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New trends in seismic design have resulted in proposals for several innovative seismic 

protection strategies, among which the concept of damage-free self-centering systems has received 

considerable attention. The concept involves the use of a re-centering element to bring the structure 

to its initial position and fuse devices for energy dissipation while the primary structural system is 

designed to be damage free under design basis earthquake. One challenge in implementing certain 

types of self -centering structural systems is the ñgap-opening expansionò phenomenon which is 

the expansion of the frame when gap-opening at beam ends happens and causes large axial 

compression force in the beam and may damage the floor diaphragm. 

In this study, the ñsliding rocking link beamò mechanism has been introduced to overcome 

the beam-growth issue in self-centering systems. Three high-performance systems of self-

centering eccentrically braced frames with sliding rocking link beams (SCEBF-SRLs), self-

centering moment-resisting frames with sliding rocking beams (SCMRF-SRBs), and self-



 

  

centering modular bracing panels (SCMBPs) were developed by adopting such mechanism. The 

energy dissipation of the developed systems is mainly provided by replaceable hysteretic damping 

(RHD) devices. In the SCEBF-SRL and SCMBP systems, their recentering capability is enabled 

by adopting post-tensioned (PT) steel-stranded cables; and in the SCMRF-SRBs its restoring force 

is provided by preloaded disc springs to facilitate the pre-compression process of the rocking beam.   

Analytical load-displacement relationships of the three systems were formulated and cross-

verified with nonlinear 3D continuum finite element (FE) analysis results, and their seismic 

performance was studied through nonlinear static and dynamic analysis of prototype buildings 

subjected to far-field and near-fault ground motions. Parametric studies were conducted to 

investigate the effect of key design parameters on the seismic performance of the structures. 

Considering the applicability of the numerical simulation and computational efficiency, four types 

of finite element models (FEMs) with varying levels of fidelity were developed for SCMBP 

systems. Additionally, the soil-structure interaction (SSI) effect on mitigating the seismic demands 

of the SCMBP prototype building has been studied by simulating the soil stiffness with distributed 

nonlinear springs as a discretized continuous medium based on the Winkler foundation method.  

Lastly, a digital twin framework with a python-based computational procedure was developed 

for performing an intensity-based seismic resilience assessment of SCMBP buildings on a regional 

scale. This digital twin model can also be extended to any other type of infrastructure system. The 

seismic damage and loss assessment is performed in accordance with the component-level FEMA 

P-58 methodology and the resilience metrics (e.g. repair cost, repair time, and probability of 

irreparability) are visualized on a geographical information system software. As a case study, the 

regional seismic resilience of nearly 2000 school buildings equipped with SCMBP systems was 

investigated for a region covering the Bay area near San Francisco, California. 
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1.CHAPTER 1: Introduction  

1.1 Background 

Aiming to develop resilient seismic load-resisting systems which would reduce post-

earthquake structural repair workload and mitigate functional loss, high-performance self-

centering systems have received considerable attention from researchers in recent years. The main 

goal of utilizing such systems is to minimize the residual drift in the building and localize seismic-

induced damages to the fuse elements which can be readily replaced after an earthquake. 

Therefore, the primary structural system is designed to have no or minor damage under design 

basis earthquake. In most self-centering systems with typical flag-shaped hysteresis loop, post-

tensioned (PT) members (e.g., steel strands) or shape memory alloys are used to provide the 

restoring forces required to return the system to its initial position, and different types of dampers 

(hysteretic, frictional, or viscous) may be adopted for energy dissipation. This concept was initially 

implemented in unbonded PT precast concrete walls and frames in the early 1990s [1,2] and later 

extended to PT steel moment-resisting frames (MRFs) [3,4].  

The ñbeam-growthò or ñgap-opening expansionò phenomenon is the elongation of the frame 

that occurs in certain types of self-centering structural systems and is a serious challenge in 

utilizing such systems. Figure 1.1 shows a typical self-centering moment resisting frame and D-

type eccentrically braced frame (EBF) subjected to a lateral load. In the absence of the floor 

diaphragm, the resultant gaps at the interface of the beam-to-column connection in the MRF and 

the link beam end connections in the EBF result in the elongation of the distance between the two 
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columns. However, the floor composite slab provides restraints against such elongation which 

causes large axial compression force in the beam and may damage the floor diaphragm.  

 

(A) 

 

(B) 

Figure 1.1  Beam-growth (gap-opening expansion) in self-centering systems: (A) Self-centering 

moment resisting frame; (B) Self-centering D-type eccentrically braced frame 

1.2 Research Objectives 

The first goal of this research is to develop a new mechanism to be adopted in various types 

of self-centering systems to overcome the beam-growth problem. For this purpose, the sliding 
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rocking link beam mechanism is proposed to counteract gap-opening through the sliding of the 

rocking link inside two brackets. Following this goal, this mechanism has been adopted in the self-

centering eccentrically braced frame with a sliding rocking link beam (SCEBF-SRL) system [5]. 

In the developed system, the rocking link beam is pre-compressed by PT cables which provide the 

re-centering capability of the system. The energy dissipation capacity is mainly contributed by 

replaceable hysteretic damping (RHD) devices which can be rapidly replaced after strong 

earthquakes. An RHD device consists of multiple metallic hysteretic trapezoidal plates and a 

holder bracket and the seismic energy is mostly dissipated by the flexural yielding mechanism of 

these plates. In self-centering systems with the sliding rocking link beam mechanism, the free end 

of the rocking link beam is placed inside the two brackets, and the beam growth (expansion) due 

to the gap-opening is counteracted through the horizontal sliding movement of the rocking beam 

inside these brackets. The sliding of the rocking link also produces a friction force in the reverse 

direction that contributes to the energy dissipation capacity of the system. 

The re-centering force in most of the self-centering systems is mainly provided by the steel-

stranded cables that can be post-tensioned (PT) using hydraulic jacks. As the second goal of this 

research, a new type of self-centering moment-resisting frame with sliding rocking beams 

(SCMRF-SRB) has been developed in which the restoring force is provided by two sets of 

preloaded disc springs [6]. In the SCMRF-SRB systems, the beam is divided into three parts. The 

side segments are connected to the columns while the rocking link beam is placed in the middle 

part and is pre-compressed by the PT steel rods by preloading the disc springs. The preloading 

process of the disc springs is performed using hydraulic rams which would facilitate the pre-

compressing task of the link beam considerably. 
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The third goal of this research is to develop a resilient portable self-centering modular panel 

system that can be designed not only for new buildings but also to retrofit seismically pre-code or 

low-code structures. To address this need, the self-centering modular bracing panel (SCMBP) 

system has been developed which could be prefabricated, transported to the site, and bolted to the 

existing frame members (e.g., beams). Moreover, providing the possibility to achieve the required 

strength and energy dissipation capacity only by adjusting the number of PT cables and/ or initial 

post-tensioning level along with sizing the fuse plates, makes this system highly appealing to 

seismic retrofit applications.  

Many of the seismically deficient structures are located near active faults where they might 

be subjected to near-fault ground motions with a devastating velocity pulse. Such pulses in ground 

velocity history arise due to the forward directivity effect or nearby fractured faults and are usually 

more demanding than far-field ground motions because of the long-period pulse. Investigating the 

effect of near-fault ground motions on the seismic performance of SCMBP systems is also another 

objective of this research.  

Typically considering the soil-structure interaction (SSI) effect is beneficial to the seismic 

performance of the structures due to the ñperiod-lengtheningò effect and additional soil ñradiationò 

damping. This effect usually receives more attention for retrofitting purposes to take advantage of 

its contribution to mitigating the seismic demands of the structural members. Since high-

performance portable SCMBP systems are quite attractive for retrofitting purposes, considering 

the effect of SSI on the seismic responses of these systems to optimize the design is another goal 

of this study. 

According to the definition of resilience as a measure of robustness, redundancy, 

resourcefulness, and rapidity of a system [7], utilizing such high-performance modular SCMBP 
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systems would enhance the resilience metrics of the buildings by reducing the recovery (repair) 

time and increasing the system robustness due to damage free features and minimal residual drift 

associated with the self-centering behavior. Therefore, using this system in critical infrastructures 

that need to be highly resilient such as school buildings or data warehouses would benefit society 

in terms of enhancing regional resilience which is the motivation for the next goal of this research. 

