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Abstract
Rocking structural systems have been proposed as a promising solution for designing resilient building structures. These low-damage systems can prevent significant economic losses associated with repair, demolition, and business downtime following earthquakes. The importance of designing buildings for resilience and rapid recovery has been realized from the impacts of past earthquakes, such as the 2010-2011 Christchurch, 2009 L'Aquila, and 2016 –2017 Central Italy earthquakes. Prior research has evaluated the applications of rocking systems in buildings, bridges, and foundations. However, despite the proof of their effectiveness in historical structures and demonstrated efficiency in modern structures through extensive research, rocking structural systems have not been widely used in practice to date. The purpose of this review is two-fold. Firstly, the review is undertaken to provide a concise but comprehensive overview of the research on rocking systems for buildings of different materials, including steel, concrete, masonry, and wood. Secondly, collecting, organizing, and analyzing past research studies aims to probe the literature to determine what challenges exist in adopting rocking systems in industry projects. By identifying unexplored areas, unresolved issues, and remaining challenges, this review recommends topics for future studies in the hope of facilitating greater adoption of self-centering rocking systems in building structures. Some key issues and challenges include the lack of provisions in current seismic design standards as well as remaining concerns related to the behavior of rocking-enabled buildings, such as the possible adverse effect of the impact at the base of rocking columns, amplified demands due to higher mode effects, and deformation compatibility with gravity framing and nonstructural components.
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1. Introduction 
While providing for life safety, conventional seismic design of buildings permits, even relies upon, significant damage to the structure during an earthquake [1]. The impact of earthquakes is particularly pronounced in densely populated areas and cities, where thousands of buildings are at risk of damage and loss. Specifically, severe earthquakes can result in large permanent deformations, making repair unlikely [2]. Further, non-structural elements, representing 48%-70% of the total building cost in most buildings [3], are also vulnerable to damage. Repairing or replacing damaged structural and non-structural components can be a time and labor-intensive endeavor that can cause business downtime and financial losses. In cases where the damage is pervasive, demolition is inevitable [4,5]. To reduce the damaging effects of earthquakes, buildings can be designed using emerging low-damage or resilient seismic force-resisting systems.
Over the past several decades, rocking systems have been investigated to improve the seismic resilience of building structures [6]. In rocking systems, the structure is designed to rock at the foundation in the event of earthquakes, thus providing self-centering, which is the ability of the structure to return to its plumb position with limited residual deformations.
Rocking systems can have either pure rocking or controlled rocking behavior. The structure relies on its weight to recenter in a pure rocking system. In a controlled rocking system, recentering is induced by post-tensioned (PT) tendons or other means (e.g., shape memory alloy tendons). These systems can be equipped with different energy dissipation devices (EDs), such as frictional interfaces (e.g., [7–9]), yielding fuses (e.g., [10–12]), viscous dampers (e.g., [13,14]), and buckling-restrained yielding elements (e.g., [15]), to reduce seismic demands and peak response of the system. When damaged during an earthquake, the energy-dissipative elements act as structural fuses and can be easily replaced. 
Historical free-standing columns in ancient structures are recognized as the first implementation of rocking structural systems. Perhaps one of the first known published works on rocking was at the end of the 19th century by Milne [16], who conducted a set of experiments investigating the overturning response of free-standing objects excited by dynamite-induced vibrations exploded in a boreholes. In the following decades, researchers from Japan studied the overturning and rocking vibration of simple rigid bodies and columns during earthquakes [17]. In 1963, Housner [18] published a seminal paper on the rocking behavior of rigid blocks and inverted pendulum structures, which revolutionized the subject and inspired many research studies. In the 1970s, research on related topics continued to advance the rocking structures state-of-knowledge, including an investigation of building foundation tipping by Meek [19], stepping frames with energy absorption by Kelley and Tsztoo [20], and seismic uplift of steel braced frames by Clough and Huckelbridge [21].
[bookmark: _Hlk117184851]Since the 1960s, rocking structural systems have been studied extensively; hundreds of research studies have been published on topics that include the fundamental mechanics of rocking to the practical implementation in buildings and bridges. However, the application of rocking systems in buildings and bridges in practice is limited. Future efforts still need to address several challenges, particularly in the design and practical implementation of rocking building systems. Importantly, the current seismic design codes still have no rocking system provisions. 
To date, a few other papers have conducted reviews of self-centering and rocking structural systems [22–24]. However, a more comprehensive and detailed review focusing on rocking systems for seismic resilience of buildings is needed to categorize and analyze previously proposed systems and ideas. Knowledge gaps, issues, and challenges are highlighted by analyzing the literature. It is hoped that this review facilitates the future application and adoption of rocking structural systems. This review focuses on rocking systems in which columns or frames are enabled to rock. Therefore, the review excludes studies on other self-centering systems, such as post-tensioned connections (e.g., [25,26]). The application of rocking systems in bridge substructures has been reviewed in [27]. To provide a comprehensive review, the authors systematically searched for relevant references with a primary focus on journal articles. Relevant keywords (including “rocking”, “self-centering”, “stepping”, and “uplifting”) were used to find published work from major publishers, such as ASCE, Elsevier, Sage, Springer, Taylor and Francis, and Wiley. Additionally, relevant studies were found by searching research profiles of authors with repeated publications on rocking building structures as well as backward and forward citation searching. This systematic search helped gather a comprehensive library of references on rocking building structures. The references were categorized into the following four groups: steel, concrete, masonry, and timber, each discussed in a separate section. In this review, the references are summarized and synthesized subjectively while often considering the chronology. The conclusion section of the review paper provides an overview and a summary of major recommendations for future studies. Fig. 1 shows the categorization of the research cited. The number of articles reviewed in each section is presented in Fig. 2.
[bookmark: _Hlk155186376]Figs. 1 and 2 show a noticeable increase in the number of publications on controlled rocking building structures over the past two decades, particularly after 2015. Early studies primarily applied rocking systems in steel, concrete, and masonry buildings. Major publications on rocking-enabled timber buildings started in 2014 and grew in 2016 and onward. 
[bookmark: _Hlk155186394]In Fig. 1, it is shown that 62% of studies on steel buildings focused on controlled rocking braced frames, while steel buildings with stiff rocking cores comprised 30% of the publications. The majority of research on concrete buildings has centered around rocking wall systems. For masonry buildings, earlier studies predominantly explored walls with post-tensioning, but recent efforts have addressed walls without post-tensioning but with EDs. Studies on rocking timber buildings encompass a range of subjects but are predominantly on Pres-Lam wall systems.
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           (a)                                      (b)                                     (c)                                        (d)
Fig. 1. Categorizing research on rocking building structures: a) steel, b) concrete, c) masonry, and d) timber
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[bookmark: _Toc132810829][bookmark: _Toc132810913][bookmark: _Toc132810929][bookmark: _Toc132811009]Fig. 2. Number of articles in each section per year
2. Rocking Systems in Steel Buildings 
[bookmark: _Hlk117859319][bookmark: _Hlk117858518]Over the years, rocking systems have been studied more in structural steel buildings than in buildings of other materials. Fig. 3 shows a dual configuration of rocking steel braced frames. Steel framed rocking systems generally consist of the following three main components: (1) braced frames, (2) vertical PT tendons, and (3) EDs or fuses. The steel braced frames are designed to rock at their base and remain essentially elastic during earthquakes. Bumper supports or armored foundation troughs are used to restrain the horizontal base displacement. The vertical PT tendons help provide self-centering forces and resistance to overturning. These PT tendons are usually prestressed to less than half their ultimate strength [28], generating sufficient resistance against uplift while allowing adequate straining capacity to remain elastic during the expected range of rocking. The replaceable EDs add supplemental damping and provide a fuse to limit the forces imposed on the rest of the structure [28]. 
