower than the IBC [35] displacement spectrum (Figure 22).



Generally, the corner period value (Tc) is calculated based on empirical data or seismic source scaling models. Equation (16) calculates the corner period value as a function of the moment magnitude (Mw) [77]. In addition, several researchers have proposed prediction equations for the displacement spectra (Figure 23) derived from the available ground motion database (e.g., [78]).


log TC = −1.25 + 0.3Mw



(16)









6. Overview of International Design Codes for SI Systems


Seismic isolation technology introduces a relatively new design and rehabilitation concept compared to the traditional design practice of fixed-base structures. Therefore, standards and design guidelines play an important role to encourage engineers to use SI technology in confidence and expand its possible use for various applications. At this point, seismic design codes and specifications address the design principles, load assignment criteria, and testing requirements for the isolated structures to verify the mechanical characteristics of isolation units. Although design rules and guide specifications for control systems are already available in most countries, the state of practice differs from one to another, and the use of IS/ED systems and the approval processes might require a peer review mechanism. Japan, New Zealand, the US, and Italy have been pioneers in the rudimentary years of this technology through the invention of new devices and benchmark applications to validate the high-performance of adapted systems with an acceptable additional cost. In this section, the ELF procedure in the selectively well-known standards is addressed.



6.1. SI Design in the US


To the knowledge of the author, seismic isolation technology for bridges and buildings is first codified in the US. The early efforts started in the 1980s by ad hoc groups of the Structural Engineers Association of California (SEAOC) [8,79]. The first product of the working group is entitled “Recommended Lateral Design Requirements and Commentary.” This publication is also known as Bluebook, which created the basis of various editions of Uniform Building Code (UBC)/International Building Code (IBC). Then, in 1986, the subtask committee published a supplemental document to the 4th Edition of the Blue Book named “Tentative Seismic Isolation Design Requirements” known as the Yellow Book. Moreover, the California Office of Statewide Health Planning and Development (OSHPD) incorporated seismic isolation guidelines to design the first base-isolated hospital in California with concerns of maintaining the functionality. Moreover, in FEMA 222A [80] and the 1991 Edition of UBC [81] General requirements governing the design of isolated buildings are published in the appendix of documents.



Design, method of analysis, and test protocols for SI structures are invariably referred in the Chapter 17 of ASCE/SEI-7-16 [70] provisions, whereas ASCE/SEI 41-17 [82] addresses recommendations for the rehabilitation of existing structures with seismic isolation and energy dissipation devices in Chapter 14. Chapter 17 of ASCE/SEI 7-16 [70] generally addresses the loading conditions, design principles, and testing requirements of a wide range of isolation devices. The design requirements of superstructure and substructure are in other chapters in compliance with Chapter 17. Likewise, EC-8 [68] and the European Standard EN 15129 [14] in Europe and BSLEO 2016 [69] in Japan introduce binding rules for seismically isolated buildings.



The major changes in the latest edition of ASCE/SEI 7-16 [70] compared to ASCE/SEI 7-10 [68] are summarized as follows:




	
Extra efforts and calculations are reduced by eliminating the design basis earthquake level in the ASCE/SEI 7-10 [68] and modifying the calculation procedure based on the MCER event for the bounding analysis;



	
Relaxing the limitations on the equivalent lateral force procedure (ELF) to extend its usage for promoting the use of seismic isolation technology rather than demanding computationally expensive time history analysis used in the design of seismic isolation and superstructure (Table 1 and Table 2);



	
Improved definitions of design properties for making provisions understandable easily;



	
Allow using the previous prototype test data of isolation units in the design process under certain conditions;



	
Adopting a new method for the vertical distribution of lateral shear forces;



	
Using 5% accidental eccentricity in the nonlinear response history analysis based on the simplified approach;



	
Changes in the minimum number of peer reviewers required and the responsibility of the registered design professionals.








The latest edition of ASCE/SEI 7 [70] is proclaimed and reachable for engineers since July of 2017, including recommendations proposed with significant philosophical changes in the method of calculation of elastic base shear for the superstructure together with the amendments of a systematic approach in the determination of property modification factors (λ factors). In ASCE/SEI 7-16 [70], the lambda factors serve to establish maximum and minimum design parameters for the mathematical model during the life cycle of the isolation system. Minimum requirements obtained from ELF procedure ensures the safety of isolated structure implicitly.



In ASCE/SEI 7-16 [70], λ factors consider if the prototype, quality, and production tests are available to establish bounding analysis to account for uncertainties, tolerances in the test methods, aging, environmental conditions, and load history. Lower bound values determine the nonlinear response of SI building implicitly for maximum displacement response and upper bound values determine the maximum transmitted shear forces to the superstructure on the basis of hysteresis rule assigned to the isolation system (Figure 24).



Three types of property modification factors are considered in the ASCE/SEI-7-16 [70] to define the upper and lower limits regarding nominal parameters during the service life:



	
   λ  ae     for aging and environmental effects;



	
   λ  test     for heating, loading rate, and scragging;



	
   λ  spec     for manufacturing variability.






The vertical distribution of the lateral shear forces for the superstructure is revised to improve the superstructure design of seismically isolated buildings based on the fundamental vibration period and equivalent viscous damping. The new formulation distinctively considers partitions of forces acting on the isolation level and above the isolation interface. To adapt vertical force distribution for seismically isolated structures into the ASCE/SEI 7-16 [70], several options are analyzed. The method uses two separate equations to predict the total base shear force of the superstructure (Vst) relative to the base shear value obtained along with the isolation interface (Vb), and the second equation offers how to distribute the Vst over the height of the superstructure. The proportioning of base shear for isolation system, and superstructure might lead to undesired amplification of inertial forces, and such discrepancy is considered in the proposed method. For the uniform and linear distribution, k values are defined as 0 and 1, respectively. Based on the goals of expanding isolation design through simplified ELF procedure, the approach adopted for the vertical force distribution can be considered conservative for the low to medium-rise structures with a relatively rigid superstructure. Interested readers can find further details of the new approach in the study of York and Ryan [83].




6.2. SI Design in Japan


A long history of earthquake engineering in Japan has created a different perception in taking precautions and mitigating the earthquake effects toward earthquake resilience. Collaborative work of the government-mandated committee and manufacturers resulted in a streamlined process for expanding the use of seismic isolation technology. Each manufacturer has a pre-approved device catalog in Japan. The accreditation process is conducted by a government-mandated committee concerning Notification No. 1446. For assessing design level properties of each predominant device in the isolation system, the minimum number of full-scale tests required is three. Reduced-scale specimen results are only acceptable for the limit state features. Rather than establishing a procedure like in the US, the variation of mechanical properties regarding aging, compressive stress, environmental changes, temperature, velocity, and the number of loading cycles are provided to control the mechanism [84]. Performing quality control tests on all devices in the isolation system is mandatory.