The fourth goal of this research is to develop a digital twin modeling framework with a 

computational workflow written in Python language using multiple packages for performing an 

intensity-based seismic resilience assessment of SCMBP buildings on a regional scale. FEMA P-

58 methodology [8] was adopted and such a digital twin model can be extended to any other 

infrastructure systems. The results of the probabilistic seismic damage and loss assessment (e.g. 

repair cost, repair time, probability of irreparability) are generated in different contexts such as 

graphs, tables, and multiple shapefiles that can be visualized three-dimensionally in geographical 

information system (GIS) software ïArcGIS pro to present a more intelligible quantitative 

evaluation of the regional seismic losses. 

1.3 Organization of This Dissertation 

This dissertation describes the detailed nonlinear numerical simulation study and regional 

seismic resilience assessment of newly developed self-centering systems with the sliding rocking 

link beam mechanism and is organized into seven chapters as follows: 

¶ Chapter 1 provides background, motivations, and goals as well as the organization of 

the dissertation. 
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¶ Chapter 2 presents a review of previous research into the development of self-

centering eccentrically braced frame systems. Moreover, previous works on regional 

resilience assessment of buildings are discussed.  

¶ Chapter 3 outlines a nonlinear numerical simulation study on the self-centering 

eccentrically braced frame with a sliding rocking link beam (SCEBF-SRL) system. 

The analytical relationships for predicting the system behavior are derived and verified 

with finite element (FE) analysis results. A comparative study between the seismic 

performance of the developed systems and conventional eccentrically braced frames 

(CEBF) is conducted by performing nonlinear static and dynamic analyses. 

¶  Chapter 4 describes the seismic design and performance study of the self-centering 

moment-resisting frame with sliding rocking beams (SCMRF-SRB) system. A 

prototype SCMRF building is designed and its seismic responses are investigated. A 

series of parametric studies have been performed to find the optimal values of the 

design parameters such as the length and location of the rocking beam as well as to 

assess the effect of energy dissipation capacity and post-yield stiffness on the structural 

demands of the prototype building. 

¶ Chapter 5 studies the nonlinear seismic response behavior of the self-centering 

modular braced panel (SCMBP) system subjected to far-field and near-fault ground 

motion records considering the SSI effect. Taking the applicability of the numerical 

simulation and computational efficiency into account, four types of finite element 

models (FEMs) with varying levels of fidelity have been studied for this system. 

¶ Chapter 6 presents the steps of the developed computational workflow for conducting 

an intensity-based seismic resilience assessment of SCMBRP buildings on a regional 
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scale. As a case study, the regional seismic resilience of nearly two thousand school 

buildings equipped with such systems was investigated for the region covering the San 

Francisco Bay area of California.  

¶ Chapter 7 summarizes the research, outlines the conclusions, and proposes suggestions 

for future study. 
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2.CHAPTER 2: Literature  Review 

There have been previous studies on developing self-centering eccentrically braced frames 

(SCEBFs) as a seismic force-resisting system. The literature review begins with the preceding 

work related to the different types of SCEBFs which is followed by reviewing the studies on the 

seismic damage and loss assessment of buildings on a regional scale. 

2.1 Self-centering Eccentrically Braced Frames (SCEBFs) 

Eccentrical111ly braced frames (EBF), as seismic load resisting system in buildings, is 

comprised of columns, link beam, beam segment outside the link beam, and bracing. In 

conventional EBFs (CEBF), link beams provide energy dissipation through ductile plastic 

deformation [9ï11]. However, severe link beam damage could cause significant residual 

deformation that often makes the damaged structure too costly to repair [12].  

To reduce the residual deformation of EBFs after an earthquake, Cheng et al. [13] applied the 

self-centering concept to the connection of the link beam to the adjacent beams by using PT strands 

to provide the self-centering function. They examined the system behavior with two types of 

frictional hinge damper and steel angle as energy dissipation devices by performing cyclic tests on 

a full-scale one-story one-span EBF and reported that the frame was undamaged during all cyclic 

tests with minor residual drifts. 

Xu et al. [14ï16]  studied utilizing super-elastic shape memory alloy (SMA) bolts and tendons 

in the link beams of EBF systems with and without PT tendons. They developed the analytical 
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model and multi-scale finite element model (FEM) to numerically investigate the cyclic 

performance of the prototype system. They reported that the prototype system exhibits a robust 

self-centering functionality with a flag-shape hysteresis loop typical of self-centering systems even 

without PT tendons which are more an effective manipulator for the behavior of the system, and 

make the system more flexible for engineering applications. Nevertheless, the system with PT 

tendons (composite tendons) needs half SMA material compared to the model with pure SMA 

tendons. Figure 2.1 shows the self-centering link with PT composite tendons and Figure 2.2 

presents the prototype EBF and the deformation and stress distribution subjected to lateral loading. 

  

  

(A) (B) 

 Figure 2.1  Self-centering link using PT composite tendons: 

 (A) Before gap-opening; (B) After gap-opening (after Xu et al. [16]) 

Tong et al. [17] conducted quasi-static cyclic load tests on a full-scale D-type self-centering 

eccentrically braced frame (SCEBF) with replaceable hysteretic damping (RHD) devices. They 

reported that the stiffness, strength, recentering capability, and energy dissipation capacity of the 

SCEBF module frames with replaced RHD devices were nearly similar to those of the original 

structure after performing cyclic loading up to 2.5% drift ratio. Furthermore, the RHD devices 
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were able to provide sufficient energy dissipation to the system. The test setup of the prototype 

SCEBF and the configuration of the rocking link are shown in Figure 2.3. 

 

 

(A) (B) 

Figure 2.2  (A) Prototype self-centering EBF; (B) Stress distribution in FEM (after Xu et al. [16]) 

 
 

(A) (B) 

Figure 2.3  Prototype D-type self-centering EBF with RHD devices: (A) Test setup; (B) Rocking 

link beam configuration (after Tong et al. [17])   
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Keivan and Zhang [18] studied the seismic performance of a three-story D-type and a four-

story K-type SCEBF building by performing response history analysis (RHA). They reported that 

SCEBF buildings can be designed to have stiffness and ductility equal to the CEBFs. The FEM of 

the rocking zone with RHD devices is illustrated in Figure 2.4. It should be noted that the gap-

opening expansion phenomenon still existed with the proposed design. To avoid a large axial force 

caused by the restraint of the gap opening special detailing such as that suggested by Garlock et 

al. [19] can be used.  

 

Figure 2.4  Numerical model of the rocking link beam and RHD devices in D-type and K-type 

SCEBF (after Keivan and Zhang [18])   

Chen et al. [20] developed D-type SCEBF based on superelastic SMA angles to provide self-

centering performance. In the proposed system the link beam is connected to the adjacent members 

using SMA and steel angles, enabling the balance of the self-centering capability and energy 

dissipation capacity. They numerically investigated the cyclic behavior of link beams in SMA-

based D-type SCEBFs and reported that the link beam exhibited satisfactory self-centering 
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performance as well as localizing all plastic deformations in SMA and steel angles. The numerical 

model and hysteresis response of the SMA-based link beam are presented in Figure 2.5.  

 

(A) 

 

(B) 

Figure 2.5  SMA-based link beam (A) Numerical model ;(B) Hysteresis response of the link 

(after Chen et al. [20])   

Keivan and Zhang [21] proposed SCEBF with vertical links termed SCEBF-Y with the 

schematics shown in Figure 2.6. In the proposed system a gap is provided between the free end of 
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the rocking link beam and the support to accommodate the vertical gap-opening. They studied the 

nonlinear behavior of  SCEBF-Y both analytically and numerically by performing nonlinear static 

and RHA on a three-story prototype structure. The results of their work show that the structure has 

the capability of recentering itself and RHD devices absorb most of the seismic damages. The 

FEM and the hysteresis of the module structure are shown in Figure 2.7. 

 

Figure 2.6  Schematic view of SCEBF-Y module structure without RHD devices (after Keivan 

and Zhang [21])   

  

(A) (B) 

Figure 2.7  Numerical simulation of SCEBF-Y module with RHD devices: (A) FEM; (B) Flag-

shaped hysteresis (after Keivan and Zhang [21])   
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2.2 Regional Seismic Resilience Assessment 

One of the leading methodologies for regional loss estimation is developed by FEMAôs 

HAZUS program [22ï24] which provides data, standards, and tools for regional risk assessment 

due to different hazards such as earthquakes, floods, and hurricanes [25] using the capacity 

response spectrum method and by simulating buildings as single-degree-of-freedom systems [26ï

29]. However, this method accompanies by several limitations such as considering the velocity-

pulse in the ground motion or estimating the loss at different stories [30].  