Fig. 4 shows the idealized behavior of a steel brace frame with PT tendons and EDs.  Fig. 4a shows the lateral force-displacement response of a rocking steel frame with PT tendons alone. The initial stiffness is K, and the stiffness after rocking begins is Kup. Fig. 4b shows the response of idealized non-degrading EDs or shear fuses. Fig. 4c depicts the combined behavior with the PT tendons and shear fuses. Point “a” corresponds to the onset of rocking when the strength is Fup. The fuse yields at Point “b” when its force reaches Ffs. Upon further loading, the frame and the fuse reach their maximum lateral displacement at point “c”. Upon unloading, the fuse experiences zero force at point “d”. At point “e”, the fuse reaches its maximum strength on the negative side. At point “f”, the frame reaches the displacement at which the uplift has started. At point “g”, the fuse is reloaded, and the frame finally returns to the uplift point of “h”. 
In general, rocking steel buildings can be categorized as (1) controlled rocking steel braced frames (CRSBFs) and (2) steel framed gravity systems with a stiff, steel or concrete rocking core as the lateral system. This section presents a review of different configurations and current research needs, challenges, and gaps.
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[bookmark: _Toc132810830][bookmark: _Toc132810914][bookmark: _Toc132810930][bookmark: _Toc132811010]Fig. 3. A dual rocking steel braced frame system and its different components
[bookmark: _Toc132810831][bookmark: _Toc132810915][bookmark: _Toc132810931][bookmark: _Toc132811011][image: ][image: ][image: ]
                   (a)                                                 (b)                                                    (c)
Fig. 4. Response of (a) PT element, (b) fuse, and (c) frame with PT and fuse
2.1. Controlled rocking steel braced frames (CRSBFs)
Prior research on rocking systems in steel buildings has mostly focused on CRSBFs (~41% of the previous studies). The earliest studies on CRSBFs date back to 1977, when Clough and Huckelbridge [21] and Huckelbridge [29] conducted experimental and analytical studies on three- and nine-story building frames with and without column uplift (Fig. 5a). Results indicated that the column uplift could be rational and economical for the superstructure and the foundation by reducing force demands and ductility requirements. Further, allowing uplift eliminated the need for providing tensile capacity at the column base to resist high overturning moments. Since then, several configurations have been proposed for CRSBFs. Other studies have focused on developing capacity and performance-based design approaches and mitigating higher mode effects. Moreover, some practical applications have been reported. In the following subsections, past research on CRSBFs is presented.
2.1.1. CRSBF configurations
In the 1990s, the US-Japan cooperative research program was conducted on PREcast Seismic Structural Systems (PRESSS). This program inspired research on PT and controlled rocking buildings. In the early 2000s, a relatively simple configuration of yielding base plates was proposed for use in CRSBFs [30]. In the configuration shown in Fig. 5b, the base plates yield and allow column uplift under seismic loads. Experimental and numerical studies showed that rocking frame columns had considerably reduced maximum base shears, equal or reduced deformations, reduced maximum tensile forces, and equal or reduced compressive forces. The idea of using base plate yielding was later extended by proposing a hybrid rocking foundation and base plate yielding system [31]. Similarly, rocking columns with replaceable cover plates have been proposed [32]. Uplifting base plates have also found applications in cold-formed steel storage racks, resulting in increasing the structural period, reducing the demands, and protecting the structure from high uplift forces [33].
Rocking steel buildings can be equipped with EDs with the most common mechanisms. The EDs can be applied between the foundation and the column and at any height of the rocking frame. Pollino [34] evaluated the seismic response of rocking systems with a parallel arrangement of yielding and viscous dampers. 
A wide variety of EDs have been studied and shown to be effective. The optimal choice should be examined for each application, and more studies may be warranted.  For example, a study looking at the benefits of using rocking steel braced frames to retrofit deficient steel buildings found that friction EDs were more effective in controlling drifts and accelerations than ring strings (in which the energy is absorbed by the Coulomb friction forces between the adjoining rings) or bars yielding in tension [35]. Combining superelastic shape memory alloys (SMA)  and viscous/friction damping devices at the rocking column base of steel frames has been shown to minimize residual drifts and improve collapse performance [36,37]. Future experimental tests can complement the knowledge from past numerical studies on applying different types of EDs in rocking steel buildings.
PT tendons are often implemented in CRSBFs, although allowing gravity forces alone to induce the recentering/restoring behavior [38] has also been studied, such as ductile-linked rocking frames (DLRF) [39] and rocking frames with composite combination disc springs (CCDS) [40,41], which rely on their weight for self-centering. 
CRSBFs can have different configurations and arrangements of PT tendons and fuses. Among those, single and dual-rocking frames have been well-studied [6,42–45]. In the dual-frame configuration (Fig. 3), replaceable energy dissipative steel fuses (primarily butterfly steel plates) connect the two steel braced frames and may not need to be replaced even after a few earthquakes due to the frame remaining essentially elastic up to 4% drift [45]. The self-centering provided by PT tendons in the dual-frame configuration is a critical design factor that must be appropriately selected [46]. Spring-anchored rocking frames were introduced recently, providing more base flexibility and fewer tendon forces [47]. In another configuration, corrugated steel plate links are used [48].
CRSBFs can be coupled with or decoupled from adjacent gravity frames. A coupled system transfers gravity loads to the rocking frame, thus reducing the required self-centering force and energy dissipation (Fig. 5c). In contrast, a decoupled system rocks without imposing the associated uplift to adjacent gravity frames (Fig. 5d, e). Three proposed floor-to-frame connections are bearing plate connections, sliding pin connections, and wide-flange stub connections [49]. Experimental and numerical results confirm that all three configurations could transfer the loads within acceptable displacements. Further research is required to evaluate the 3D behavior of buildings with coupled and decoupled configurations.
Conventional “stepping” (Fig. 5d) and innovative “pin-supported” (“dissipative towers”) (Fig. 5e) rocking frames are two other configurations in which rigid and hinged base connections are used, respectively [50]. Although pin-supported systems have advantages (such as effectively protecting the moment frame against near-fault ground motions) [50], they may not favorably change the distribution of shear force and acceleration demands. Several researchers have studied the stepping and pin-supported rocking BRBFs, consisting of buckling-restrained braces (BRBs) on one side and conventional braces on the other (Fig. 5f) [15,51]. Results showed that the system’s response could be improved by using replaceable EDs at the base. The system could minimize the concentration of peak story drifts, residual deformations, and damage while increasing the ductility. Moreover, local buckling of the elements did not occur even at a 2.5% drift ratio [15]. More recently, new configurations were developed using buckling-restrained elements. Examples are rocking steel frames with buckling-restrained columns [52] and frames with a two-level successive yielding mechanism [53].  
Some other subjects have received relatively less attention, such as tied rocking frames without EDs [54], rocking composite frames [55], and assessing the effect of connection details on the performance of CRSBFs. Experimental test results have shown that semi-rigid connections outperform rigid connections in rocking steel frames [56]. 
Overall, there are a variety of potential rocking frame configurations, each with advantages and disadvantages. The architectural layout, construction practices, available test data, and engineering preferences will influence configuration choice.
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Fig. 5. Some configurations of rocking systems in steel structures; a) 3-story test model of Clough and Huckelbridge [21]; b) Simple rocking and base plate yielding system; c) Rocking BRB frame with fluid damper; d) Stepping decoupled rocking system with EDs in the link beam; e) Pin-supported decoupled rocking system with fluid dampers at the base; and f) Rocking BRBF 

2.1.2. CRSBFs design and response analysis
This section summarizes past research on the design and response analysis of CRSBFs. Performance-based [57] and capacity-based [58] design methods have been developed for CRSBFs. From the analysis of rocking frames, recommended ranges for response modification factor (R), frame aspect ratio, overturning factor, self-centering ratio (SCR) [59], and other design factors [60] have been determined. 
Generally, the design of CRSBFs can be conducted in two stages [57,58]. First, design parameters and performance objectives are established. Next, rotation limits are defined for base rocking joints. An example of performance goals can be as follows: the elastic frame and PT tendon response up to a certain drift ratio (e.g., 0.025), the concentration of the damage in fuses alone, and limited residual drifts. Then, force-displacement parameters such as stiffness, base rocking moment, and energy dissipation are selected for an SDOF system. After the performance-based design of the base rocking joint, the second step is to capacity design the rest of the structure based on the peak forces generated when peak rotation is obtained in the base rocking joint [57,58]. Other studies on the design concepts and behavior of CRSBFs can be found in [44,45].