6.3. SI Design in Europe


It is noteworthy that just a translation of the US or Japanese code without considering the background of country-specific approaches might yield contradictory results [85]. Thus, each code in use should reflect the design and analysis rules compatible with country-specific seismic hazard assessment and construction technology. Technical Committee 340 of CEN is aimed to prepare new provisions that can comprise the latest technological innovations for the justified anti-seismic devices in Europe. As a result of such efforts, EN 15129 [14] has been proclaimed in August 2011 for the European market in compliance with the minimum requirements of Eurocode, and it has become mandatory in European Union countries with legally binding rules. The European Standard EN 15219 [14] is the most comprehensive standard for anti-seismic devices among well-known standards. In EN 15129 [14], anti-seismic devices were classified elaborately with respect to response characteristics and critical design parameters instead of establishing generic rules. Strictly speaking, the standard describes design requirements, how to install the anti-seismic devices together with the acceptance and maintenance criteria for a wide range of devices. Such consideration is essential to answer all the needs of the industry, starting from the design process till the end of the service life of anti-seismic devices. It is worth mentioning that established rules do not purely rely on the performance criteria and have supplemented with methods incorporated and proven the adequacy of state-of-practice applications. Therefore, authors would prefer to identify it as a combination of device and performance-oriented approaches. An ideal anti-seismic device regarding EN 15129 [14] should be operational under service loads and be capable of sustaining earthquake demand under considered earthquake actions while meeting the re-centering criteria. During the manufacturing process, only the certified materials are allowed to be used regarding the EN 10204 [86].




6.4. Requirement for the Restoring Force Capability in Standards


Based on the outcomes of design criteria in three standards, sufficient restoring force capability of the isolation system is crucial to restrict the substantial residual displacement and avoiding the need for alignment after moderate to major earthquakes. The Japanese, US, and European standards require strong restoring force capability for the isolation systems. The ASCE/SEI 7-16 [70] standard specifies a minimum required stiffness. It subtracts the force calculated at the half of design displacement (D/2) from the found force at the design displacement D, where the result must be greater than 0.025 W. In contrast, restoring force requirement in EC-8 [66] is described by the permanent displacement, DR (Equation (17)), as the displacement at the intersection of the descending branch of the hysteresis loop with the zero-force intercept for a bilinear system this value can be given as follows:


   D R  =    Q d     K d     



(17)









7. Description of Earthquake Lateral Force (ELF) Procedure for SI Structures


Seismic design codes and specifications of seismic isolation such as Japanese Code [69], ASCE/SEI 7-16 [70], NTC-08 [87] and the 2018 Edition of the Turkish Seismic Design Code for Buildings (TSDCB-2018) [88] introduce three procedures for the analysis and design of seismically isolated structures. Among these three methods, the ELF procedure is defined as the simplest procedure which incorporates the equivalent linearization of nonlinear isolation system in a static manner. For bridges, this procedure is also referred to as Uniform Load Method (ULM) in the AASHTO Guide Specifications for Seismic Isolation Design [19,36]. ELF procedure has a critical role from the preliminary design phase to the final design stage. The nonlinear isolation system is represented by the idealized bilinear hysteretic feature. Even though ELF procedure is defined as the simplest method of analysis, it provides important insight into the system behavior and the demand parameters that are key in design [85]. For the ELF method, calculation of demand parameters is based on the assumption of a rigid superstructure, amplitude dependent effective stiffness, Keff and viscous damping ratio, βeff properties of the entire isolation system (Figure 25).



The equal energy principle of Jacobsen [89] is included in design codes relying on both the secant stiffness concepts [90]. Effective period, Teff of the isolated building can be calculated by Equation (18), where W is the seismic weight of the superstructure and g is the gravitational acceleration.


  T e f f = 2 π    W   K  e f f   g      



(18)







The peak resultant lateral displacement of the isolation system is the most critical parameter estimated by the ELF procedure. Peak resultant isolator displacement generally prescribes the amount of seismic gap for the unrestricted movement of the isolation system, stability requirements of elastomeric isolators that are associated with shear strains, the level of force transmitted, and the spatial distribution of isolation devices. Accurate seismic demand estimates by incorporating ELF procedure are essential because the values computed herein are used either directly for the design under certain conditions or in the establishment of the lower bound values. The period of the isolated buildings generally corresponds to the constant velocity portion of the response spectra in four design provisions considered herein. Calculation of the displacement with respect to the ELF method is an iterative process depending on the secant stiffness and effective damping values. Iterations start with the assumed value of dis-placements and end up with values calculated sufficiently close to the assumed one. βeff is an important value to determine spectrum adjustment factor on the basis of equivalent viscous damping assumption. ASCE/SEI 7-16 [70], BSLEO-2016 [69], and NTC-08 [87], utilize similar procedures for the ELF method. The most important difference between these codes is the representation of the seismic demand which is an outcome of a country-specific hazard study. Essential laminations and comparisons of selectively well-known design codes are given in Table 1 and Table 2 by Yenidogan and Erdik [85].




8. Importance of Testing for Seismic Isolation Technology


Testing of structural systems and innovative technologies is critical in earthquake engineering. E-Defense is the world’s biggest shake table facility, and more than 80 full-scale shake table test programs (e.g., steel, reinforced concrete, wood structures, and seismically isolated structures were contributed) have been successfully performed in Japan [1,91,92,93,94,95,96,97]. The main concern of such comprehensive test programs was to protect the lives of the occupants, minimize the direct/indirect financial losses, validate and verify the innovative earthquake protection technologies, identify the progressive collapse mechanisms, and determine the collapse probability of structural systems. In other words, test programs are focused on developing new strategies for improving earthquake resilience.



The determination of mechanical characteristics of isolation units is crucial to have reliable design parameters. For the approval of the sliding type of isolation units, key design parameters need to be quantified. For instance, various composite materials offer opportunities to reduce the coefficient friction in contemporary sliding/rolling type of isolation systems. Similarly, the variation of response characteristics of elastomeric bearings can be treated carefully, too. Prototype tests validate the mechanical features of isolation units under the specified protocols, while the acceptable level of the manufacturing process is certified to confirm the average results in quality tests. Accordingly, the importance of prototype and qualification tests in passive control systems are proved with the failure of isolation and energy dissipation systems installed during the construction process of Kunming Airport, China, 2011 and California State Office Buildings 8 and 9. Research outcomes of the full-scale testing of isolation hardware and seismically isolated structures are shared.



8.1. Full-Scale Mechanical Characterization Tests for Isolation Units


Large-scale test facilities are used to validate the mechanical characteristics of anti-seismic devices in compliance with the requirements of standards for prototype and quality tests. However, the number of test facilities suitable for full-scale testing of prototypes of isolation devices with large displacement capacity is limited. Caltrans funded Seismic Response Modification Device (SRMD) at the University of California San Diego (Figure 26) is one of the largest test rigs in the world [98]. Likewise, MATS in Taiwan at the NCREE and TREES Lab in Italy have been serving for the mechanical characterization and quality certification of anti-seismic devices along with the large-scale test rigs of manufacturers.



Since the experimental studies are used to evaluate the dynamic behavior of isolation units, specimens can be tested under displacement-controlled orbits and simulated earthquakes of shake tables. In this sense, bi-directional displacement orbits are applied to refine the rate-independent bilinear models for the scaled bridge structure model with a rigid mass by Mosqueda et al. [39]. Test results indicated the importance of consideration of bi-directional loading and variation of acting normal force through applied calibration for the conventional curved surface friction sliders. In the intervening years, full-scale tests of conventional friction sliders in SRMD laboratory are used to develop mathematical models to capture the strength degradation dependent on the temperature rise on the sliding interface [99,100].