FEMA P-58 methodology [8] is the state-of-the-art component-level method for probabilistic 

seismic loss assessment of the buildings by the implementation of the peak structural responses 

from RHA as the engineering demand parameters (EDPs). Using this method, the damage and loss 

of the building are calculated by aggregating the damages in the structural and nonstructural 

components in each story based on the component fragility curves and corresponding 

consequences provided in the FEMA P-58 database [8,31,32]. One of the challenges of utilizing 

this methodology on a regional scale is the computing time of a large number of RHA to obtain 

the EDPs as well as the lack of information for assembling buildings' performance models [30,33].  

Hori and Ichimura [34] developed an integrated earthquake hazard and disaster simulation for 

Japan through the macro/micro analysis method.  Through the framework the waveform of strong 

ground motion for a given scenario of an earthquake at the site of each building is estimated which 

is used for numerical analysis using multi-degree-of-freedom (MDOF) of buildings. They 

conducted the framework for a virtual and real city in Japan, and the results of the real city are 

presented in Figure 2.8 
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(A) (B) 

Figure 2.8  The results of the earthquake hazard and disaster simulation of a city in Japan:  (A) 

Distribution of synthesized seismic index; (B) Snapshot of structure responses (after Hori and 

Ichimura [34]) 

Zeng et al. [30] proposed an approach for regional seismic loss prediction based on the FEMA 

P-58 method by utilizing MDOF models of the existing buildings for rapid calculation of the EDPs. 

Depending on the structural system, they used either the modified-clough, bilinear elastoplastic, 

or pinching model to simulate the nonlinear behavior of each story of the structure and conducted 

an intensity-based loss prediction of the Tsinghua University campus consisting of 619 buildings 

at three hazard levels. Figure 2.9 shows the cumulative distribution function and median loss ratio 

of the entire campus under three hazard levels. They also investigated the influence of velocity 

pulse on the economic loss of the campus which is presented in Figure 2.10. 
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(A) (B) 

Figure 2.9  Loss results of the entire campus under the three hazard levels 

considered: (A) Cumulative probability of the total earthquake loss ratio; (B) Distribution of the 

total earthquake loss ratio (after Zeng et al. [30])   

 

Figure 2.10  Influence of velocity pulse on the economic loss of the case study region (after Zeng 

et al. [30])   

Lu et al. [35] conducted a parametric sensitivity analysis for regional seismic damage 

prediction of reinforced masonry buildings through RHA using MDOF shear building model. They 

adopted first-order second moment and Monte Carlo methods for sensitivity analysis and as a case 

study they studied the seismic damage of 199 reinforced masonry buildings located at the Tsinghua 
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University campus. The probability density of each damage state for regional reinforced masonry 

buildings is presented in Figure 2.11. 

 

(A) (B) 

 

(C) (D) 

Figure 2.11  Probability density results for regional reinforced masonry buildings: (A) Slight 

damage; (B) Moderate damage; (C) Extensive damage; (D) Complete damage (after Lu et al. 

[35]) 
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Lu et al. [36] developed an open-source scenario-based framework for regional earthquake 

loss estimation of existing urban buildings (referred to as SimCenter Framework) by performing 

nonlinear RHA using MDOF shear building models. The framework consists of multiple modules 

from obtaining the input ground motion to determining downtime and loss based on the FEMA P-

58 method [8]. They conducted a scenario-based seismic damage and loss assessment for 1.8 

million buildings in the San Francisco Bay area subjected to a simulated M 7.0 Hayward Fault 

earthquake scenario. Figure 2.12 shows the visualization of the distribution of the median building 

repair/rebuilding time in the Bay Area subjected to a simulated earthquake. 

 

 

Figure 2.12  Distribution of the median building repair/rebuilding time in the Bay Area subjected 

to a simulated M 7.0 Hayward Fault earthquake scenario (after Lu et al. [36]) 
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Natural Hazards Engineering Research Infrastructureôs Computational Modeling, and 

Simulation Center (NHERI SimCenter) developed The Regional Resilience Determination Tool 

(R2D) [37,38] which is a graphical user interface for the SimCenter application framework 

designed to simulate the regional impact of hurricanes and earthquakes and is enabled to run either 

on the userôs local computer or seamlessly with cloud computing resources. 

Hu et al. [39] developed a story-based seismic loss prediction model of regional-scale 

buildings based on a machine learning approach. They utilized machine learning models to 

consider the time-lag effect of cost information and the loss ratio of buildings with different 

occupancies. They applied the framework to the Wangjiang Campus of Sichuan University in 

China. The visualizations of the spatial distribution of seismic damage and losses of the campus 

buildings are presented in Figure 2.13. 

 

Figure 2.13  The methodological framework of regional-scale seismic loss prediction based on a 

machine learning approach (after Hu et al. [39]) 
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(A) (B) 

Figure 2.14  Visualization of the spatial distribution of seismic damage and losses of the campus 

buildings: (A) damage states; (B) Seismic losses  (after Hu et al. [39]) 

You et al. [40] investigated the effect of self-centering buildings on regional seismic resilience 

based on the HAZUS method. The hysteretic curve of a self-centering structure was modeled as a 

weighted sum of the hysteresis of the original building and a multi-linear elastic curve representing 

the self-centering system as shown in Figure 2.15. As a case study, they investigated the seismic 

resilience of a region in the San Francisco Bay Area subjected to an MW 7 scenario earthquake. 

They reported that the smaller residual inter-story drift ratio (IDR) of self-centering systems can 

significantly reduce the probability of irreparability which results in lower seismic loss of self-

centering buildings compared to conventional buildings in a city. Figure 2.16 show the regional 

cumulative distribution functions of repair cost and repair time of buildings in the study area. 

In many types of self-centering systems, the yielding of the self-centering elements such as 

post-tensioned (PT) cables causes partial or total loss of restoring force which might result in a 

large residual drift in such systems following an earthquake. The consequences of the plasticity in 
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the self-centering element were not considered in the numerical models proposed by You et al. 

[40]. 

 

 

Figure 2.15  Hysteresis curves of self-centering structures(after You et al. [40]) 

 

(A) (B) 

Figure 2.16  Cumulative distribution functions of the seismic losses: (A) repair costs; (B) repair 

times (after You et al. [40]) 
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3.CHAPTER 3: Nonlinear Seismic Performance Study of D-type Self-

Centering Eccentrically Braced Frames with Sliding Rocking 

Link Beams 

In this chapter, the nonlinear seismic behavior of D-type self-centering eccentrically braced 

frames with sliding rocking link beams (SCEBF-SRL) has been investigated. The analytical load-

displacement relationships of an SCEBF-SRL module frame are derived and cross-validated with 

nonlinear finite element (FE) analysis results. The seismic performance of the proposed system 

has been studied through nonlinear static and dynamic analysis of three- and six-story prototype 

SCEBF-SRL and CEBF buildings under far-field and near-fault ground motions. Finally, a 

parametric study is performed to investigate the effect of the energy dissipation capacity and post-

yield stiffness on the structural responses of such systems. 

3.1 Description of the System Behavior 

As shown in Figure 3.1 the prototype SCEBF-SRL design consists of an eccentrically braced 

steel frame with a sliding rocking link beam and RHD devices. The re-centering capability of the 

system is enabled by post-tensioned (PT) steel-stranded cables which are extended from the open 

end of the rocking link beam to the outer flange of the column outside the link. After gap-opening 

occurs (Figure 3.2), the beam growth (expansion d between the rocking link and the beam outside 

link) is accommodated by the leftward sliding movement d of the rocking linkôs left end section 

inside the corbels and thus this expansion would not occur between the columns (floor beams 



 

23 

 

restrained the relative movement between the columns). The rocking link beam should be isolated 

from the floor slab to allow the rocking action and gap-opening phenomena to take place.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Schematics of D-type SCEBF-SRL configuration 

  

(A) (B) 

Figure 3.2 Schematics of the rocking zone in an SCEBF-SRL system: 

(A) Undeformed shape; (B) Sliding of the rocking link beam inside the corbels 
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The lateral movement of the two columns is restrained by the side load-transfer beams and 

the floor deck on top of the rocking link seats on these beams. The SCEBFs are designed in such 

a way that most of the damages will concentrate on the RHD devices, and the rocking link beam 

will remain undamaged. As shown in Figure 3.3, an RHD device consists of multiple metallic 

hysteretic trapezoidal plates and a holder bracket. Each plate is divided into a tapered length and a 

rectangular tongue which is directly inserted into the slots of the holder bracket. After gap-opening 

the energy dissipation of the system is provided by the flexural yielding mechanism of these plates. 