A review of five capacity design procedures was conducted by Martin et al. [61]. They proposed a modified modal superposition (MMS) method for the capacity design of rocking braced frames that can accurately predict story shear forces and brace and column axial forces. The MMS method was recently extended to coupled and stacked CRSBFs [62]. 
New Zealand is among the pioneering countries in the research and implementation of rocking structural systems.  A design guide for CRSBFs in New Zealand [63] can be used for new buildings and retrofitting projects [64].
Past research has reported on the uncertainty [65], sensitivity [66], and optimization [66–68] of CRSBFs. The efficiency and sufficiency of different intensity measures (IMs) in predicting the response of rocking frames were investigated in [69]. They found that for structures that are significantly influenced by period elongation, the inelastic spectral displacement is the most efficient and sufficient. Uncertainty and sensitivity analyses are two vital parts of analyzing complex systems. While uncertainty analysis determines the range of possible response outputs with a set of inputs, sensitivity analysis determines influential factors and their contributions to response variations. These studies are followed by optimizations to find optimal values or ranges for each factor.
Previous research has suggested values for some of the design factors. The findings from large-scale shake table tests and numerical studies by Eatherton et al. [28,70], Ma et al. [42], and Deierlein et al. [71] suggested a minimum required energy dissipation (β) of about 20% (0≤β≤1). CRSBFs would be most reliable and capable of eliminating residual drifts if the SCR is more than 0.5 [46]. Interestingly, even low values of self-centering can significantly reduce residual drifts. Rahgozar et al. [72] suggested the desired ranges for the over-strength factor (1.39≤Ω0≤2.29), period-based ductility (12.25≤µT≤29.01), and R=8. Although higher R values reduce the number of PT tendons and use a larger displacement capacity, and can still fulfill the peak story drifts to less than 2.5% [73], R=20 fails to fulfill the collapse prevention probability of 10% or less given the maximum considered earthquake (MCE) [74]. The effect of different design parameters related to the fuse and PT strands was evaluated in [60]. Among other results, their study shows that the initial PT force and column gravity load are the most influential parameters for minimizing peak roof drifts. 
Through seismic fragility analyses, researchers have investigated the effect of different design parameters on the rocking system performance and construction and post-earthquake costs under different earthquake levels [75,76]. A computationally efficient methodology for generating parametrized fragility functions for CRSBFs was proposed in [66]. A probabilistic safety assessment of CRSBFs has shown sufficient safety margin ratios (the ratio of median spectral acceleration to MCE spectral intensity) ranging from 1.52 to 4.17 for PT yielding, 1.17 to 3.76 for fuse fracture, and 1.05 to 3.59 for global collapse limit states [77]. Multi-objective optimization of CRSBFs to determine optimal response, such as minimized peak floor acceleration and drift ratio, has been investigated [66,67]. A performance-based control co-design methodology has been proposed for CRSBFs to minimize the frame weight as well as the overall PT strands’ cross-sectional area [78]. 
Subjects that require further research include considering near-field pulse-like ground motions [79], assessing column base impacts due to rocking [80], and evaluating non-structural damage, particularly relevant for moderate-magnitude earthquakes. Among a few studies on the mentioned subjects, a study has recommended designing with the most flexible frame and maximizing the energy dissipation to lower demands on nonstructural components [81]. Further, nonlinear response history analysis results confirm that CRSBFs effectively mitigate residual and peak drifts under far- and near-field earthquakes [82]. Future research is also required to assess the seismic response of CRSBFs on flexible foundations, which may result in larger residual and peak drifts [83].
2.1.3. CRSBFs higher mode effects
Forces acting on a rocking frame structure are often larger than those obtained by considering only the first mode of vibration. Due to higher mode effects, bending moments and shear forces throughout the structure can still increase, even after plastic hinges form at the base [84]. Research has shown that higher mode effects negatively influence collapse safety [74]. To mitigate higher mode effects, researchers have proposed using multiple rocking joints over the height of the building rather than a single rocking joint at the column base (Fig. 6) [58,84–86]. Multiple rocking joints reduce the higher mode effects and result in less steel. As another higher mode effects mitigation mechanism, research has also shown that using self-centering energy dissipative braces reduces overturning moments and story shears by up to 24% and 27%, respectively. However, peak force demands in columns do not diminish as much as in story shears [85,86]. Another solution to mitigate higher mode effects is to use shear-controlling rocking isolations [87].
A parametric study by Li et al. [88] shows that inserting a second rocking joint within the lower 22% to 50% height of the structure enables the structure to reduce the maximum story moments by 10% to 35%. Moreover, the energy dissipation at the second rocking joint effectively controls shear forces. A third rocking joint could reduce overturning moments and shear forces only in a 30-story prototype but not in a 20-story frame. Recently, a combination of shear and flexural behavior was considered to more accurately quantify higher mode effects in rocking frames without a modal analysis [89]. Past research has reported on dynamic analysis [90], seismic design [91], topology optimization [92], and gradient-based optimization [93] of frames with multiple rocking joints. Despite these efforts, mitigating higher mode effects requires further research, as excessive displacements (especially at top stories) and accelerations can be problematic, causing structural and non-structural damage. Finding practical solutions for taller buildings requires gaining more confidence, particularly though experimental research. Future studies should develop practical detailing for rocking joints.
[image: ]
[bookmark: _Toc132810833][bookmark: _Toc132810933][bookmark: _Toc132811013]Fig. 6. Mitigating higher mode effects by using multiple rocking joints

2.1.4. Implementations of CRSBFs in practice
The importance of using innovative structural systems for seismic resilience has been recognized, particularly following the magnitude 6.3 earthquake in Christchurch, New Zealand, in February 2011, which caused more than $NZD 40 billion in losses (~20% GDP) [94]. Some real-sized implementations of CRSBFs have been reported in New Zealand. The first was a group of university residential buildings with five, ten, and eleven stories in Te Puni Village. These buildings were designed to maintain rapid re-occupancy after an earthquake while considering the economy and speed of construction [63]. The 3-story Kilmore Street Medical Center, with over 5000 m2 area located in Christchurch, New Zealand, is among other examples.
2.2. Steel buildings with stiff rocking cores 
[bookmark: _Hlk141961137]One of the earliest studies on steel buildings with stiff concrete cores allowed to tip (or rock) was conducted by Meek [95]. Given the potential of stiff cores to tip, they described a method to include this effect in the analysis, resulting in a noticeable reduction of base shear. However, the impact at the base as the wall re-establishes contact with the ground has the potential to cause a stress-wave propagation problem.
Since the work by Meek [95], stiff rocking cores have been studied comprehensively for both concrete and steel buildings. Stiff rocking cores tend to distribute drift over the building height, thus eliminating drift concentrations and soft story mechanisms. Pollino et al. [96,97] have proposed using stiff rocking steel braced frames or concrete walls to remedy these drift deficiencies in existing buildings. Figure 7a illustrates the concept of a concrete rocking core, and Fig. 7b and Fig. 7c illustrate a similar stiff (spine) system that pivots about a pinned base instead of rocking. The rocking (or pinned base) core can be connected to the steel frame using pin-ended members or energy-dissipating steel links. The following subsections take a deeper look into different rocking core configurations, their design and behavior, and higher mode effects.
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                                                               (a)
[bookmark: _Toc132810834][bookmark: _Toc132810934][bookmark: _Toc132811014][image: ]
                                          (b)                                                                               (c)
Fig. 7. Steel building with a) stiff concrete rocking core; b) concrete spine system; c) steel spine system
2.2.1. Stiff rocking core configurations: response evaluation and design
Adding a steel truss or concrete wall rocking core as the secondary system offers advantages such as sharing the lateral load resistance, providing self-centering and energy dissipation, and avoiding non-uniform drift distributions. Furthermore, the amplification of force demands on frame members due to higher mode effects and the impact at the column bases is not a major issue in self-centering core systems that have a pinned base as they do not require column uplifting. 