For the prototype tests, three different vertical load cases corresponding to average, minimum, and maximum load conditions are considered in ASCE/SEI 7-16 [70]. The total number of tests required for prototype test protocols including static serviceability condition is eight. During the second phase of prototype testing, isolation devices are subject to three vertical load cases (e.g., average, minimum, maximum) with gradually increasing 3-cycles of displacement amplitude (e.g., 0.25 DM, 0.5 DM, 0.67 DM, 1 DM) as required in ASCE/SEI 7-16 [70]. Maximum and minimum property modification factors are computed for the bounding analysis of each predominant isolation unit type. Disregarding the dynamic prototype testing considering TM period is dependent on the prerequisite of previously performed prototype tests of devices with a similar size under similar loading conditions. Since the devices produced will be used in structural systems, quality tests are less demanding than prototype tests to prevent experiencing significant degradation of mechanical characteristics.



Furthermore, prototype and production tests of EN 15129 [14] determine the nominal values and variation of mechanical characteristics of anti-seismic devices following the design procedures in Eurocode 8 [66,67]. For each category of the anti-seismic device, test protocols described in EN15129 [14] are conducted. The significance of multi-directional loading in test protocols is explicitly addressed. In EN 15129 [14] prototype tests assess the serviceability condition with 20 cycles like in ASCE/SEI 7-16 [70], whereas the other tests assigned in the sequence are not subjected to isolation units more than three cycles at maximum displacement. Unlike ASCE/SEI 7-16 [70], degradation due to heating has not been considered in the test protocols of EN15129 [14] yet. For anti-seismic devices that might be susceptible to cyclic degradation due to heating, the cooling interval between each test is treated by manufacturers, carefully.




8.2. Full-Scale Shake Table Tests of Seismically Isolated Structures


A series of full-scale shake table tests are conducted in the E-Defense facility with the Japanese research funds to evaluate the performance of various seismically isolated structures to quantify the level of protection. E-Defense test programs for the seismically isolated buildings aim to address the following tasks,



	
Functionality in healthcare facilities;



	
Avoiding business interruption for the sustainability of earthquake-resilient communities;



	
Assessing the level of structural damage and nonstructural losses in seismically isolated structures;



	
Evaluation of device-specific behavior under multi-directional earthquakes;



	
To determine the influence of vertical components on the response of isolation systems;



	
Creating earthquake resilient society.






In the 2008 test program of full-scale seismically isolated RC specimens, the superstructure is designed as per the Japanese standards. The superstructure shown in Figure 27a is a combination of shearwall and moment-resisting frames. Base slab and beams at the foundation level of the superstructure constitute 38% of the total weight acting on the table. Details of the structural configuration are given in the study of Sato et al. [101]. For furnishing the RC Hospital building, a representative building layout of a Japanese hospital is considered. For instance, commonly used furniture, medical appliances, equipment, and nonstructural elements are put in rooms to observe the impact of three directional earthquake input. A suite of ground motions used in the test program reflected the effects of the long period long-duration earthquakes and near-fault ground motions with pulse content on seismically isolated structures.



Following the work of Sato et al. study, to understand the mechanical behavior of isolation devices beyond the Design Earthquake level, a new test program considering curved multi-surface friction slider bearings and cross-linear and LRB devices is tested. A particular instrumentation scheme is incorporated to measure the variation of axial load on each isolation device to quantify the occurrence of uplift on actual scale building. Seismic isolation systems exhibited satisfactory performance during the entire test sequence. Even though local uplift in the isolation systems is observed for the so-called TFP bearing, it has not jeopardized the safety of the structure [91,92,93]. One of the critical pieces of information shared by Okazaki is the exceedance of the coefficient of friction value estimated in the design and prototype testing during the full-scale shake table test of the SI building. As a result, earthquake loads are transmitted to the superstructure more than expected in the design. Despite the intentionally created acceptable level of eccentricity, the performance of the sliding system has not shown any undesired torsional response. For the validation of the mathematical model of multi-surface friction sliders, the series model proposed by Fenz and Constantinou [44,45] is slightly modified to consider the coupling of multi-directional analysis. The three-dimensional model used in the analysis is implemented to OpenSees by Dao [102]. The total cost of the 2008 test program and a large amount of the total cost in the 2011 test program are financially funded by the Ministry of Education in Japan. Full-scale shake table test results have proven the effectiveness of isolation systems with special emphasis on advanced aspects of isolation devices to maintain the functionality of healthcare facilities subjected to multiple earthquakes.



Seismic isolation system used in regions under the earthquake risk must be increased to minimize the shelter need with a reasonable recovery time. Wood dwellings represent the predominant building typology in Japan and the US. However, incorporating seismic isolation technology for lightweight structures requires special and careful treatment. The seismic performance of two different types of full-scale wood buildings is tested in the E-Defense shake table test facility. One of the wood specimens is equipped with two special isolation units and energy dissipation units developed for lightweight structures. Wood specimens are constructed following the current state of practice in Japan by a well-known Japanese homemaker. The functionality of the wood-dwelling is preserved at the end of the test program. The structural damage is kept at a cosmetic level without experiencing any undesired behavior of the isolation system. Interested readers can refer to the study of Nagae et al., Takahashi et al., and Yenidogan et al. [94,95,103,104,105].




8.3. Scaled Shake Table Laboratory Tests of Seismically Isolated Structures


The most accurate way to determine the critical design parameters of a structural system is to perform full-scale tests for isolation units and representative seismically isolated structures. However, it is a costly method, and due to the limitations of test facilities or test rigs, it is not always possible to perform full-scale shake table tests. Therefore, isolation devices or seismically isolated structures are tested by scaling down from the actual prototype unit or applying different load histories following the principles of similarity. Numerous small-scale shake table tests [10,106,107,108] are performed to understand the nonlinear response of seismically isolated structures in the world. In the early 2000s, two different isolation systems for ¼ and 1/3 scaled steel structures are tested to show the effectiveness of isolation systems applying the similitude rules as shown in Figure 28. Similarly, it is noteworthy that the impact of pounding on seismically isolated structures is investigated through both full-scale and small-scale shake table tests [101,109,110,111]. Test results of the scaled test specimen are used in one of the reference documents named FEMA-P695 [112], where the quantification of losses is provided in the framework of Performance-Based-Earthquake-Engineering (PBEE) for various types of structures. Moreover, Kalpakidis and Constantinou [113] have described the significance of the similarity rule in their paper for representing the heating effect on LRB units.





9. Grand Challenges in the Design and Analysis of Seismically Isolated Structures


Among the three methods of analysis, the simplified method of analysis has been essential in the design and analysis of seismically isolated structures. However, it is not possible to identify the device-specific problems through a simplified method. Despite its computationally costly process, nonlinear response history analysis is the most accurate and reliable method for isolated structures. Significant efforts have been made to develop new advanced analytical tools that can address the undesired conditions that may appear in isolation system, overturning the effects in slender structures and occurrence of extreme conditions such as pounding to the displacement rings and sustaining a high amount of damage in the superstructure [114,115]. Additionally, the Fukushima Daichi incident has increased the concerns in the US and Japan for critical structures and emphasized the significance of isolation characterization beyond design basis earthquake. Device-specific issues associated with tension, strength deterioration due to heating, uplift occurrence, and residual deformations is discussed briefly in this section.