 

 

 

 

 

 

(A) (B) 

Figure 3.3 Isometric View of  an SCEBF-SRL system:  

(A)  Rocking zone with side load-transferring beam; (B) RHD device consisting of trapezoidal 

plates and a holder bracket 

In Figure 3.4, different configurations of RHD devices can be employed in SCEBF-SRL 

systems, and depending on the required amount of energy dissipation, it is possible to install two 

(cases A, B, and C) or four (case D) devices on each frame. However, case B and case C must only 

be utilized within symmetric braced bays so that the structure will show an equal amount of energy 
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dissipation in reversal cycles. The energy dissipation capacity of the system provided by the RHD 

plates is a function of the moment arm of the trapezoidal plates about the rocking point. This 

implies that the RHD devices that are connected to the top and bottom flanges (cases A and D) do 

not dissipate an equal amount of energy dissipation in each half-cycle, but the sum of their energy 

dissipation capacity is constant in half-cycles with a symmetric hysteresis. If the devices are 

connected to one of the flanges only (cases B and C), the total amount of energy dissipation 

changes in each half-cycle which results in an unsymmetric hysteresis unless a symmetric braced 

bays is also adopted in the structure.  

 
(A) (B) 

 
(C) (D) 

Figure 3.4 Different configurations of RHD devices 

3.2 Analytical Formulation of SCEBF-SRLsô Structural Properties 

In this section, the analytical load-displacement relationships of an SCEBF-SRL module 

frame shown in Figure 3.1 are presented. The analytical formulations of a bare SCEBF-SRL 
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module are presented first, and the contribution of RHD devices and the friction force to the total 

response of the module frame will be described afterward. 

3.2.1 Bare SCEBF-SRL without Fuse Device 

The schematic hysteresis curve of a bare SCEBF-SRL module is illustrated in Figure 3.5. The 

three key parameters are (1) initial stiffness, + ; (2) base shear at gap-opening, 6; (3) post-gap-

opening stiffness, + . The initial stiffness of an SCEBF-SRL is a function of the frame section 

sizes and geometry of the frame. The base shear at gap-opening, 6, is a function of the pre-

compression force in the flanges of the rocking link beam, which is generated by post-tensioning 

the cables. The post-gap-opening stiffness is provided by the PT cables through their elastic 

elongation; thus, it can be adjusted by tuning the number and/or the length of the PT cables. 

 

Figure 3.5 Schematic load vs. displacement behavior of bare self-centering systems with sliding 

rocking link beam mechanism 

As shown in Figure 3.1,  (ȟ,ȟ, ȟ, ȟÅ and Ò denote the frame height, span length, beam 

outside the link length, brace length, rocking link length, and the horizontal distance between the 

free end of the rocking link to the center of the link-connected column. In the following 
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formulations, ) , ) and ) express the moment of inertia of the beam outside the link, the rocking 

link, and the columns, respectively. ! ȟ! ȟ!   show the cross-sectional area of the brace, beam 

outside the link and the columns, and !  and !  represents the web cross-sectional area of the 

beam outside the link and the rocking link beam, respectively. % and ' are Youngôs modulus and 

shear modulus of steel.  

Before the gap-opening, the initial stiffness of the SCEBF-SRL module, +  is due to the elastic 

stiffness of the frame and can be expressed using Equation 3.1.                                                             

 +
ρ

+

ρ

+

ρ

+
 (3.1) 

Where +ȟ+ and + represent the lateral stiffness of the frame due to the contribution of 

axial, flexural, and shear stiffness of the members, respectively. The lateral stiffness due to the 

contribution of axial stiffness of the members, +  would be calculated using Equation 3.2. 

 +
ρ

+

ρ

+

ρ

+
 (3.2) 

 + %,
, , Ò
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, ,

!

(

!
ρ

Å

,
 (3.3) 

Where + ȟ+  and +  denote the frame lateral stiffness due to the contribution of the brace, 

the beam outside the link, and the columns. The lateral stiffness due to the contribution of flexural 

stiffness, +, can be calculated using Equation 3.4. 

 +
ρ

+

ρ

+

ρ

+
 (3.4) 
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Where + ȟ+  and +  express the frame lateral stiffness due to the contribution of the beam 

outside the link, the rocking link beam, and the link-connected column, respectively. The frame 

lateral stiffness due to the contribution of the shear stiffness of the members, +, can be calculated 

using Equation 3.6.  

 +
ρ

+

ρ

+
 (3.6) 

 +
'

Å

,

(

ρ

!

Å

,

ρ

!
 (3.7) 

Where +  and +  represent the frame lateral stiffness due to the contribution of the rocking 

link and beam outside the link, respectively. 

The free-body diagram of the rocking link is shown in Figure 3.6. The cable post-tensioning 

process generates compression force (FPT/2) in the rocking link flanges. Moreover, the bending 

moment (VL.e) due to the vertical shear force VL produces a pair of forces in the flanges (Fb) before 

gap-opening. Once the tensile action in one of the flanges reaches the pre-compression force due 

to the post-tensioning of the cables (FPT/2=Fb), the corresponding flange loses contact and gap-

opening occurs. Before gap-opening, the distribution of the compressive stress over the thickness 

of both flanges on the contact surface is nearly uniform. Therefore, the resultant compressive force 

is located at the mid-thickness of the flange. As the tensile flange loses contact after gap-opening, 

the stress pattern in the connected flange transforms from a uniform to a linear pattern. Therefore, 

the resultant force of the compressive stress over the contact surface shifts from mid-thickness to 

one-third of the thickness from the outer surface of the flange. This phenomenon forms a smoother 



 

29 

 

transition from the initial to the secondary stiffness. To simplify the analytical derivation, the stress 

distribution in the flange is assumed to be linear at the onset and after the gap-opening; therefore, 

the distance between the rocking points is equal to Ä Ä Ô, where Ä and Ô are the section 

depth and flange thickness of the rocking link beam. Shear keys are placed adjacent to the rocking 

points to restrain the vertical movement of the rocking link beam. 

 

 

 

 

 

 

Figure 3.6 Free body diagram of a rocking link without fuse before gap-opening 

 The story shear of a bare frame at gap-opening, 6, and the corresponding roof drift, Ў, can 

be expressed using Equations 3.8 and 3.9. 

 6
& Ä

ςÅ

,

(
 (3.8) 

 Ў
6

+
 (3.9) 

Where & , is the total post-tensioning force in the stranded cables. After gap-opening, the 

stiffness of a bare frame, + , is provided primarily by the PT cables and would be calculated 

using Equation 3.10. 
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Where +  is the lateral stiffness provided by the PT cables, and ! ȟ,  and %  are the 

total cross-sectional area, length, and Youngôs modulus of the stranded steel cables, respectively.  

3.2.2 Contribution of RHD Devices to the Lateral Resistance of the Frame 

RHD devices as seismic fuses are the main source of energy dissipation in the SCEBF-SRL 

systems. The flag-shaped hysteresis curve of an SCEBF-SRL module shown in Figure 3.7 is the 

combination of a bare frame (Figure 3.5) and a mechanism frame with RHD devices only. Five 

key parameters are required to characterize the inelastic response behavior of an SCEBF-SRL 

module with RHD devices. These parameters are (1) initial stiffness, + ; (2) base shear at gap-

opening, 6; (3) stiffness after gap-opening, + ; (4) systemôs strength, 6; (5) post-yield stiffness, 

+ . 

 

Figure 3.7 Schematic load-displacement behavior of self-centering systems with sliding rocking 

link beams and fuse device 
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 The free-body diagram of a rocking link with RHD plates is shown in Figure 3.8. Adding 

RHD devices to an SCEBF-SRL module frame increases the initial stiffness negligibly by 

increasing the rotational stiffness of the rocking link beam.  

Moreover, the base shear at gap-opening increases slightly and would be estimated by 

multiplying the amplification factor, ɻ , by the gap-opening force calculated by Equation 3.8. 