Many researchers have demonstrated the benefits of stiff cores in decreasing drift concentrations in low- and mid-rise buildings [98–103]. However, their effectiveness decreases in taller buildings due to the challenge of providing a large enough stiffness to produce a uniform distribution of story drifts. The influence of stiffness has been studied extensively as it relates to retrofitting existing buildings. This includes investigating the relative stiffness of the rocking core to the existing frame [104], and how the modal periods have an inverse relationship with both the base fixity (Rf) and relative frame-to-core stiffness ratio (β) [105,106]. As a comparison, β≤2 and Rf>1 result in lower and more uniform drifts. One-third scale hybrid experimental tests confirmed the effectiveness of using rocking cores as a retrofit scheme [107]. They also demonstrated the need to extend the stiff core up the entire building height rather than terminating the stiff core mid-height.
Yielding [107], viscous [13,14], friction, or hybrid [108] EDs can be used as link beams or at the base of the rocking core to lower building drifts to provide supplemental damping and fulfill performance objectives, especially in older deficient buildings [96]. Moreover, the PT tendons can provide additional self-centering [109–111]. Damping and post-tensioning parameters have a significant influence on the performance and efficiency of the rocking system. Future research should address how to achieve the optimum design of these features. 
Rocking cores also have other configurations, such as non-uplift core (Fig. 8a,b), which leads to the reduction of higher mode effects and avoids complicated detailing at the rocking interface [112–115]. Using a rocking core can avoid the soft-story failure of beam-through concentrically braced frames comprising tension-only braces [116,117]. Another configuration explored for braced frames is to use energy-dissipative rocking columns (Fig. 8c) [118,119]. Story drift concentrations and residual drift demands can be mitigated most effectively when the rocking column-to-frame stiffness ratio is lower than 0.2 and 0.4, respectively. A self-centering energy-absorbing rocking core consisting of friction spring dampers or buckling-restrained columns at the base has also been investigated [120,121]. Fig. 8d shows a self-centering energy-absorbing dual rocking core system [122,123]. In this configuration, two adjacent steel cores pinned to the ground are connected via a shear friction spring or a hybrid damper to provide energy dissipation and self-centering [124,125]. Results of numerical and experimental studies have shown positive and stable flag-shaped hysteretic behavior. While the core remained elastic, no residual drifts were observed, even at 6% roof drift. The self-centering energy-absorbing dual rocking core system had better collapse resistance and better non-structural damage control than an SMA-based braced frame and BRB frame because of their higher lateral deformation capacity [126]. The displacement-based and performance-based seismic design methods for moment frames with these core systems have been presented in [122,127,128]. A rocking wall panel for the self-centering of steel moment frames was proposed and tested in [129]. The test results confirmed the sequence of three limit states, including core rocking, EDs yielding, and PT tendons yielding. 
Inspired by the developments of rocking core moment frames, a study [130] presented a new repairability-based design approach. Repairability is defined as the condition of the structure that damaged members can be practically repaired or replaced after major earthquakes [131]. While moving gradually from conventional design to performance-based seismic design methods, researchers are exploring new design approaches that explicitly consider the post-earthquake functionality and repairability of the structural system [130,132]. A recent study [133] presented a repairability-based seismic design approach for buildings. Using a repairability-based design, the likelihood of earthquake damage to structural components is reduced, thus providing higher confidence that the building can continue to be occupied following strong earthquakes. A repairability-based design is an advancement of performance-based seismic design methodology, addressing the recovery-based performance objectives (i.e., re-occupancy and functional recovery) for buildings. By incorporating a repairability-based design, building codes can ensure the building repairability under design-basis earthquakes while preventing building collapse in maximum considered earthquakes [133].
Statistical and optimization methods have been applied to rocking steel frames [60,66]. Recently, the seismic demand of self-centering dual rocking core systems under near-fault ground motions was investigated using probabilistic and machine learning methods [134]. 
[bookmark: _Toc132810835][bookmark: _Toc132810935][bookmark: _Toc132811015][image: ]
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Fig. 8. a) Self-centering rocking core with buckling-restrained columns without PT bars; b) Self-centering rocking core with buckling-restrained columns with PT bars; c) Braced frame with energy-dissipative rocking columns (EDRC); d) Self-centering energy-absorbing dual rocking core (SEDRC)
[bookmark: _Hlk77661135]2.2.2. Stiff rocking core: higher mode effects 
Some studies have assessed higher mode effects in stiff rocking core systems. Pollino et al. [96] presented a design flowchart for rehabilitating buildings with stiff rocking cores. Calculating the modal properties leads to an estimation of higher mode force demands. A similar approach was taken by Rahgozar and Rahgozar [135] to predict shear and moment forces with reasonable accuracy. However, this study was limited to low- and mid-rise buildings.
[bookmark: _Hlk153627763][bookmark: _Hlk153627922][bookmark: _Hlk153627951]Solutions have been proposed to mitigate higher mode effects in stiff rocking cores, although less amplifications are expected in these systems, which do not involve column uplifting. With an analogy to the human spine, a multi-level rocking core system (Fig. 9a) can increase the damping and elongate the periods of vibration through gap movements [136]. A similar “stacked” rocking core system (Fig. 9b) was proposed by Rahgozar et al. [137]. However, these ideas are still only conceptual and lack validation through both analytical and numerical investigations. Future studies of the proposed configurations should examine high-rise buildings vs. the previously studied low- to mid-rise buildings [135], the efficiency of the earthquake resistant archetypes [136], and multi-segmental configurations vs. the previously studied two-segmental configuration in [137]. 
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[bookmark: _Toc132810836][bookmark: _Toc132810936][bookmark: _Toc132811016]Fig. 9. a) Multi-level rocking core; b) Stacked rocking core
2.3. Other rocking steel frames 
Inspired by ancient timber pagodas commonly found in East Asia, new rocking configurations have been recently proposed. One configuration uses a multiple-rocking-column steel system consisting of segmented columns, continuous beams, and self-centering friction connections [138]. Shake-table tests and numerical analyses confirmed low-damage behavior. Other novel configurations are energy-dissipative rocking columns with [139,140] and without [141,142] high-strength steel tension braces. Tension braces provide recentering in the system, experiencing lower story and residual drifts, uniform drift distributions, and increased post-yield stiffness. The connection stiffness is influential in mitigating peak drifts and drift concentrations.
Controlled rocking steel shear walls (Fig. 10) have also been studied. Shear walls can have a PT beam-to-column rocking connection [143–145] or a centralized rocking mechanism with EDs. Researchers have also explored applying controlled rocking in cold-formed steel shear walls [146] and studied the response at different hazard levels [147]. 
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Fig. 10. Rocking steel plate shear wall
Despite the promising results on the seismic response of rocking systems in steel structures, future experimental and numerical studies are required to investigate the effectiveness of rocking systems with different building designs [148]. Issues that merit future research include higher mode effects in high-rise buildings (and potential limits on when rocking is useful), the performance of rocking systems under main shock-aftershock earthquakes, and the development and validation of proper and practical detailing for EDs and connections for robust load transfer mechanisms. 
3. Rocking Systems in Concrete Buildings 
Rocking systems in concrete buildings have been widely studied. Past research on rocking-enabled reinforced concrete columns, frames, and walls is summarized in this section.
3.1. Reinforced concrete rocking columns
Rocking columns are used to lower seismic force demands in building structures. Free-standing columns in ancient empires were the first application of rocking in structures (Fig. 11) [149,150]. Many of these columns have survived severe earthquakes over the centuries. 
Rocking columns can be either free-standing or post-tensioned. The column reinforcement is discontinued at both ends to allow for rocking, and energy-dissipating reinforcement can be added at the base to provide damping [151]. The stiffness of a free-standing column is negative after uplift, while the stiffness of a column with PT can vary from negative to positive based on the tendon’s axial stiffness [152]. The tendons passing through the column’s centerline provide self-centering, reduce residual drifts, and prevent collapse [153]. Among different column sizes, small columns with tendons experience the highest response reduction under excitations [152]. 
Reinforced concrete rocking columns provide lateral stiffness and strength prior to rocking, influencing the local and global behavior of the structure [154]. EDs are used to reduce inelastic deformations [155]. Moreover, intentional weakening of the building structure, leading to earlier yielding at lower levels of the building, can be a possible solution to mitigate high accelerations and forces. For this purpose, rocking columns, double-hinged elements with compression connections at contact surfaces without tensile capacity (Fig. 12), are proposed to be used in the building’s gravity system. Other strategies include using PT rocking beam connections (section 3.1.2) [156] and a rocking-isolation podium system [157,158]. 