9.1. Coupled Response, Impact of Tensile Load, and Post Cavitation in Elastomeric Bearings


The use of rubber material for thermal effects and travel accommodation in bridges has facilitated the adapting elastomeric isolation bearings in the construction industry. An increasing number of applications are led to developing mathematical models in computer analysis software for isolation units. The earlier analytical models used for elastomeric bearings are based on the non-degrading and unidirectional tools, where the bidirectional effects are calculated using the weighted vector sum at each direction. In the intervening years, research studies have highlighted the importance of considering multi-directional loading properly where coupled plasticity models and smooth plasticity models are integrated into commercial software and object-oriented software with success [24,25]. Mathematical models using idealized bilinear load-deformation relationships in the commercial software only capture the well-established overall response in shear and compression. Observations from experimental activities have necessitated the development of advanced mathematical models that can exhibit the response of elastomeric under three-dimensional loading at large strains beyond the Design Basis (DB) earthquake level.



Up to the DB earthquake level, seismic isolators exhibit stable response characteristics without having the need of considering the undesired impact of tension forces, and these models are implemented to the standards and guidelines successfully. However, the Fukushima Daiichi incident in March 2011 has increased the concerns about the safety of Nuclear Power plants for events beyond the design basis earthquake. The United States Nuclear Regulatory (NUREG) Commission sponsored a research project that is aimed to quantify the response features of commonly used elastomeric bearings and sliding type of isolation systems for extreme events [30,116]. For a comprehensive assessment of elastomeric bearings, the following features are needed to be covered carefully in highly seismic regions:




	(1)

	
Coupled bi-directional motion in horizontal directions;




	(2)

	
Coupling of vertical and horizontal response;




	(3)

	
Cavitation and post-cavitation behavior of devices subjected to tension load;




	(4)

	
Strength degradation in cyclic tensile loading due to cavitation;




	(5)

	
Variation in critical buckling load capacity due to lateral displacement.









For coupling of vertical and horizontal response, the vertical stiffness value of elastomeric bearing in the axial direction must be defined appropriately under tension and compression. Koh and Kelly [117] recommend using a two-springs model for the axial stiffness of elastomeric bearings and lateral displacement. According to Constantinou et al. [22], the model of Koh and Kelly [117] works properly for the vertical stiffness of elastomeric bearings under compression, and it has been experimentally validated by Warn et al. [118], whereas under tension it is found to be appropriate to be used for a bilinear model with the same vertical stiffness under compression until the occurrence of cavitation. In the two-spring model of Koh and Kelly [119], off-diagonal terms in Equation (19) are not included.



The total number of studies investigating the behavior of elastomeric bearings under net tension is limited. Depending on the tensile stress, cavities might generate in the volume of rubber when a critical hydrostatic stress value is reached [120]. The tensile strength of elastomeric bearings is highly dependent on the shape factor. In essential structures, the reduction of stiffness after reaching critical cavitation stress, breakage of rubber bonds has to be considered in mathematical models. Gent and Lindley’s work was one of the pioneering studies showing the impact of tensile load and critical cavitation stress that may yield to the reduction of tensile stiffness. Therefore, standards and design guidelines try to safeguard the overall response either by limiting the allowable tensile stress (e.g., [121,122]) or prohibiting the occurrence of tensile stress on the isolation units like in Eurocode-8 [66].



Furthermore, several researchers have carried out experimental studies to investigate the behavior of elastomeric bearings under tension [17,22,123,124,125,126,127]. As a result, the following important remarks are reported from those experimental studies.



	
Substantial reduction in tensile stiffness is observed after reaching the critical tensile stress;



	
Force deformation relationships of elastomeric bearings are traced. A linear load-deformation relationship is observed up to the occurrence of cavitation under tension. Then, elastomeric bearings respond in the nonlinear range after reaching the critical tensile stress;



	
Cavitation does not significantly affect the compression and shear characteristics of elastomeric bearings under cyclic loading. The reduction of tensile strength is dependent on the maximum tensile strain history during the cyclic loading. Variation of axial force-deformation characteristics is shown in Figure 29.
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Figure 29. Variation of axial force and stiffness characteristics [116]. 






Figure 29. Variation of axial force and stiffness characteristics [116].
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There are several sophisticated phenomenological models in use to capture the stated issues in elastomeric bearings. To exhibit the actual physical response, Yamamoto et al. [128] and Kikuchi et al. [16,129,130] have proposed mathematical models that comprise multi-shear springs together with axial springs at the top and bottom. Mathematical models in the studies of Yamamoto and Kikuchi are validated through experiments. However, due to the complexity of models, it might be hard for practicing engineers to use those elements without having an in-depth understanding of elastomeric bearings and implemented elements.



In the scope of the NUREG sponsored project, another phenomenological model is implemented into the OpenSees [131] program to highlight the crucial issues for isolators designed beyond the design shear strain range, which accounts for high vertical accelerations that might be critical near active faults. Advanced mathematical model sets the properties of translational and rotational springs from three-dimensional geometry and material properties of the elastomeric isolation units, automatically. It consists of two nodes and 12 DOF (Figure 30). The developed model by Kumar is an extension of the previously incorporated Bouc-Wen element [26] in object-oriented and commercial software using two shear springs for the coupled bidirectional analysis with circular yield surface. Moreover, linear uncoupled springs are elaborated for two rotational springs and torsion owing to the insignificant influence on the response of a properly designed seismic isolation system. Force vector, fb, and stiffness matrix, Kb in the mathematical model can be obtained using Equation (19) [116]. During the validation and verification process of the advanced mathematical tool, experimental data from previous studies [118,124,132] are incorporated. The developed model looks for open problems such as the post-cavitation behavior, softening in HDRB, coupled plasticity models, coupling of vertical and horizontal response, and the variation in critical buckling load capacity with the change of lateral displacement, which is calculated through the bilinear area reduction method. As a final remark, the heating taking place in LRB devices is included in the OpenSees [131] element to describe the strength degradation. Details of the heating theory are given in the next section.


    f b  =  [      A x i a l       S h e a r 1       S h e a r 2       T o r s i o n       R o t a t i o n 1       R o t a t i o n 2      ]  ;      K b  =  [      A x i a l     0     0     0     0     0       0     S h e a r 1     S h e a r 12     0     0     0       0     S h e a r 21     S h e a r 2     0     0     0       0     0     0     T o r s i o n     0     0       0     0     0     0     R o t a t i o n 1     0       0     0     0     0     0     R o t a t i o n 1      ]      



(19)








9.2. Impact of Tensile Loads in Sliding Isolation Units


The first applications of the seismic isolation method were limited to low-rise and stiff buildings, and there was an effort to extend it to the medium-rise buildings in the seismic regions with the help of resolving the open problems like net tension forces on isolators during the late 1980s and early 1990s [133,134,135,136,137,138]. The main concerns in those years were the occurrence of uplift in sliding isolation units or unfavorable dynamic instability/rupture in elastomeric bearings when the critical threshold overturning moment is exceeded. Thereby, earlier design provisions had stringent limitations to use the seismic isolation systems to reduce the susceptibility of uplift under net tension for mid-rise buildings. First uplift prevention mechanisms developed for isolation systems were a combination of different devices [139]. Nowadays, by taking necessary measures, seismic isolation technology is used in high-rise buildings in Japan.