 

 

 

 

 

 

Figure 3.8 Free-body diagram of a rocking link with RHD plates in SCEBF-SRL 
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The secondary stiffness, + , is mainly provided by the elastic stiffness of RHD plates and PT 

cables; nevertheless, the contribution of the latter is much less. 
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 $ Ä , ÔɀÔσϳ  (3.15) 

 $ , Ô Ôσϳ  (3.16) 

In the above equations, +  denotes the contribution of the RHD plates to the lateral stiffness 

after gap-opening. ÎȟÎ and Ô are the quantity of RHD sets in a frame, the number of trapezoidal 

plates in one RHD set, and the thickness of the base plate of an RHD device. , and +  are the 

total length and flexural stiffness of one trapezoidal plate about its minor axis. $  and $  are the 

moment arms of the trapezoidal plates to the rocking point. For an RHD plate shown in Figure 3.9, 

the flexural stiffness can be calculated using Equation 3.17. 

 +
Â%

τʁ

Ô

Ì
 (3.17) 
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(3.18) 

 ɼ Ì Ìϳ  (3.19) 

 ɻ Â Âϳ  (3.20) 

Where Â and Ô are the base width, and thickness of RHD plates. Other parameters are 

defined in Figure 3.9. 

As the outermost fiber in the RHD plates reaches the yielding stress, the stiffness decreases 

gradually until the entire section yields which has been simplified to a bilinear elastoplastic 

behavior in the analytical derivation. The systemôs strength, 6 is the summation of the base shear 

at gap-opening, 6, and the additional strength provided by fuse elements, 6 , and can be 

calculated from Equation 3.21 
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Figure 3.9 Geometry of a trapezoidal plate in an RHD device 

 6 6 6  (3.21) 
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In the above equations, - , is the plastic moment of one RHD plate about its minor axis, & 

is the RHD material yield stress, and Ў is the displacement corresponding to the systemôs strength.  

After the formation of plastic hinges in RHD plates, the lateral stiffness drops significantly. 

The post-yield stiffness, + , is mainly provided by the axial stiffness of the PT cables; however, 

the linear hardening of the RHD devices also contributes slightly. The post-yield stiffness, + , can 

be estimated using Equation 3.26. 
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 +
ρ

+ +

ρ

+
 (3.26) 

Where +  denotes the lateral stiffness contributed by the linear hardening of the trapezoidal 

plates. After yielding the RHD plates, the story shear at any drift, ɝ, can be calculated using 

Equation 3.27.  

 6 6 + ϽЎ Ў  (3.27) 

The relation between the PT cable elongation, ɝ , and the lateral drift, Ў, can be expressed 

by Equation 3.28. 

 Ў
Ä

ςÅ
Ͻ
,

(
ϽЎ Ў  (3.28) 

As shown in Figure 3.7, without considering the effect of fuse hardening, the flag height of 

the hysteretic response is almost twice the strength provided by the RHD devices (È ς6 .  

3.2.3 Effect of Friction Force  

In the SCEBF-SRL structures, the RHD devices are the main energy dissipation devices; 

however, the relative movements of the sliding rocking link beam inside the corbels generate a 

friction force which also contributes to the energy dissipation capacity of the system based on 

experimental observations. In addition to the energy dissipation, friction force slightly enhances 

the structural properties by increasing strength and stiffness. In the analytical derivations, the 

friction force has been modeled by Coulombôs friction law. The schematic load-displacement 

behavior of a bare SCEBF-SRL with frictional contacts is shown in Figure 3.10 and the hysteresis 

of frictional contacts is presented in Figure 3.11. 
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The base shear at gap-opening and gap-closing, 6 , and the post-gap-opening stiffness, 

+ , can be estimated using Equations 3.29 and 3.30. 

 6 ɻ6 (3.29) 

 + ɻ+  (3.30) 

 
ɻ

ρ

ρᴜ
Ä Ä
ςÅ ʈ

 
(3.31) 

In the above relationships, ʈ and Ä  are the coefficient of friction and the height of the plate 

connected to the free end of the rocking link beam. In this study, the friction coefficient between 

the two mild steel surfaces has been assumed to be 0.30 based on the author's previous 

experimental tests and calibration study on the Y-type SCEBF module frame. 

 

Figure 3.10 Schematic load-displacement behavior of bare self-centering systems with sliding 

rocking link beams considering the frictional contacts 
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Figure 3.11 Hysteretic response of frictional contacts in SCEBF-SRL 

The overall load-displacement behavior of an SCEBF-SRL with RHD devices and frictional 

contacts shown in Figure 3.12 can be obtained by adding the effect of friction force to the hysteretic 

behavior of an SCEBF-SRL with RHD devices.  

 

Figure 3.12 Schematic load-displacement behavior of self-centering systems with sliding rocking 

link beams and fuse devices considering the effect of frictional contacts 

The system's strength, 6 , secondary stiffness, + , and the post-yield stiffness, + , of 

the system with combined energy dissipation mechanisms can be calculated using Equations 3.32 

to (3.34. 
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 6 ɻ6 (3.32) 

 + ɻ+  (3.33) 

 + ɻ+  (3.34) 

3.3 Finite Element Modeling 

The 3D FE shown in Figure 3.13 was built in the FE analysis software ï Ansys to capture the 

local features and interactions between the components along with the global nonlinear response 

behavior of the system; furthermore, planar wireframe finite element models (FEMs) were 

calibrated by the 3D FE modeling results and were later used for nonlinear response history 

analysis (RHA).  

 

Figure 3.13 3D continuum FEM of the SCEBF-SRL module 

The entire rocking zone consisting of the rocking link beam, RHD devices, column corbels 

and partial part of the brace, link-connected column, and collector beam were modeled using 20-
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node SOLID186 hexahedral-shaped elements. At the rocking points, surface-surface contact 

elements were adopted between the contact surfaces of the rocking links flanges and the end-plate 

of the collector beam. Frictional contact elements were employed between the rocking linkôs end-

plate and the inner surface of the corbels. The other parts of the members were modeled using 

beam elements, and PT steel cables were modeled using link elements. Node-surface contact 

elements were utilized between the two ends of the PT steel rods and the connecting surfaces 

In the 2D wireframe numerical model, which was built in OpenSees software, all structural 

components and nonlinear behaviors were included and the model was calibrated and cross-

validated by the response of the 3D FEM. A schematic view of the numerical model of the rocking 

zone of an SCEBF-SRL module frame consisting of the rocking link beam, RHD devices, and PT 

cables is shown in Figure 3.14. 

 

Figure 3.14 Numerical modeling of the rocking zone in the SCEBF-SRL module 
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Frame members were modeled using the ñforceBeamColumnò element with distributed 

plasticity. The tension-only behavior of the PT cables was modeled by using a ñzero-lengthò spring 

with ñElasticPPGapò material serially connected to the end node of the PT cables and the free end 

of the rocking links.  To apply the post-tensioning force in the PT cables, ñInitStrainò material was 

assigned to these elements. ñFlatSliderò elements were utilized at the contact points of the rocking 

links and the brackets to model the vertical friction force and the horizontal compression force. 

The pivot (rotating) points of the rocking link were modeled at one-third of the flange thickness 

from the outer surface of the flange. Two ñzero-lengthò elements with ñElasticPPGapñ material 

were employed between the pivot points of the rocking links and the support beam to simulate the 

gap-opening behavior. The RHD trapezoidal plates were divided into multiple segments in length 

to simulate their trapezoidal shape. Each segment was modeled with a ñforceBeamColumnò 

element with distributed plasticity. The contact points between the RHD plates and the slots of the 

holder brackets were modeled using a ñzero-lengthò element with ñElasticPPGapò material on the 

sides of the tip of the RHD trapezoidal plates.   

ñSteel02ò material from the OpenSees library was used for all structural members. The 

hardening parameters of Q225LY low-yield steel were calibrated based on the material coupon 

test data as shown in Figure 3.15. The combination of Chaboche and isotropic hardening was used 

in Ansys and the ñSteel-02ò material with isotropic hardening parameters was employed in 

OpenSees. The calibrated hardening parameters utilized in both software are listed in Table 3.1. 

To cross-check the hardening behavior of the fuse devices in the FE models, one trapezoidal fuse 

plate was subjected to cyclic loading in both software, and the results are illustrated in Figure 3.16 

which certifies a good agreement between the two models. 
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Table 3.1 Calibrated hardening parameters of Q225 steel for numerical analysis 

ANSYS 

Chaboche 

hardening 

C1 

(MPa) 
g1 

C2 

(MPa) 
g2 

Isotropic 

hardening 

Fy 

(MPa) 
b 

2,000 340 800 10 225 50 

OpenSees (Steel02) 

Fy 

(MPa) 

E 

(MPa) 
b R0 cR1 cR2 a1 a2 a3 a4 

225 2.0E+05 0.003 17 0.85 0.15 0.03 1.0 0.03 1.0 

 

 

Figure 3.15 Calibration of the low-yield Q225 steel based on the material coupon test 
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Figure 3.16 Cyclic behavior of a trapezoidal plate in two FE software  

3.4 Comparison of FE Simulation and Analytical  Results 

In this section, the analytical formulas are cross-validated with numerical simulation results 

using 3D continuum FEMs built in a general FEA software ï Ansys academic version [41]. 