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[bookmark: _Toc132810837][bookmark: _Toc132810937][bookmark: _Toc132811017]Fig. 11. Historical free-standing column in Athens, Greece (adapted from [150])
Three phases of pre-rocking, rocking, and overturning are recognized based on the moment-curvature diagram for rocking columns, which can be predicted through a simplified analytical model [154]. Previous studies have shown that global strength reduction depends on the column strength and arrangement of rocking columns. EDs have been added to rocking columns to improve structural behavior. Rocking columns reduce story accelerations, while viscous dampers control story displacements [159]. Applying novel steel energy-dissipating rocking columns (EDRC) in concrete moment-resisting frames can mitigate maximum and residual story drifts and provide more uniform drift distributions [160]. Properly capturing the rocking behavior with available finite element tools is of great significance [161]. Finite element modeling and comparison of a rocking column with hysteretic and viscous dampers show that the system with a hysteretic damper is susceptible to significant impacts and damage when the pivoting point changes. The behavior of the system with viscous dampers was desirable [161].
Hybrid rocking columns with PT tendons and EDs have been recently studied. These systems include monolithic (Fig. 12) [162] and hybrid sliding configurations (Fig. 13) [163]. A simplified design procedure for hybrid rocking columns is provided in [162]. The design procedure includes estimating the initial axial load ratio, calculating the area ratio of PT tendons, obtaining the yield force of columns without EDs, determining the initial performance index value, calculating the area ratio of EDs, and determining the residual drift. However, the hybrid sliding configuration has mainly been studied in bridges and elevated reservoir supporting systems, not building structures. A new rocking concrete column with steel angles (Fig. 12) has been shown to reduce peak story drifts and accelerations [164]. Advanced and composite materials, such as ultra-high-performance concrete, fiber-reinforced composites, laminated composite materials, and matrix composite materials [165], can potentially improve the strength and resiliency of rocking systems and can be addressed in future studies. 
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[bookmark: _Toc132810838][bookmark: _Toc132810938][bookmark: _Toc132811018]Fig. 12. Rocking column with PT tendons and steel yielding-dampers
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[bookmark: _Toc132810839][bookmark: _Toc132810939][bookmark: _Toc132811019][bookmark: _Hlk128482293]Fig. 13. Hybrid sliding-rocking column
3.2. Reinforced concrete rocking walls
3.2.1. Rocking wall-moment frames: response and performance evaluation
[bookmark: _Hlk117185328]To enhance the seismic behavior of concrete buildings, researchers proposed precast or cast-in-place “rocking wall-moment frames”, which are effectively dual systems with a rocking wall adjacent to a moment frame as shown in Fig. 14. The primary function of this rocking system is to prevent soft-story failure, reduce drift concentration and damage, and provide support for EDs [131]. 
Generally, rocking walls can have either a stepping configuration with a full base connection to the foundation before rocking starts (Fig. 14a) or a pinned configuration (Fig. 14b). The pinned rocking wall must be applied cautiously as it amplifies the displacement response. Further, heavier walls are effective for stepping rocking walls and are not suitable as pinned rocking walls [166,167]. Simplified and continuum models can be used for preliminary analysis of rocking wall moment frames, capable of distributing the shear force in the system (Fig. 14c) [168,169]. Recently, inclined precast concrete walls with rocking-based composite columns have been proposed, capable of reducing inter-story drift, floor acceleration, and base shear [170].
Rocking walls may also incorporate PT tendons [171–173] or SMA [174,175] to provide self-centering, enhance stability, and reduce residual drifts in addition to external EDs [176–178]. Due to eliminating residual drifts at the end of the mainshock, self-centering reduces the aftershock polarity (i.e., the same or opposite direction of aftershocks, compared with the mainshock) effects on the performance of the wall [179]. The PT tendons must be prestressed to a minimum level, equal to or larger than 30% of the ultimate strength as per ACI ITG-5.2-09 [180], to prevent tendons from slacking [181], to limit the seating of wedges inside unbonded strand anchorages [182], and to improve the shear-slip capacity of critical joints [183]. Recently, a new type of spring-anchored post-tensioning tendon has been proposed, eliminating the need for trained workers or specialized equipment [184]. Assessing 3D effects, such as accidental torsion, out-of-plane response, and stiffness irregularities, is recommended for future studies [181]. A more realistic analysis of rocking walls considering 3-D effects was conducted in [185]. The study showed that local reinforcement detailing could prevent flexural cracking at the wall base. Moreover, ignoring the neutral-axis migration may underestimate the inelastic deformation and wall elongation. Additional research has reported on the behavior [186–188] and design [131,189,190] of rocking wall moment frames and a new hybrid coupled wall [191].
On the damping properties of rocking wall moment frames, an average equivalent viscous damping of 5.7% has been reported [192]. This damping consists of 1.5% due to impacts and 4.2% due to concrete nonlinearities and inherent material damping of test units. To quantify all energy loss components, research has shown that impact and continuous energy loss at the rocking surface ranges from 4.3% to 6.5% [193].
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Fig. 14. a) stepping rocking wall; b) pinned rocking wall systems; c) simplified flexural-shear beam mode
High-frequency acceleration spikes in both lateral and vertical directions occur during the impact between the wall and the foundation [194]. The spikes result in shear slip failure at the wall-foundation connection. Softening the contact via grout crushing and using a velocity-dependent damper, such as a viscous damper, was proposed to mitigate the acceleration spikes. Another significant concern about rocking walls, which requires further research, is related to the wall’s corner crushing during the impact. Past research has investigated using EDs [195,196], steel jacketing [197], replaceable corner components [198], and high-performance concrete [199]. However, further research is required on this topic.
From estimating the repair cost and damage of modeled cast-in-place or monolithic rocking walls, a wall’s axial stress ratio between 0.1 and 0.15 has been recommended to satisfy desired performance levels [200]. Specifically, a higher limit of 0.125 can prevent the dominance of confined concrete toe crushing and mitigate the occurrence of large residual drifts [201]. The research was extended by studying high-performance concrete and the axial stress ratio that significantly influenced the strengthening approach (retrofitting or rehabilitating) [199]. These findings agree with those reported by Obara et al. [195]. A simplified analysis procedure based on the displacement modification approach can predict the non-linear seismic demands of high-rise rocking wall structures [202]. Finite element analyses have been used to evaluate the response of rocking walls [203]. Research has shown that increasing the stirrup ratio, concrete strength, and self-centering parameter effectively reduces structural damage. However, high prestressing in PT tendons increases the damage, such as concrete spalling or crushing at wall bases [204,205]. Structural damage can be quantified to evaluate the performance of self-centering rocking walls. 
Future research on rocking wall moment frames is required to study the attachment of non-structural elements and their effects on seismic demand [206], predict the floor-level acceleration spectra [207], and assess the interaction and connection between the rocking wall and the floor diaphragm [208,209], and practical concerns and options regarding long PT tendons in tall buildings, such as prestressing techniques and losses, and anchoring details.
3.2.2. Rocking wall-moment frames with energy dissipating devices
Rocking wall-moment frames have been equipped with different internal and external EDs (as hybrid rocking walls) for improved seismic performance [170,201,210–212]. Examples of these EDs are steel hysteretic, friction, and viscous dampers, which are ideally low-cost and easily replaceable. Several rocking wall configurations with EDs have been investigated.
Propped rocking walls (Fig. 15a) use a self-centering slender concrete wall, which is post-tensioned by unbonded steel bars and propped near its top by multi-story diagonal braces [213]. The braces can incorporate several hysteretic dampers in a series arrangement. A hybrid system of precast concrete rocking walls and inclined or vertical BRBs (Fig. 15b) has proved to be advantageous for steel and concrete moment frames [214]. Similarly, combining rocking walls and BRBs improves seismic resistance and mitigates drift concentrations [215].