Development of tensile forces in sliding isolation systems yield to loss of contact described as the uplift. Traditional sliding isolation systems have a low level of resistance to tensile loads, and uplift occurs under certain conditions like in exceedance of overturning moments, the absence of restraining mechanisms in the isolation unit, and being located near a fault. In other words, uplift results in isolation systems due to exposure to high vertical ground motions or overturning moments in slender structures with a high aspect ratio. In ASCE/SEI 7 [70], the occurrence of a limited amount of uplift is allowed for an isolation system unless uplift jeopardizes the safety of the entire structure. An increase in the compression forces on isolation devices and the impact of re-engagement on devices must be treated carefully. After the loss of contact, re-engagement for equilibrium conditions may trigger the higher mode effects with an increase in axial forces of columns. At this point, current tools integrated into commercial software might be inadequate to capture the re-engagement for conventional friction sliders or multi-surface friction sliders. The occurrence of uplift is observed in many experimental studies including full-scale tests [92].



The number of high-rise buildings with seismic isolation has been increasing every year for buildings exceeding the 100 m threshold in Japan. For tall buildings, cumulative damage or increase in deformation demands due to long period long-duration seismic motions or external wind forces can cause a series of problems. Aspect ratio is one of the critical parameters considered for seismically isolated high-rise buildings. By reaching high fundamental vibration periods, design issues in high-rise buildings are minimized. In tall buildings, excessive tensile forces can easily exceed the allowable tensile force capacity of isolation devices due to the increased overturning moment and the vertical seismic motions. Therefore, to resolve the design issues associated with an allowable tensile load capacity in seismically isolated high-rise buildings, several mechanisms for controlling and reducing the uplift forces on the seismic isolation devices are utilized [140]. The Japanese and US approach used in the development of hardware with uplift retention by rolling ball mechanism and the sliding surface is shown in Figure 31.



Interested readers about the mathematical model of uplift retention systems can refer to the work of Tsopelas et al. and Roussis et al. [141,142,143,144]. For assessing the response characteristics of XY-FP uplift prevention isolation units, developed nonlinear link elements are available in the library of commercial or object-oriented programs.




9.3. Impact of Temperature Rise on Isolation Units


9.3.1. Strength Degradation in LRB Due to Heating of Lead Core


The lead plug of LRB dictates the characteristic strength parameter in the design and provides most of the hysteretic energy dissipation capacity in the hardware. Once the LRB unit subjects to cyclic loading, the heating takes place only in the lead core. In contrast, heating in the rubber is at negligible levels because of low thermal conductivity and diffusivity. Experimental studies have demonstrated a considerable reduction in strength by comparing strength values of early cycles with the observed strength values at the last cycles of the test. The reduction in the energy dissipation per cycle is associated with effective yield stress reduction of the lead plug due to increasing temperature influenced by the geometry of the bearing and the test speed. It is noteworthy that strength parameters can recover even in short time breaks between the consecutive tests [145]. In LRB units, heat conduction occurs in both vertical and radial directions through the steel shims and end plates [132,145,146]. The theory proposed by Kalpakidis and Constantinou [145] is an outcome of a test program conducted at the University of Buffalo. The theoretical model considers the lumped steel shims, endplates, and the single lead plug. Complex heat conduction for the degradation of strength is calculated using Equations (20)–(22). Parameters are shown in Figure 32.


   ρ  L ·    c  L ·    V L    d  T L    d t   =  q ‴   ( t )  ·  V L  − 2  q 1   ( t )  −  q 2   ( t )   



(20)






   q ‴   ( t )  =    |   σ  Y L   ·  A  L ·     d u   d t    |     V L    =    σ  Y L    |    d u   d t    |     h L       



(21)






   σ  Y L    (  T L  )  =  σ  Y L 0   · e x p  (  − E 2 T L  )   



(22)







The simplified theory is used to extrapolate the test results, which neglects heat conduction in steel shim and end plates of the hardware. According to Kalpakidis and Constantinou [132,145], the variation of response characteristics of LRB in bounding analysis is strongly associated with the heating of lead. In the latest version of ASCE/SEI 7-16 [70], strength deterioration due to heating has been taken into consideration implicitly by using the property modification factor (λ (test, min)), which also accounts for the rate of loading and scragging effects.



 τ  parameter in Equation (25) is named “dimensionless time”. Calculation of the    T L ′    parameter in the complex formulation given by Equation (23) transforms to a simple form in Equation (28) by neglecting heat conduction in steel shims and endplates. For the solution of the ordinary differential equation in Equation (23), Equation (24) needs to be solved.


      d  T L     d t    =    σ  Y L    (   T L   )  · v  ( t )     ρ L   c L   h L    −    k s    a ·  ρ L   c L   h L    ·  (   1 F  + 1.274  )  ·  (     t s   a   )  ·    (   τ +   )    −  1 3       



(23)






  F =  {      2 ·    (   τ π   )     1 2    −  τ π   [  2 −  (   τ 4   )  −    (   τ 4   )   2  −   15  4     (   τ 4   )   3   ]  ,   τ < 0.6        8  3 π   −  1  2    (  π · τ  )     1 2      ·  [  1 −  1  3  (  4 τ  )    +  1  6 ·    (  4 τ  )   2    −  1  12    (  4 τ  )   3     ]  ,   τ   ≥ 0.6        }   



(24)






  τ =    α s  t    a 2     



(25)






   σ  Y L    (  T L  )  =  σ  Y L 0   · e x p  (  − E 2 T L  )     



(26)






  S =   ∫     v  ( t )  d t  



(27)






     T L ′  =  1   E 2     (    l n  (  1 +  E 2   σ  Y L 0    )  S    ρ  L ·    c  L ·    V L     )     



(28)







Extension of the developed theory for bidirectional coupling is applied using the smooth plasticity model as defined in the relevant section devoted to LRB in this study (Equations (29)–(32)). In Equation (29), three terms are incorporated to calculate the horizontal forces, and the last term in the equation accounts for the heating of lead.