Member sizes of the module frame considered for the FE model are listed in Table 3.2, in which 

Ä, Â, Ô and Ô represent the total depth, flange width, flange thickness, and web thickness of the 

structural member sections, respectively. 

Table 3.2 Members section size of the SCEBF-SRL module frame (Unit: mm) 

Member Section d tw bf tf Length 

Column W 370 14 360 20 H=3300 

Beam outside the link W 630 20 330 30 Lcb=4225 

Rocking link W 350 30 250 40 e=1400 

Brace HSS 220 12 220 12 Lbr=5360 
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 Two sets of RHD devices each containing four trapezoidal-shaped steel plates were 

employed. The thickness and total length of the RHD plates are 18 mm and 120 mm, respectively; 

the latter is divided into a 30 mm tongue and a 90 mm slanted part. The width of the plates is 165 

mm at the base which reduces to 60 mm linearly at the tongue. The trapezoidal plates were inserted 

into the slots of the holder brackets from the tongue side. A total of twelve stranded cables were 

post-tensioned to 30% of their yield stress. The cross-sectional area of each stranded cable is 140 

mm2. Grade A992 steel was used for the frame members and low-yield steel Q225LY was adopted 

for the RHD plates. The yielding and ultimate stress of the PT cables is 1690 MPa and 1860 MPa, 

respectively. The analytical relationships were verified for the four cases of (1) bare frame; (2) 

frame with RHD device; (3) bare frame with frictional contact; and (4) frame with combined 

energy dissipation devices. The values of the key parameters calculated based on the derived 

analytical relationships are presented in Table 3.3 and the detailed calculation is covered in 

Appendix B.1. 

Table 3.3 Comparison between the results of the analytical relationships and numerical 

simulation SCEBF-SRL module frame (Units: kN, mm) 

 Bare Frame 
 

Friction force not included  Friction Force included 

  K i KPT V0  K2
+fr K2

-fr V0
+fr 

Analytical 93.6 2.6 179.1  2.9 2.4 194.4 

OpenSees 94.6 2.6 179.5  2.8 2.5 192 

Ansys 94.8 2.7 175   2.7 2.4 192 

 Frame with Fuse Device 
 

Friction force not included  Friction Force included 

  K2 K3 Vy  K3
+fr V0

+fr Vy
+fr 

Analytical 29.1 2.8 272.5  3 203 296 

OpenSees 29.8 3 275  3.1 199 297 

Ansys 26.8 2.8 279   3 197 304 
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The comparison between the analytical and numerical load-displacement behavior of the 

module frame considering the four cases is illustrated in Figure 3.17 to Figure 3.20 which certify 

the accuracy of the analytical relationships to predict the hysteretic response of the module frame. 

The Von-Mises stress contour of the rocking zone at 2.0% drift ratio is shown in Figure 3.21. 

 

Figure 3.17 Load-displacement behavior of bare SCEBF-SRL module frame without fuse 

devices and neglecting the friction force 

 

Figure 3.18 Load-displacement behavior of bare SCEBF-SRL module frame fuse devices and 

neglecting the friction force 
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Figure 3.19 Load-displacement behavior of bare SCEBF-SRL module frame considering the 

effect of friction force 

 

Figure 3.20 Comparison between the results of the derived analytical relationships and numerical 

simulation results of the SCEBF-SRL module frame with combined energy dissipation sources 
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(A) 

 

(B) 

Figure 3.21 Deformed shaped and Von-Mises stress contour of SCEBF-SRL module at 2% of 

the drift ratio: (A) Elevation view (B) 3D view of the rocking zone 
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3.5 Design of SCEBF-SRL Systems 

Potential critical events of the SCEBF-SRL systems include (1) gap-opening in rocking link 

beam; (2) yielding of RHD devices; (3) yielding of PT cables; (4) fracture of fuse devices; (5) 

fracture of PT cables. At the design basis earthquake (DBE) level, the PT cables and the frame 

members should remain fully elastic up to the drift demands of the structure. Minor yielding of the 

PT cables is allowed at the risk-targeted maximum considered earthquake (MCER) level; 

nonetheless, PT cable fracture, fuse fracture, or abrupt frame failure such as brace buckling is not 

permitted at this level.  

The frame members consisting of the columns, beam outside the link, braces, and rocking link 

are classified as ñforce-controlledò elements and should essentially remain elastic up to the DBE 

level. Therefore, they should be designed based on the ASCE/SEI 7-16 amplified load 

combinations employing an appropriate overstrength factor. Since the energy dissipation of self-

centering structures inherently is less than conventional systems when subjected to cyclic loadings, 

a lower response modification factor, R, equal to 6.5 is selected for this newly proposed system 

based on a preliminary study following FEMA P-6951 guideline. Additionally, an over-strength 

factor equal to 3.5 was also adopted for the capacity design of those force-controlled structural 

members at the DBE level. 

The performance level of the SCEBF-SRL structures MCER is expected to be ñcollapse 

preventionò. Therefore, for MCER, yielding of the PT cables is acceptable, but fracture is not 

permitted. The yielding of the PT cables might cause partial or total loss of post-tensioning stress 

which would result in a residual drift  following an earthquake. Nonetheless, even if  the structure 

is subjected to a very large story drift and the PT cables are slacked, the authors found from the 

numerical simulation study that the structure would still maintain its stability because the RHD 
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plates yielded and locked in the bracket slots (thus RHD behave like a partial moment connection) 

which can be very helpful to provide partial strength and stiffness to the severely damaged 

structure at MCER level earthquakes to avoid collapse. In order to enable the elastic response of 

the PT cables up to the drift demand at the DBE level, the minimum PT cable length which is a 

function of the frame kinematics at 1.50% of the drift ratio and the initial post-tensioning force 

should be provided as Equation 3.35. 

 

 

, ȟ

Äὒ

ςÅ
Ͻ

%

& &
Ͻ)$2Ϸ  (3.35) 

Where &  is the yield stress of the PT cables, IDR% is the design inter-story drift demand 

at the DBE level which is set to 1.5% for the high-performance SCEBF-SRL systems, and the 

other parameters were defined in the previous section. A key step in the seismic design of the 

SCEBF-SRL structures is determining the gap-opening force and RHD plates. In a multi-story 

building, the gap-opening force and the fuse devices of each story should be designed based on 

the corresponding design story shear derived from ASCE7-16 applicable method. It will be shown 

that by carefully proportioning these two sources of strength, the peak drift responses of the 

structure during an earthquake can be well controlled. The initial PT stress may range from 20% 

to 45% of the yield stress depending on the adopted PT cable length. For an nth-story building, 

Equation 3.36 may be used for sizing the PT cables and RHD plates. 

 6 & 6 6 6  (3.36) 

Where 6 is the jth-story shear, & the lateral force in the ith-story, and 6 is the strength of the 

j th-story. 6 and 6  are the gap-opening force and the strength provided by the RHD devices at 
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the jth-story, respectively. In determining the shear strength of a story, it is suggested not to count 

on the additional strength provided by the friction force for simplicity consideration. The friction 

force increases the systemôs strength through Equation 3.32; however, due to the butterfly-shaped 

hysteretic behavior of the frictional contacts, this additional strength is not significant. Therefore, 

excluding the effect of friction force for designing the PT cables and RHD plates is conservative 

and avoids unnecessary complexity. The total post-tensioning force of the jth-story, & , which 

defines the required number of cables and their level of post-tensioning, should be calculated from 

Equation 3.37, and the required plastic moment of an individual RHD plate would be calculated 

using Equation 3.38.  

 & 6
ςÅ

Ä Ô
Ͻ
(

,
 (3.37) 

 - 6
,

ÎÎ
Ͻ
Å

$
Ͻ
(

,
 (3.38) 

The two main attributes of the flag-shaped hysteresis curve of self-centering systems that 

would control the structural responses are the stiffness ratio, ɻ, which is the ratio of the post-yield 

stiffness to the initial stiffness, and the energy dissipation ratio, ɼ, which is defined as the ratio 

of the energy dissipation capacity of a self-centering system to a bilinear elastoplastic system40 

which is illustrated in Figure and would be estimated using Equation 3.39. 