 Rocking walls with energy-dissipating U or O-shape connectors (Fig. 15c) also have been studied, including precast walls with end columns incorporating PT tendons and O-connectors [216]. Different parameters related to O-connectors, such as profile, material, and welding process, influence the failure mechanism of the system. Moreover, out-of-plane buckling must be avoided using a leg length/thickness ratio smaller than 20 for O-connectors [217]. Further, a wall’s initial axial load ratio of less than 10% can reduce the damage and residual drifts [218]. Experiments have shown that O-connectors can reduce impact-damping participation and maximum drift of rocking walls [219]. O-connectors can also be used with infilled rocking walls [220]. The damage at the base of the end columns under compression can be prevented by using steel channels or concrete-filled tube columns [216].
In pinned rocking wall structures, inelasticity propagates through the main frame. Wu et al. [221] proposed replacing the pinned restraint with a replaceable variable base rotational constraint. Low-yield strength reinforcement and partially unbonded mild steel bars and dampers [129,222–228], and heat-treated replaceable bar segments [229] can provide energy dissipation (e.g., steel plates as in Fig. 15d). Other studies of self-centering shear walls incorporate disc springs and friction EDs [230–232] and tension-compression disc spring devices [233,234]. Other EDs include friction dampers [235], yielding-based and friction-based energy dissipation components [236], and slip-friction connectors [237]. 
Dimensional response analysis of rocking wall-frame buildings shows that distributed control devices (e.g., dampers installed on each floor) can diminish story drifts significantly but may cause drift concentrations [168]. In a coupled rocking wall configuration, the coupling beams can incorporate EDs, such as friction dampers [238]. Past research has also studied PT rocking walls with steel slit shear plates [239,240] and controlled outrigged rocking walls incorporating mega columns and outrigger damper for use in tall buildings [241–243].
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Fig. 15. (a) propped rocking wall system; (b) precast concrete rocking wall with BRB; (c) rocking wall with U-connectors and end columns; (d) rocking wall coupled with steel angles
[bookmark: _Hlk133259188]3.2.3. Infilled rocking wall frames
Rocking walls attached to the main frame through link beams at each story level [244] bring about potential challenges, such as interfering with architectural design (e.g., lighting and visual aesthetic), making the structure’s seismic performance strongly dependent on the links’ durability and capacity, and adversely impacting the rocking wall’s out-of-plane stability [245]. Reinforced concrete framed buildings with infill walls are commonly constructed worldwide (Fig. 16) [246]. Burton et al. [246] proposed utilizing infill wall “rocking spines” to leverage existing construction practices yet improve the performance of such systems.  They proposed a series of design equations and then illustrated the approach with a six-story example building. 
Similar to the other rocking systems discussed in the article, concrete frames with infilled rocking walls tend to prevent the formation of soft-stories and result in a more uniform distribution of drift. In one study, infilled rocking wall frames showed 28% less annualized loss than a conventional reinforced concrete frame [247]. While the adjacent beams and non-spine infill panels provide energy dissipation for the system, external EDs can also be added. 
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[bookmark: _Toc132810842][bookmark: _Toc132810942][bookmark: _Toc132811022]Fig. 16. Infilled rocking wall frame
3.2.4. Seismic retrofit of buildings using rocking walls
Many concrete buildings constructed before the 1970s experienced significant damage and even collapsed in past earthquakes. Hence, retrofitting old buildings has become critical. Comparing the seismic performance of buildings with two retrofitting solutions of controlled rocking and reinforced concrete monolithic walls showed that the latter solution causes physical damage and residual deformations [248].
On industry projects, retrofitting structures using rocking walls has been reported in the literature. Prestressed walls can be utilized for tall structures to obtain a more uniform drift distribution [249]. In another retrofitting project, a five-story building was upgraded using a rocking wall with friction dampers [235], which can also be used for new buildings [250].
3.2.5. Higher mode effects and mitigation
Higher mode effects can increase seismic demands (such as forces and accelerations) in taller buildings, even with rocking wall systems [251]. Like in steel structures, using multiple rocking joints over the frame height (Fig. 17) could effectively minimize higher mode effects [252–254]. Future studies can evaluate the non-structural response and robustness of these rocking systems. Optimization studies are also recommended to find the optimal number and location of rocking joints [255,256].
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[bookmark: _Toc132810843][bookmark: _Toc132810943][bookmark: _Toc132811023]Fig. 17. Mitigation of higher mode effects via multiple rocking joints
3.3. Reinforced concrete rocking frames
[bookmark: _Hlk154426867]Several rocking systems have been experimentally [257–263] and numerically [263–265] investigated for reinforced concrete frames. These rocking systems were all inspired by the development of self-centering PT or prestressed beam-column connections [266,267]. As shown in Fig. 18, a self-centering connection incorporates unbonded post-tensioning elements (strands, tendons, bars, or cables) running parallel to the beams. The beam-column connection displays gap opening and closing behavior at the connection interface during seismic events. This results in several advantages, including self-centering capability and negligible residual deformations, reduced joint shear stresses, and enhanced strength and ductility [257,264,268]. Despite the benefits, frames with these self-centering systems may experience relatively large lateral displacements during earthquakes due to their limited energy dissipation capacity [269]. Consequently, researchers have explored the application of various EDs. Examples of these EDs are mild steel devices [258–260,270], lead-based damping devices [271,272], and friction-based damping devices [265,269,273–276].
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Fig. 18. Self-centering prestressed connection in reinforced concrete frames
4. Rocking Systems in Masonry Buildings
For masonry buildings, the rocking behavior can be observed in (1) rocky structures (archeological remains, obelisks, columns, and trilithons), (2) arch-piers systems (e.g., triumphal arches and belfries), (3) in-plane and out-of-plane mechanisms of walls (e.g., standing out walls and façades in buildings), and (4) artistic assets prone to overturning (e.g., pinnacles and statues) [277]. However, this review focuses on rocking-enabled masonry walls for seismic resilience. Past studies on the inherent rocking motion of masonry buildings under lateral loads are therefore not reviewed.
Masonry structures are particularly vulnerable to damage from earthquakes. Under lateral loading, conventional masonry walls, which are fixed at their bases, show different failure modes, including rocking, toe crushing (due to compressive forces at large drifts), sliding shear, and diagonal tension [278]. The failure mode is affected by the compressive strength of the masonry prism, the wall height-to-length aspect ratio, axial stress, boundary conditions, and masonry wall thickness [278,279]. A combined failure mode is often observed. Even reinforced masonry walls develop inelastic behavior, while permanent structural damage and residual deformations remain in the building after an earthquake [280].
As retrofitting damaged walls is costly and laborious [281], efforts are made to develop alternatives to conventional construction methods for reducing structural damage and residual deformations in buildings. Following and inspired by the Precast Seismic Structural Systems (PRESSS) project [282,283], self-centering and controlled rocking systems have been increasingly studied in building structures, including masonry walls. However, masonry rocking walls have not been implemented in practice thus far.
4.1. Controlled rocking masonry walls with post-tensioning
Unreinforced masonry (URM) walls with rocking-critical piers (Fig. 19a) have higher ductility than shear-critical walls. However, they often sustain excessive damage and residual deformations. Concrete masonry walls with unbonded post-tensioned tendons (aka, controlled rocking masonry walls) (Fig. 19b) provide restoration and damage control, exhibiting behavior that reduces stiffness and force demands. The spacing [284,285] and stress level of PT tendons are influential factors affecting the wall peak displacement and lateral strength [286]. Stress in unbonded PT masonry walls’ tendons is accurately estimated using existing code equations [287].
Fully-grouted PT walls perform better than ungrouted and partially-grouted ones, with repairable damage at corners [288]. Solutions to improve the seismic resilience of masonry walls are using grout in the cavity, adding confinement [289–291] and rubber interface [292] in the damage-susceptible compression toe, and using elastic unbonded PT tendons [289]. Due to masonry crushing, unconfined masonry walls exhibit strength degradation at 1% drift. In contrast, confined PT concrete masonry walls experience no strength degradation or residual deformations up to 1% drift and can develop reliable drift capacities beyond 1%  [293]. Shake table tests show that PT walls with openings can exhibit self-centering with small residual displacements due to bond beam elongations [294].
Fully-grouted PT masonry walls can have a response modification factor, R, of 4.0 to 8.0 and a displacement amplification factor, Cd, of 3.5 [295]. Boundary elements and confinement can increase the systems’ R and improve the behavior to meet the acceptance criteria for seismic collapse risk [296,297]. However, higher mode effects in taller (12-story) walls increase the collapse risk [296]. 