   {       F x         F y       }  =  c d  ·  {        U ˙  x          U ˙  y       }  +  K d  ·  {       U x         U y       }  +  (   σ  Y L    (   T L   )   A L   )  ·  {       Z x         Z y       }     



(29)






  Y ·  {        Z ˙  x          Z ˙  y       }  =  (  A  [ I ]  − B  [ Ω ]   )  ·  {        U ˙  x          U ˙  y       }   



(30)






     [ Ω ]  =  {       Z x    2   [  s g n  (    U ˙  x   Z x   )  + 1  ]     Z x   Z y   [  s g n  (    U ˙  y   Z y   )  + 1  ]         Z x   Z y   [  s g n  (    U ˙  x   Z x   )  + 1  ]     Z y    2   [  s g n  (    U ˙  y   Z y   )  + 1  ]       }   



(31)






      T ˙  L  =    σ  Y L    (   T L   )  ·    Z x    2  +  Z y    2        U ˙  x    2  +   U ˙  y    2       ρ L   c L   h L    −    k s   T L    a  ρ L   c L   h L     (   1 F  + 1.274  (     t s   a   )  ·    ( τ )    −  1 3     )     



(32)








9.3.2. Strength Degradation in Curved Surface Friction Sliders


Heating affects the response characteristics of friction sliders in addition to load and velocity effects. Tests on full-scale isolators evidenced that the heating on the sliding interface causes a significant reduction of friction force, and it should be considered when assessing the isolators’ performance [29,30,99,100,147,148,149]. During the full-scale isolation tests, friction force decreases due to the temperature rise on the sliding interface, which is dependent on the loading and path history. Variation in friction force is expressed by taking into account several parameters in the studies of Lomiento et al. [29,100,147] and Kumar et al. [30]. Lomiento et al. [29] are proposed a model to express the variation in the coefficient of friction on the sliding surface of the bearing. The mathematical model considers the effects of axial load (Equation (34)), sliding velocity (Equation (35)), the impact of cyclic loading (Equations (36) and (37)) through three functions,    f N   ( N )  ,    f V   ( V )  ,    and     f C   ( C )    where the coefficient of friction is given in Equation (33).


  μ  (  N , C , v  )  =  f N   ( N )  ,  f V   ( V )   f C   ( C )   



(33)






     f N   ( N )  =  μ  s 0 ·   e     − N / N r e f      



(34)






   f V   ( V )  = γ +  (  1 − γ  )  ·  e  −  | v |  /  v  r e f      



(35)






   f C   ( C )  =  e  −    (   C   C  r e f      )   β     



(36)






  C  ( t )  =  2  a  π 2   A 2      ∫    t 0   t  N  v 2  d t  



(37)







The friction model captures the breakaway friction, stick-slip motion, variation in contact pressure, cyclic loading, and sliding velocity effects. Breakaway friction results in a sudden increase of friction force during the initiation of sliding, where stick-slip motion defines the relatively lower friction increase at load reversals. Similarly, an increase in the sliding velocity increases the friction force. However, both cyclic loading and increasing contact pressure effect reduce the friction force.



A new mathematical model representing the mechanical behavior of friction slider isolators under unidirectional and bidirectional loading is proposed [29]. For assessing the significance of multi-directional loading in prototype testing, cloverleaf displacement orbit is decomposed to its orthogonal components to compare multi-directional and unidirectional response. After validating the mathematical model, its use for nonlinear response history analysis of a four-story seismically isolated RC structure under 3D excitations is tested [147].



Similarly, Kumar et al. [30] have proposed a new element to be used in the OpenSees program [131] with the capability of representing the impact of temperature rise on traditional curved surface friction sliders to overcome the limitations of bounding analysis on critical structures analyzed beyond design basis earthquake level (e.g., nuclear power plants). Under high contact pressure, frictional heating is the factor most influencing the maximum displacement of the isolation system and spectral demands at floor levels. The OpenSees element proposed by Kumar et al. [30] is a modified version of the coupled plasticity response of curved surface friction sliders. During the validation and verification of the OpenSees element, a suite of ground motions is utilized for the response history analysis. The friction force is described by using five different models that consider the dependence of the coefficient of friction on axial pressure, sliding velocity, and temperature. The relationship between the coefficient of friction, μ(T), and temperature, T, is described by Kumar et al. [30] using Equation (38).


    μ  ( T )  =  μ  T o   ×  (    μ ˜  T  +  (  1 −   μ ˜  T   )  ×  a T      h T   (  T − T o  )     )  =  μ  T o   × m ×  (   a T      h T   (  T − T o  )    + n  )     



(38)







   μ  T o     is the high-velocity coefficient of friction at the reference temperature To,     μ ˜  T    is the ratio of the coefficient of friction at high temperature to    μ  T o    ,    a T  ,   and    h T    determine the rate of change in the coefficient of friction with temperature, and m and n are functions of    a T  ,      h T  ,       μ ˜  T  ,   and To.





9.4. Evaluation of Ground Motion Characteristics for Seismic Isolation Systems


Advanced sensor technology and deployment of extensive seismic networks in earthquake engineering applications are utilized to understand the physics of earthquakes and mitigate earthquake losses. Seismic isolation design requires careful treatment of ground motion characterization. It is well-known that earthquake hazard and risk assessment studies exhibit aleatory and epistemic uncertainties. Thus, source, path, and site characteristics are key to determine the earthquake demand parameters of seismically isolated structures.



In the US, Turkish, and Italian standards, input parameters of the elastic design spectrum are established at each geographical location. However, depending on the importance of the structure and performance expectations, site-specific hazard studies might be critical to design seismically isolated structures. In other words, the undesired response of essential structures is avoided by taking necessary measures by a thorough understanding of the seismicity and ground motion characterization. Forward directivity, pulse content of ground motions, and impact of high-amplitude vertical ground motions near active faults, surface waves of the long period, and long-duration ground motions might be cases to decide the anti-seismic system and the superstructure properties and arranging the spatial configuration of isolation units. Since this document offers an overview, only limited information based on the near-fault ground motions and mega-thrust earthquakes is covered briefly to give a vision for the design of isolation systems.



Based on the seismic scenario, seismicity and possible risk on the seismically isolated structures, two options are available to determine the suite of ground motions for nonlinear response history. The first and relatively easiest one is using as-recorded ground motions from ground motion databases, and the second option is to generate artificial ground motions by seismological parameters in lack of having a sufficient number of ground motions at the selected construction site (e.g., for Megathrust earthquakes like the 2011 Tohoku earthquake, near-fault ground motion characteristics). Since the 1970s, the damage potential of near-fault ground motions is realized [9,150,151,152,153,154,155,156,157]. The term directivity generally is referred to forward-directivity, regarding the occurrence of extensive structural damages. Apart from such common perception, near-fault sites can also be subjected to backward and neutral directivity based on propagation direction. Pulse characteristics, seismological features of ground motions, spatial variation of ground motions, and differences between fault-normal and fault parallel components of earthquake records become apparent at a period 0.6 increases in size for larger periods due to rupture directivity effects [158]. A significant portion of the input energy in the rupture process accumulates in a single coherent long-period pulse motion. It takes place at the beginning of the record. Consequently, rupture directivity effects can lead to strong pulse-like ground motions [150,151,152,153,154,155,156,157,158,159] that are detrimental for seismically isolated structures. Such pulses lead to an increase in earthquake demand parameters. The significant role of selecting the optimum damping value for the anti-seismic device is critical in near-fault locations.



For the seismically isolated structures, input ground motions are matched to the target spectrum or scaled to satisfy the minimum criteria described in code provisions. It is noteworthy that preserving the long period portion of the ground motion is essential while generating a spectrum compatible input ground motion. In Japan, a streamlined procedure is offered to practicing engineers by providing suites of ground motion record sets. Apart from the earthquake records classified as the golden set, simulation of earthquake ground motions using the 3D-finite difference method, green function method, statistical green function method, or hybrid broadband ground motion simulation is very common [160,161].




9.5. Residual Deformations and Re-Centering Capability Checks


Seismic isolation systems are required to have a sufficient restoring/re-centering force capability to avoid large residual deformation as indicated in the selectively well-known standards. Lack of restoring capability in isolation hardware increases the susceptibility of reaching the displacement capacity following a mainshock or series of aftershocks. Therefore, flat friction sliders require supplemental units to fulfill design provisions mentioned in Section 6.