 ɼ ḙ
6

6
 (3.39) 

In the self-centering systems without any fuse device, ɼ would be equal to zero after 

neglecting friction, and to guarantee the self-centering performance of a system subjected to static 
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loading, it is usually suggested to make  ɼ υπϷ. The required strength that should be provided 

by the PT cables, 6, and the RHD plates, 6 , should be defined using Equations 3.40 and 3.41.  

 6 ρ ɼ 6 (3.40) 

 6 ɼ6 (3.41) 

   

 

Figure 3.22 Definition of energy dissipation ratio, ‍
Ὁ
 

3.6 Prototype SCEBF-SRL Building  

In order to study the seismic performance of the developed SCEBF-SRL, three- and six-story 

prototype buildings, located in downtown Los Angeles, were designed and their nonlinear seismic 

behavior was investigated in detail. For comparative study, buildings with similar configurations 

were designed using D-type conventional steel eccentric braced frames (CEBFs). The geometry 
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of the buildings has been adopted from the original structures designed by Richards and Uang [44] 

with some modifications in plan dimension and building height. The framing plan and elevation 

of the structures are shown in Figure 3.23. 

 

(A) (B) 

Figure 3.23 Plan and elevation view of the prototype EBF buildings: (a) three-story; (b) six-story 

The designs are in accordance with ASCE 7-16 [45] and AISC provisions [46] and comply 

with the required criteria of Seismic Design Category (SDC) E. The link beams in the CEBF 

prototypes were sized based on the design basis earthquake and other structural members, i.e., 

columns, beams, and braces were designed in compliance with the capacity-limited criteria 

presented in AISC 341-1637. In the SCEBF-SRL buildings, all structural members including the 

rocking link beams were designed based on appropriate seismic performance factors to guarantee 
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their elastic behavior up to the ductile potential of the system subjected to the design basis 

earthquake. The total seismic mass of the three- and six-story buildings are 2,375,000 kg and 

5,900,000 kg, respectively. Four braced bays are considered as the lateral load-resisting system 

along each direction. Due to the symmetry in the building plan and the locations of the braced 

bays, only one eccentrically braced frame was considered as the prototype model. Frame members 

were designed with A992 structural steel, and Q225LY low-yield steel (225 MPa) was used for 

the trapezoidal RHD plates. PT steel cables are composed of seven high-strength stranded steel 

wires made of A416GR270 steel with a nominal cross-sectional area of 140 mm2. In this study, 

the material specification of PT cables was adopted from the Chinese standard GB/T-5224 [48] on 

steel strands for prestressed concrete. According to this standard, the yielding and ultimate stress 

of Grade 270 steel cable is 1690 MPa and 1860 MPa which occurs at strains equal to 0.84% and 

4.4%, respectively. In both systems, braces were designed with HSS sections, and wide flange 

sections were utilized for the other structural members. The rocking links in the SCEBF-SRL 

prototypes were designed with built-up sections due to their expected rigid behavior during rocking 

movements. Structural member sizes of CEBF and SCEBF-SRL prototypes are listed in Table 3.4 

and Table 3.5, respectively. The number of stranded PT cables, initial post-tensioning stress level, 

size, and the number of RHD plates utilized in each frame are presented in Table 3.6. The PT 

cables are extended from the open end of the rocking link to the outer flange of the column outside 

the link beam. In the three-story SCEBF-SRL prototype, two sets of RHD devices, each containing 

six trapezoidal-shaped steel plates, were employed, and in the six-story prototype, four sets of 

RHD devices were used in the first to the fourth story, and two sets were used in the top two stories. 

The length of all RHD plates is 120 mm, which is divided into a 90 mm tapered section and a 30 

mm rectangular tongue.  
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Table 3.4 Member sections of the two CEBF prototype buildings (Unit: mm) 

Story Brace 
Column 

(Link Connected) 

Column 

(Beam Connected) 

Beam Outside 

the Link 
Link Beam 

three-story 

1 HSS 10x10x1/2 W12x87 W12x53 W18x106 W12x72 

2 HSS 9x9x1/2 W12x87 W12x53 W16x77 W10x68 

3 HSS 8x8x3/8 W12x87 W12x53 W12x53 W8x35 

six-story 

1 HSS 10x10x7/8 W14x176 W14x159 W18x97 W16x77 

2 HSS 10x10x7/8 W14x176 W14x159 W18x97 W16x77 

3 HSS 10x10x3/4 W14x132 W14x132 W16x89 W14x82 

4 HSS 10x10x3/4 W14x132 W14x132 W16x89 W14x68 

5 HSS 9x9x3/4 W14x68 W14x48 W14x68 W10x60 

6 HSS 9x9x3/4 W14x68 W14x48 W14x68 W8x35 

 

Table 3.5 Member sections of the two SCEBF-SRL prototype buildings (Unit: mm) 

Story Brace 
Column 

(Link Connected) 

Column 

(Beam Connected) 

Beam Outside 

the Link 

Rocking Link 

d x tw - bf x tf 

three-story 

1 HSS 12x12x3/4 W14x193 W14x132 W21x201 420x30-300x40 

2 HSS 12x12x5/8 W14x193 W14x132 W21x182 410x25-300x35 

3 HSS 10x10x5/8 W14x193 W14x132 W21x122 380x25-250x30 

six-story 

1 HSS 15x15x1.0 W14x426 W14x370 W27x307 550x40-300x65 

2 HSS 15x15x1.0 W14x426 W14x370 W27x307 550x40-300x65 

3 HSS 14x14x1.0 W14x311 W14x176 W24x306 520x35-300x60 

4 HSS 14x14x1.0 W14x311 W14x176 W24x306 520x35-300x60 

5 HSS 12x12x7/8 W14x145 W14x132 W21x201 450x30-300x45 

6 HSS 12x12x7/8 W14x145 W14x132 W21x201 450x30-300x45 
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Table 3.6 Properties of the PT cable and RHD device of the SCEBF-SRL buildings (Unit: mm) 

 PT Cable  RHD Device 

Story Quantity PT level (%Fy)  Quantity/frame , x (Â- Â ) x Ô 

 three-story 

1 20 30  2 120x(170-50)x22 

2 18 30  2 120x(160-40)x22 

3 12 30  2 120x(150-40)x18 

 six-story 

1 28 35  4 120x(190-60)x22 

2 28 35  4 120x(190-60)x22 

3 28 30  4 120x(190-60)x20 

4 26 30  4 120x(160-40)x20 

5 24 25  2 120x(160-40)x25 

6 14 25  2 120x(150-40)x20 

3.7 Numerical Modeling for Response History Analysis 

To study the nonlinear seismic behavior of SCEBF-SRL in comparison with CEBF systems, 

the three- and six-story prototype EBF buildings shown in Figure 3.23 were employed for 

numerical simulation. For each prototype, a 2D frame consisting of one braced bay and a lean-on-

column with seismic masses lumped on its nodes were modeled in a general FE software ï 

OpenSees [49]. In the CEBF systems, the link beams were modeled with ñforceBeamColumnò 

elements with distributed plasticity based on the fiber-section model to simulate the nonlinear 

behavior under combined axial and flexural deformations. To simulate the shear deformation and 

shear yielding of the link beams, three translational springs were assigned to each end of them. 

The properties of these springs were calculated for monotonic and cyclic loadings separately as 

follows: To perform nonlinear static analysis, the spring properties proposed by Goborah43 were 

used, and the modified method for cyclic loading proposed by Richards34 was employed for 

nonlinear dynamic analysis. 
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3.8 Eigenvalue and Nonlinear Static Analyses 

The modal shapes of the prototype buildings are shown in Figure 3.24 and the modal 

properties are listed in Table 3.7. The natural period of the three-story SCEBF-SRL and CEBF 

prototypes are 0.44 sec and 0.58 sec, and those of the six-story prototypes are 0.78 sec and 1.01 

sec, respectively. The shorter natural periods of the SCEBF-SRL prototypes are consistent with 

their larger initial stiffness.  