Analyzing the behavior, specifically the flexural and shear strength, of rocking masonry walls was previously challenging. Some of the main challenges in modeling rocking walls were inconsistency between numerical and experimental results of the dynamic behavior in response history analyses and even more complicated analysis methods [298], loss of initial posttensioning force [299], and computational inefficiency [300]. However, new methods have been proposed to capture force-displacement response, hysteretic energy dissipation, and displacement component response [299,300].
4.2. Controlled rocking masonry walls with EDs
Unbonded post-tensioning can provide self-centering and controlled rocking behavior. However, the inherent damping of rocking systems is limited. For this reason, supplemental EDs are used, resulting in higher damping as well as lower peak displacements and residual deformations [301,302]. Examples of the applied EDs in masonry walls are mild steel (Fig. 19c) [289], steel hysteretic dampers [301], and easily-replaceable steel flexural yielding arms (Fig. 19d) [303]. A 40%-scale shake table test of a confined masonry rocking wall has shown an increase in the equivalent damping ratio from 3% to 14% when hysteretic dampers are added [301]. Masonry walls divided into sub-panels with sliding joints and EDs added between the panels (Fig. 19e) have also shown desirable performance [304,305]. 
Recent experimental studies have explored controlled rocking masonry walls without PT elements in view of concerns about the deterioration of the self-centering capability due to PT losses and the practical difficulties in the implementation of PT elements [280,306]. Walls with EDs displayed reliable behavior, limited damage, minor residual drifts, and a stable hysteretic response up to a 2.3 % drift ratio. 
A seismic design approach with an R=7.0 met the acceptance criteria for the seismic collapse risk under a Maximum Considered Earthquake hazard level [306]. The design of controlled rocking masonry shear walls without post-tensioning can be conducted in two steps [306]. First, the base rocking joint is designed by determining the ED level and force, selecting the wall length and designing the ED, and checking the drift demands and post-yield rotational stiffness and gap closure. Then, the rest of the building should be capacity-designed to satisfy required moment and shear resistance. Energy dissipation devices, such as flexural yielding and steel rocking bases (Fig. 19d), have been studied [303,307–309]. Walls have been shown capable of reaching a drift ratio of 4% without strength degradation, with only 0.1% residual drifts, resulting in rapid recovery and seismic resiliency. 
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Fig. 19. Controlled rocking masonry wall; a) without PT; b) PT masonry wall; c) PT masonry wall with mild steel; d) controlled rocking masonry wall with flexural yielding arms; e) rocking wall with wooden planks
5. Rocking Systems in Timber Buildings 
5.1. Pres-Lam wall systems
Since the 1990s, new generations of engineered wood products have been widely used in construction, first in Europe (Switzerland, Austria, and Germany) and later in other parts of the world [310]. New engineered wood products accelerate construction while offering a relatively high strength-to-weight ratio, flexible planning, and a high prefabrication level [310]. Low-damage techniques have recently been applied to timber structures known as prestressed laminated (Pres-Lam) systems (Fig. 20a), providing recentering and controlled rocking in single or coupled configurations [311–314]. Different engineered wood products can be used in Pres-Lam systems, such as laminated veneer lumber (LVL), glue-laminated timber (Glulam), and cross-laminated timber (CLT or X-Lam) [311,312,315,316]. 
Recently, CLT wall systems have received a lot of interest in research and industry. Given the inherent stiffness, CLT shear walls are designed to rock, which changes the building structures’ fundamental period and force demands [317]. PT tendons are used to post-tension the walls to the foundation and provide recentering behavior.  Supplemental damping has been investigated as a way to further improve behavior by limiting peak drift response (Fig. 20a,b). Different design factors related to PT tendons and EDs (such as set-up configurations, patterns, and initial force values) influence the system’s seismic response [318]. Post-tensioning without EDs could be effective in areas of moderate seismicity [319]. On the other hand, knowing that implementing PT tendons is arduous, solutions have been proposed, such as walls without PT and with generic connectors (section 5.2). 
Important factors influencing the behavior of rocking CLT walls are boundary conditions [320], the stiffness of the wall-to-floor diaphragm for two-panel configurations [321,322], openings [323], and connection detailing [312,324]. Wall-to-diaphragm connections must transfer horizontal loads and accommodate displacement incompatibilities (due to the wall rotation and uplift) to guarantee a hybrid Pres-Lam low-damage solution. However, research has shown that non-structural components integrated with CLT rocking walls are susceptible to damage [325]. Isolation/separation techniques and detailing are required to prevent this damage [326].
A series of full-scale shake table tests of mass-timber-building shows that the system does not need any repair under the service-level earthquake and design-level earthquake. When tested under the MCE level, re-tensioning of PT bars was needed for 2 out of 14 ground motions [327,328]. Based on a study, CLT panels require almost 20% wider cross sections and 10-30% less initial prestressing in PT bars to achieve the same moment-rotation behavior compared to LVL walls [329]. 
PT CLT walls can have other configurations, such as a hybrid configuration with light-frame wood shear walls [330] and curved-based rocking walls, as an alternative to conventional rectangular wall bases to mitigate toe-crushing and postpone PT yielding/rupturing [331]. Over recent years, there has been an increasing inclination towards prefabrication in PT timber walls [332]. Further, multi-story mass timber buildings use C-shaped walls with high strength, stiffness, ductility, and drift capacity [333,334]. 
Numerical analyses with different modeling techniques [335], including 4-node finite element models [203], high-order models [336], equivalent decomposed model [337], and computationally efficient reduced-order and simplified models [336,338,339], have been proposed to predict the seismic response of PT timber rocking walls. The design methodology of rocking timber buildings can be summarized in five steps [340]: preliminary design (dimensions), drift analysis (to control drift), rotation demand at the rocking interface, local component design and checks (to check restoring ratio, energy dissipation ratio, toe crushing, PT yielding at DBE, PT failure at MCE, and ED failure at MCE), and system level designs and checks (shear and flexural checks). Previous research has proposed an R of 7.0, an Ω0 of 3.5, and a Cd of 7.5 for PT rocking LVL walls using the FEMA P695 procedure [341]. Recent studies include the optimization of rocking walls [342] and the displacement-based seismic design using a generalized artificial neural network [343].
5.2. Pres-Lam wall systems with EDs (hybrid systems)
Timber rocking walls lack sufficient energy dissipation. Therefore, EDs are added to Pres-Lam walls [344]. Internal and external fuse bars are among the first proposed EDs in Pres-Lam systems (Figs. 20a,b) [345]. Hybrid self-centering walls, friction-based hold-down connectors, and U-shaped flexural plates (UFPs) are among other EDs.
As an alternative to traditional connectors (i.e., bolts, screws, and nails), which are susceptible to damage, slip-friction connectors have been utilized in timber walls. These slotted-bolt connectors are flat steel plates sliding over each other, which were first used in steel construction [346,347]. Slip-friction connectors can limit base shear and prevent wall damage by providing energy dissipation, but residual displacements may occur. As a solution, a novel configuration, called resilient slip-friction connectors, has been proposed recently (Fig. 20c) [310,348–351]. Resilient slip-friction connectors can be applied at the base, between the CLT wall and gravity steel columns/PT steel frame [352], and between coupled walls. The connection can also be made using inclined self-tapping screws [353]. Further, a PT beam-column connection at the top of gravity columns, in which PT tendons pass through the bolt holes, can provide recentering in the structure (Fig. 20b). A sufficient recentering force must be maintained in the connector in case of considerable residual stresses [354]. Generally, resilient slip-friction connectors show excellent self-centering, perfectly elastoplastic behavior, and stable hysteretic response without stiffness and strength degradation in contrast to yielding dampers. Future research is required to study the long-term reliability of the system, develop alternative shear keys, and perform dynamic testing. 
A friction damper with uplifting is among other friction-based EDs that could fulfill the desired energy dissipation and self-centering [344]. Compared to conventional friction dampers, cross-laminated bamboo rocking walls with bending-friction coupled dampers demonstrated better energy dissipation [355]. 