Similarly, restoring force capability of curved surface friction sliders is in the interest of researchers, and such an important feature is investigated by many researchers [162,163,164,165]. Katsaras et al. [163] conducted a parametric study on the SDOF systems with the bilinear smooth plasticity model. After applying a series of successive earthquakes and considering the statistically processed analysis results of 122 ground motions, the dependency of the residual displacement and the cumulative displacements on the governing parameters of bilinear systems is used to identify the sufficient restoring force capability. Equation (32) is incorporated to compute the residual deformation of the isolation system, where the permanent residual displacement Dr in Equation (39) is the ratio of the characteristic strength to the yield displacement (Dy).


     D  r d   =   0.87  D  r m      (  1 + 31.7    D y     D r     )   (  1 + 4.3    D  r m      D r     )       



(39)







The goal of reducing the nonstructural damage in seismically isolated structures yields to long fundamental vibration periods. However, isolation systems with a long isolation period, high characteristic strength, and small yield displacements result in a permanent offset after a seismic event. Particularly, near-fault ground motions with pulse content or long-period ground motions with a long duration might threaten the safety of the structures in terms of cumulative displacements. Large permanent displacements in the isolation interface might also jeopardize the functionality of buildings through the occurrence of damage in utility systems of isolated structures. Thus, detailing of SI structure to accommodate the anticipated residual deformations is a must. Apart from standards developed for buildings, recentering requirements of isolation units are described for bridges, too.



In AASHTO [36] re-centering capability is assessed by two-stage checks:



	
The restoring force at the design displacement di shall be greater than the restoring force at 0.5 di by not less than W/80, where W is the structure weight;



	
   T  is   ≤   6 s;






In Eurocode-8 Part 2 [67], restoring force capability is controlled through two requirements.



	
The ratio of the force increments between displacements dm/2 and dm divided by the weight of the superstructure should not exceed 0.015 drm/dm;



	
drm should be less than dm–0.5 da, max, where da, max is the design displacement of the isolation.






drm denotes the static residual displacement at equilibrium condition in the unloading branch during the quasi-static loading, where the displacement capacity is represented by dm. Experimental and parametric studies have confirmed the requirement of having a residual displacement ratio higher than 0.5 (dm/drm) to exhibit a strong restoring force capability for friction sliders.





10. Case Studies


Effectiveness of SI/ED devices is proved during major earthquakes through the instrumented buildings described in Section 2. Using passive control systems in the design or retrofit of structural systems is a relatively new concept in Turkey compared to Japan, the US, Italy, and New Zealand. After the 1999 Kocaeli earthquake, seismic isolation technology was started to be employed extensively for the design and retrofit of buildings, and worldwide known seismic isolation suppliers took part in such benchmark studies. Kocaeli hospital is the first seismically isolated building in Turkey [166]. Then, seismic isolation systems technology is used in various large-scale prestigious projects like roof isolation of terminal buildings (e.g., Ataturk Airport), hospital buildings, LNG storage tanks, bridges, and seismic protection of data centers. Thus, such a profitable market also accelerated the efforts of domestic manufacturers to develop durable and certified isolation units.



Although Japan has the highest number of seismically isolated buildings in the world, the number of seismic isolation units used in Turkey approximately reached the number of isolation units used in Japan. After the 2011 Van Tabanli and Edremit earthquake, loss of functionality in hospital buildings in the region [167] and the enforcement order of the Ministry of Health have been a stimulus for hospital buildings to have more than 100-bed capacity and the possibility of exposure to design basis earthquake level with peak ground accelerations larger than 0.3 g. To the knowledge of the authors, Adana Integrated Health Care Facility (AIHCF) and the Marmara University Prof. Dr. Asaf Ataseven Hospital are the world’s biggest newly designed and retrofitted projects in terms of seismic isolation technology. AIHCF is in the southern part of Turkey and has approximately 437,000 m2 total area. The hospital project is equipped with 1512 triple curved surface friction sliders to maintain its functionality under severe seismic events (Figure 33 and Figure 34).



Construction of the Marmara University Prof. Dr. Asaf Ataseven Hospital was completed in 1991. Due to its interfered construction, Istanbul Project Coordination Unit (IPCU) has decided to retrofit it with seismic isolation technology. The hospital has a total area of 113,000 m2. The isolation system of the retrofit project consists of 687 rubber bearings and 154 sliding bearings (Figure 35).