U-shaped flexural plates are easily-replaceable hysteretic-yielding dampers that can be used between coupled walls (inter-panel) or between walls and the foundation (Fig. 20d) [340,356–362]. U-shaped flexural plates that are installed at a higher level from the base of the building dissipate more energy than those installed near the base [363]. In the Nelson and Marlborough Institute of Technology, U-shaped flexural plates have been utilized between wall panels. Similarly, prestressed walls with end columns incorporating O-connectors or U-shaped flexural plates have been proposed [311]. 
Pres-Lam systems can also be equipped with steel angle EDs [364]. Shake table tests have shown that, by using hysteretic EDs, peak drifts are reduced by 30%, the system secant stiffness increased by a factor of 1.5, and the equivalent damping ratio increased from 2% to 6.4%. As a quickly replaceable cost-effective solution, PT LVL walls can be coupled with plywood and light-frame wood shear wall panels [365]. Based on the concept of buckling-restrained braces, a new hysteretic energy dissipation system offers an inexpensive replaceable solution [366]. Viscous dampers have also been proposed beside friction and hysteretic-based EDs to address the dampers’ stiffness and strength degradation [367]. Recently, pinching-free connectors [368], self-tapping screw are proposed [369] and hyperelastic hold-downs have been studied [370].
5.3. Higher mode effects and mitigation 
The response amplification due to higher mode effects can be reduced through multiple rocking segments in Pres-Lam walls (Fig. 20e) [329,363]. For instance, multiple rocking segments reduced the shear and bending moment envelopes by almost 45% compared to a single rocking segment [329].
5.4. Practical implementations and retrofitting applications
In recent years, the building industry has been drawn to Pres-Lam systems for their ability to offer both cost-effectiveness and damage minimization. Since 2009, some multistory timber structures with Pres-Lam technology have been constructed in New Zealand, including the Nelson and Marlborough Institute of Technology in Nelson, which is the first PT timber building in the world [312]. The second structure with this technology consists of 11 Pres-Lam LVL shear walls with center slots for PT bars. 
A planned 12-story building in Portland, Oregon, US, with a CLT rocking wall system called “Framework” is considered the “nation’s first high-rise building made of wood” in the U.S., while the 25-story building in Wisconsin is considered the tallest mass timber project in the world [371,372]. Brock Commons, an 18-story student residential building in British Columbia, is Canada’s tallest mass timber building. In California and other U.S. states, numerous 3- and 4-story timber structures constructed between 1920 and 1970 are prone to soft-story failure [373]. Retrofitting solutions, such as using CLT rocking panels, have been suggested to meet FEMA P-807 requirements in old buildings.
5.5. Historical timber structures 
Historical timber structures are part of an invaluable cultural heritage. Traditional East Asian timber structures (pagodas) with three sections: roof structure, timber frame, and stylobate (Fig. 20f) have recently received more attention. Due to their rocking and sliding capability, they have survived seismic events for centuries, as the columns are directly placed on foundation stones [374]. Numerical results have identified four initial modes of rest, slide, pure rock, and slide-rock. The columns’ aspect ratio and static friction are essential for determining the modes [374]. 
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[bookmark: _Toc132810845][bookmark: _Toc132810945][bookmark: _Toc132811025]Fig. 20. Rocking in timber structure; a) Pres-Lam system with internal bars; b) Steel-timber rocking core wall (SC-RW) with RSF; c) CLT with RSF; d) Rocking coupled timber wall with UFPs; e) Mitigation of higher mode effects via multiple rocking joints; f) Traditional Chinese timber structure
6. Energy dissipators: selection and detailing 
As reviewed in the previous sections, a variety of EDs have been used in rocking systems to improve their energy dissipation and seismic response by reducing displacement demands on the structure. External EDs are preferred over internal bars and devices, as inspection and replaceability of internal bars after a severe earthquake is arduous. A suitable ED is selected based on the consideration of the energy dissipation capacity and limitations of different EDs. Examples of these considerations are the limited number of working cycles (in metallic dampers), temperature sensitivity (of viscous dampers), limited frequency range (of viscous dampers), environmental effects (of friction dampers), fluid leakage (of fluid dampers), complexity (of semi-active and active dampers), cost, space and weight (of tuned mass dampers), and the need for regular inspection and maintenance (for active dampers) [375]. In selecting and detailing EDs, one should first identify their specific limitations, available space, potential installation constraints, and critical locations in the structure where damping can be incorporated. Further, practical detailing for EDs should be considered (e.g. [248,376,377]), including thermal and environmental considerations, compatibility with surrounding materials, connection details, and proper transfer of force and displacement demands.
7. Concluding Remarks 
[bookmark: _Hlk124328752]A “rocking structural system” is recognized as a simple and efficient solution for minimizing seismic damage and post-earthquake losses in structures. The idea of rocking systems originated in the late 19th century in Japan and was developed in 1963 by Housner. Many other research studies have been conducted to date, especially after the 1990s PRESSS program. In these low-damage buildings, the structure is designed to rock at the foundation, thus limiting seismic demands. Further, self-centering mechanisms and EDs, respectively, can be added to the system to improve the seismic response by returning the structure to its plumb position and reducing drift demands. This design results in minimizing residual displacements and confining damage to allocated energy-dissipative elements (so-called fuses), which can be easily replaced following an earthquake. 
This paper systematically reviewed and analyzed past research on low-damage self-centering rocking systems for the seismic resilience of building structures of different materials, including steel, concrete, masonry, and wood. Relevant literature was organized and presented to provide readers, including researchers, practitioners, and policymakers, with a state-of-the-art review of rocking systems in buildings. Furthermore, this review identified unresolved issues, challenges, and areas to encourage future efforts in adopting rocking-enabled building structures. The review summarizes remarkable advances in developing new configurations for low-damage rocking buildings and investigating their behavior and seismic design. However, the application of rocking systems is limited. Future efforts are required to pave the way for wide applications of rocking building systems in practice. More specifically, the presented review highlighted the following directions for future studies: 
1. Developing unified design methods for rocking buildings is critical to adopting new rocking systems in practice. The current application of rocking systems remains limited until seismic design provisions are provided in design codes. 
2. [bookmark: _Hlk134390925]Comprehensive cost-benefit studies of rocking building structures compared to conventional structures are required to quantify the benefits and cost savings of using rocking systems. Results from such studies will encourage the construction industry to use rocking systems in new buildings and as a retrofitting technique, especially to overcome soft-story failure.
3. Future research is warranted to scrutinize the seismic response of rocking buildings. The efficiency of rocking systems can be further demonstrated and assured by investigating the possible adverse effect of the impact at the base of rocking columns, amplified demands due to higher mode effects, and demands on nonstructural components. Moreover, assessing the seismic performance of rocking buildings under mainshock–aftershock sequences has received less attention.   
4. More detailed finite element models of rocking systems with explicit models of EDs can be developed to perform parametric analyses, such as sensitivity and optimization studies. Future research is also recommended to evaluate the 3D seismic response of buildings with rocking systems. Accidental torsion, irregularities, and bidirectional components of earthquakes generally have not been considered.
5. Future studies are recommended to investigate the detailing of connections in buildings with rocking systems. In particular, connection details should be developed for the toes of reinforced concrete, masonry, and wood walls to prevent the wall toe crushing. Future research is also recommended to develop adequate and practical connection details for EDs and other components of rocking systems.
6. Previous studies have mostly considered seismic load effects. The performance of rocking buildings under other dynamic loads, such as explosions and wind, need further study.
7. An in-depth examination of the response, considering the soil-structure interaction, is required as the rocking may cause substantial overstressing at the foundation level.
8. Monitoring the response of existing buildings with rocking systems can improve the reliability of these new force-resisting systems.
9. Future research should address practical issues, including the design approach to include and quantify the reparability and post-earthquake residual capacity of rocking self-centering structures, posttensioning detailing of long PT tendons in tall buildings, and the effects of intermediate anchorages on the seismic performance, and rocking systems with advanced composite construction materials.
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  1  Fig. 10.   Historical free - standing column of the Temple of Olympios Zeus in Athens,  2  Greece ;   a d a p t e d   f r o m   Michaltsos and Raftoyiannis   ( 2014 )   3 
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