11. Conclusions


This paper has overviewed the important perspective of earthquake protection devices. Seismically isolated buildings provided superior performance during the 1994 Northridge, 1995 Hyogo Ken-Nanbu, the 2005 Fukuoka Prefecture Western Offshore Earthquake, and the 2011 great Tohoku-Oki earthquake. Current research studies in Japan are mainly focused on improving the durability of isolation units and provide sustainability for up to 200 years as a proposal from the cabinet of Japan in 2005. The number of SHM activities in SI buildings is limited compared to the total number of SI structures. Past major earthquakes have demonstrated the importance of retrieving data from SI buildings to understand the benefits of SI and design issues. Increasing the number of instrumented SI structures is critical for the future perspective of cost-effective design with a high margin of safety. In lack of instrumentation in SI buildings, scratch plates are viable low-cost tools to provide valuable data about the displacement orbit of the structure equipped with anti-seismic devices. Last but not the least, prioritization of new knowledge and standardized evaluation of near-fault ground motion effects, long period and long-duration ground motions are required for essential facilities. Dissemination of such data will serve to create the resilience of densely populated cities.
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Figure 1. Benefits of seismic isolation based on the elongation of fundamental vibration period and supplemental damping [9,10]. 
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Figure 2. Possible locations of seismic isolation at key interfaces of buildings. 
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Figure 3. Idealized bilinear force-displacement relationship of an isolation system. 
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Figure 4. (a) Internal construction of a generic LDRB (b) A schematic view of LDRB (c) Example test data of LDRB (d) Cyclic response of the tested bearing obtained from an analytical model for 50% and 100% shear strain. 
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Figure 5. Cyclic response of HDRB obtained from a phenomenological multi-spring model. 
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Figure 6. (a) A cut-away view of LRB (Courtesy of DIS) (b) cyclic stiffening force-deformation response under unidirectional loading (c) multi-spring model of lead rubber bearing device. 
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Figure 7. (a) Idealized bilinear response of LRB (b) circular yield surface for coupled plasticity. 
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Figure 8. (a) Velocity-dependent friction model. (b) Maximum coefficient of friction under varying contact pressure [28,31]. 
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Figure 9. Conventional curved surface friction slider with single sliding interface. 
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Figure 10. (a) Intrinsic force-deformation response of a conventional CSFS. (b) Decomposed friction force of a conventional CSFS. (c) Decomposed restoring force of a conventional curved surface friction slider. 
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Figure 11. Cyclic test results of curved surface friction slider units for the pseudo-dynamic testing [42]. 
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Figure 12. MSFS with four and two sliding surfaces [43,44,45]. 
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Figure 13. Force-deformation relationship of the MSFS with five (a) and three regimes (b). 
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Figure 14. (a) Series model of the MSCF sliders [45]. (b) Parallel model developed for representing special configuration of the MSCF sliders [51]. 
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Figure 15. (a) USC hospital. (b) Excursion of the SI unit. (c) Effectiveness of SI system [62]. 
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Figure 16. (a) Ishinomaki Red-Cross Hospital. (b) Japanese compact anti-seismic device (Courtesy of Japanese Society of Red Cross). 
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Figure 17. (a) Tsukuba City Hall. (b) Reduction of PGA and PGV from recorded events. (c) Acceleration waveform in X direction. (d) Acceleration waveform in Y Direction [63]. 
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Figure 18. (a) Story SI building in Sendai, Miyagi Prefecture. (b) Spacing. (c) Estimated displacement response at isolation interface by double integration of acceleration waveforms in X and Y directions [60]. 
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Figure 19. Ratios of peak horizontal and vertical accelerations in the 2011 Tohoku-Oki earthquake (after [65]). 
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Figure 20. Design steps of DDBD for SI structures [74]. 
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Figure 21. Equivalent 2DOF system for seismically isolated structure for DDBD. 
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Figure 22. (a) IBC displacement spectrum [35] (b) Eurocode-8 displacement spectrum [66]. 
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Figure 23. Displacement spectra of rock sites for different Mw, focal distance, and damping [78]. 
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Figure 24. Bounding analysis for isolation systems in ASCE/SEI 7-16 [70]. 
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Figure 25. Equivalent linearization of SDOF SI structure. 
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Figure 26. Caltrans Seismic Response Modification Device (SRMD) Test Facility (Courtesy of UCSD). 
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Figure 27. (a) Full-scale hospital building equipped with HDRB, LDRB, and U-Dampers at different stages of the E-Defense test program (Courtesy of E-Defense) (b) Full-scale seismically isolated steel structure equipped with CSFS, LRB, and cross linear devices at different stages of the E-Defense test program [91,92,93,101,102]. 
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Figure 28. (a) Shake table test of a hybrid passive control system [10,106]. (b) Test of a traditional CSFS under mass concentric and eccentric cases [107]. 
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Figure 30. Schematic view of translational and rotational springs with local axis [90]. 
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Figure 31. (a) Rolling ball mechanism in CLT. (b) Uplift retention mechanism in CSFS [145]. 
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Figure 32. Idealized LRB layout for the strength degradation based on the heating of lead plug [145,146]. 
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Figure 33. (a) Finite element model of Adana City Hospital. (b) Construction of Adana City Hospital (Courtesy of Rönesans Construction Inc., Adana,Turkey). 
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Figure 34. Installation of multi-surface curved surface friction sliders (TFP) for Adana City Hospital (Courtesy of Rönesans Construction Inc., Adana,Turkey). 
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Figure 35. (a) Marmara University Prof. Dr. Asaf Ataseven Hospital and retrofitting procedure (b) Isolation floor of the hospital (Courtesy of Freysaş). 
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Table 1. Limitations and essentials [85].
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	Code
	ASCE/SEI 7-16
	BSLOE-2000,2016
	NTC-08





	Limitations on site seismicity
	S1 ≤ 0.6 g
	  −  
	  −  



	Limitations on site class
	A, B, C, D
	1,2
	  −  



	Maximum plan dimensions
	  −  
	  −  
	   50   



	Maximum height of buildings
	≤19.8
	   60   
	   20   



	Maximum number of stories
	4
	  −  
	  5  



	Location of isolation units
	  −  
	Base of columns
	  −  



	Limitations on eccentricity
	  −  
	3%
	3%



	Kv/Ke
	  −  
	  −  
	   ≥ 800   



	Tension in isolators
	Allowed
	Not Allowed
	Not Allowed



	Minimum yield strength
	  −  
	0.03
	  −  



	Period range of isolated structure
	3  ·  T  f i x e d   ≤  T M  ≤ 5    s   
	Tisol  ≥ 2.5   s  
	3  ·  T  f i x e d   − 3   s  



	Maximum vertical Period (Tv)
	  −  
	  −  
	



	Importance Factor
	  −  
	Based on the request of control mechanism
	EC8 = 1.4

NTC-08 VR (VN, CU)
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Table 2. Parameters that are used in ELF procedure in design provisions [85].
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	Parameter
	ASCE/SEI 7-16
	BSLOE-2000,2016
	NTC-08





	Effective Period (   T  eff   )  
	    T M  = 2 π    W  g  K M      )   
	    T  e f f   = 2 π    M  K e f f     )   
	    T  e f f   = 2 π    M  K e f f     )   



	Characteristic Strength (   Q D   )
	-
	Min. Value = 0.03
	-



	Displacement Demand

DD, M
	    D M  =   g  S  M 1    T M     B M  4  π 2      
	   δ =   M ∗ F h  (  h , T e  )  S a  (  T e  )    K e     
	   D =   M S e  (   T  e f f   ,  ξ  e f f    )     K  e f f , m i n       



	Effective Damping (   β  eff   )  
	    β M  =   E n c l o s e d   A r e a    (  2 π K  D M    2   )      
	   β e f f =   E n c l o s e d   A r e a    (  2 π K  D D    2   )      
	   β e f f =   E n c l o s e d   A r e a    (  2 π K  D M    2   )      



	Damping Reduction Factor
	Tabulated Values of    B M    ≤ 1.7
	   F h  =   1.5   ( 1 + 10  (   h v  +  h d   )     

Min = 0.4; Max = 1.0
	   η =     10   5 + ξ     ≥ 0.55   



	Amplification Factor

for Torsion
	   1 +  y   P T      12 e    b 2  +  d 2      

    P T  =  1   r I          ∑   i = 1  N   (   x i    2  +  y i    2   )   N      
	Constant Value = 1.1
	    δ  x i   = 1 +    e  t , y      r y    2     y i    

    δ  y i   = 1 +    e  t , x      r x    2     x i    



	Property Modification Factors
	    λ  a e , m a x     ,  λ  t e s t , m a x ,    λ  s p e c , m a x     

    λ  a e , m i n     ,  λ  t e s t , m i n ,    λ  s p e c , m i n     
	Constant Factor, 1.2
	EN-15129 code-requirements



	Base Shear
	VBM = KM*DM
	VBD = KD · DM
	VBM,D = KM,D·DM,D



	Limitation Vertical

Period
	-
	-
	Tv ≤ 0.1



	Input Parameters of Spectrum
	S1, Ss, TL (2-Level)
	PGA
	PGA



	Displacement Safety Factor
	Implicit in the definition of MCE level
	Device Specific β factor (1–1.2)
	1.2 (Recommended

Reliability Index Value)







y = the horizontal direction transverse to the direction x under consideration; xi, yi = coordinates of the isolator unit i relative to the effective stiffness center; etx,y = the total eccentricity in the y direction; ry = the torsional radius of the isolation system in y and x direction;    λ  a e     = property modification factor for aging and environmental factors;    λ  t e s t     = property modification factor for heating, rate of loading and scragging;    λ  s p e c     = property modification factor for permissible manufacturing variation from average value;    r I    = radius of gyration;    P T    = ratio of the effective translational period of the isolation system to the effective torsional period of the isolation system.
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