  

(A) (B) 

Figure 3.24 Modal shapes of the prototype buildings: (A) three-story; (B) six-story 

To perform nonlinear static analysis, a nearly inverted triangular-shaped load profile 

conforming to the first mode shape was applied to nodes of the lean-on-column, and the structure 

was pushed to 2.0% of the roof drift ratio and unloaded. As illustrated in Figure 3.25, the elastic 

limit of the SCEBF-SRL buildings is larger than the corresponding CEBF buildings as they were 

designed for a larger design base shear corresponding to a smaller seismic response modification 

factor R of 6.5. The initial stiffness of the self-centering structures is larger than the conventional 
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structures. This is due to employing a more conservative over-strength factor for designing the 

frame members of this new system to guarantee their elastic behavior at least up to design basis 

earthquake. The main differences between the conventional and self-centering structures can be 

seen in residual drift, post-yield stiffness, and energy dissipation. The unloading stiffness of the 

CEBF prototypes is the same as the initial stiffness which results in a large residual drift ratio equal 

to 1.75% and 1.70% for the three- and six-story buildings, respectively. On the other hand, almost 

zero residual drift is observed in the SCEBF-SRL prototype buildings due to the re-centering 

behavior provided by the PT cables. Additionally, the post-yield stiffness of the self-centering 

structures is larger than the conventional types. The energy dissipation ratio, ɼ, of the self-

centering prototypes were calculated to be 42% and 44%, for the three- and six-story buildings, 

respectively. 

Table 3.7 Modal properties of the CEBF and NBG-SCEBF prototypes 

 SCEBF  CEBF 

Mode 
Period 

(sec) 

Mass Participation 

Ratio 
 

Period 

(sec) 

Mass Participation 

Ratio 

three-story 

1 0.44 86.9%  0.58 84.7% 

2 0.38 10.7%  0.22 12.6% 

3 0.19 2.4%  0.14 2.7% 

six-story 

1 0.78 74.8%  1.01 76.3% 

2 0.29 16.2%  0.35 16.0% 

3 0.17 4.6%  0.21 4.1% 

4 0.13 2.1%  0.16 1.9% 

5 0.10 1.2%  0.13 1.0% 

6 0.08 1.1%  0.11 0.7% 

 



 

56 

 

 

(A) 

 

(B) 

Figure 3.25 Pushover curves of the EBF prototype buildings: (a) three-story; (b) six-story 
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3.9 Nonlinear Dynamic Analysis 

To study the nonlinear seismic response behavior of the prototype buildings subjected to 

strong ground motions, nonlinear RHA was performed at the DBE and MCER levels. Two sets of 

Far-field (FF) and Near-field with strong pulses (NF) ground motions from the FEMA P-695 

database were adopted in this study. The FF record set consists of twenty-two ground motion 

component pairs (total of forty-four horizontal ground motions) from sites located greater than or 

equal to 10 km from fault rupture. To reduce the computing time, one ground motion from each 

component pair was randomly selected for RHA. The NF record set includes fourteen pairs of 

horizontal ground motions (a total of twenty-eigth horizontal ground motions) recorded at sites 

less than 10 km from fault rupture. This record set was included to study the directivity and pulse 

effects of these ground motions on the structural responses of the prototypes. The specifications 

and acceleration history of all ground motions along with velocity history of the near-fault records 

are included in Appendix A. including the acceleration history of band  In the following section, 

the structural responses of the prototype buildings are presented and discussed in detail for the FF 

and NF record sets separately. Figure 3.26 and Figure 3.27 present the median acceleration 

spectrum with 5% damping of the twenty-two far-field and twenty-eight near-fault ground motions 

for the three-story and 6-story prototype buildings together with the DBE and MCER level spectra 

of ASCE 7-16 [45] 
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(A) (B) 

Figure 3.26 The design and median acceleration spectra of the scaled far-field ground motions: 

(A) three-story EBF prototype buildings; (B) six-story EBF prototype buildings 

  

(A) (B) 

Figure 3.27 The design and median acceleration spectra of the scaled near-fault ground motions: 

(A) three-story EBF prototype buildings; (B) six-story EBF prototype buildings 
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3.9.1 Far-field Record Set 

The maximum inter-story drift ratio (IDR) responses of the three- and six-story buildings 

subjected to the FF record set are presented in Figure 3.28 and Figure 3.29.  

 

(A) 

 

(B) 

Figure 3.28 Maximum IDR of the three-story EBF buildings under the Far-field record set: 

(A) DBE; (B) MCER 

Maximum response refers to the maximum value of the peak responses among all stories. In 

the three-story SCEBF-SRL building, the ensemble median value of the maximum drift responses 

at the DBE and MCER levels are 1.08% and 1.72%, respectively, compared to 1.32% and 2.54% 
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in the CEBF building for DBE and MCER. Similarly, in the six-story SCEBF-SRL building, the 

median value of the maximum responses at the DBE and MCER shaking levels are 1.31% and 

1.86% which are less than 1.50% and 2.80% in the six-story CEBF building.  

 

(A) 

 

(B) 

Figure 3.29 Maximum IDR of the six-story EBF buildings under the Far-field record set: 

 (A) DBE; (B) MCER 
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CEBF building, and 0.47% and 1.40% in the six-story CEBF building, respectively. Conversely, 

both SCEBF-SRL prototype buildings have almost zero residual drift values at the DBE (<0.002%) 

and MCER (< 0.01%) levels.  

 

(A) 

 

(B) 

Figure 3.30 Maximum residual IDR of the three-story EBF buildings under Far-field record set: 

(A) DBE; (B) MCER 
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(A) 

 

(B) 

Figure 3.31 Maximum residual IDR of the six-story EBF buildings under the Far-field record set: 

(A) DBE; (B) MCER 
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at DBE is related to the roof and fifth story, and at MCER, the bottom stories of the CEBF building 

show the largest response while in the SCEBF-SRL building the maximum drift occurs at the roof. 

According to the quantile values, the peak drifts of the CEBF buildings are more scattered at the 

bottom stories compared to the SCEBF-SRL buildings; and at the other stories, the dispersions are 

comparable. 

  

(A) (B) 

Figure 3.32 Vertical profile of the IDR of the three-story EBF buildings with 16th and 84th 

percentile values of the peak responses under the Far-field record set: (A) DBE; (B) MCER 
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(A) (B) 

Figure 3.33 Vertical profile of the IDR of the six-story EBF buildings with 16th and 84th 

percentile values of the peak responses under the Far-field record set: (A) DBE; (B) MCER 
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(A) 

 

(B) 

Figure 3.34 Maximum PT cable strain in the SCEBF prototypes under the FF record set: 

(A) three-story; (B) six-story 
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than the CEBF buildings. This can be explained by the fact that the SCEBF-SRL buildings are 

designed with a larger base shear (because of utilizing a smaller response modification factor of 

6.5 which leads to relatively larger acceleration responses of these buildings compared to the 

CEBF buildings.  

  

(A)    (B) 

Figure 3.35 Mean value of the peak floor acceleration of the three-story EBF buildings with 68% 

confidence level (ɛÑů): (A) DBE; (B) MCER 

  

(A)    (B) 

Figure 3.36 Mean value of the peak floor acceleration of the six-story EBF buildings with 68% 

confidence level (ɛÑů): (A) DBE; (B) MCER 
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3.9.2 Near-field Record Set 

The maximum IDR responses of the three- and six-story buildings subjected to the NF record 

set are presented in Figure 3.37 and Figure 3.38. In the three-story SCEBF-SRL building, the 

ensemble median value of the maximum drift responses at the DBE and MCER levels are 1.65% 

and 2.98%, respectively, compared to 2.35% and 4.72% in the CEBF building for DBE and MCER. 

In the six-story SCEBF-SRL building, the median value of the maximum responses at the DBE 

and MCER shaking levels are 1.33% and 2.18% which are less than 1.51% and 2.93% in the six-

story CEBF building. 

 
(A) 

 
(B) 

Figure 3.37 Maximum IDR of the three-story EBF buildings under Near-field record set: (A) 

DBE; (B) MCER 
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(A) 

 

(B) 

Figure 3.38 Maximum IDR of the six-story EBF buildings under Near-field record set: 

(a) DBE; (b) MCER 
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maximum residual IDRs at the DBE and MCER levels are 0.87% and 1.37% in the three-story 

CEBF building, and 0.56% and 1.49% in the six-story CEBF building, respectively. Conversely, 

both SCEBF-SRL prototype buildings have almost zero residual drift values at the DBE (<0.01%) 

and MCER (< 0.03%) levels.  

 

(A) 

 

(B) 

Figure 3.39 Maximum residual IDR of the three-story EBF buildings under the Near-field record 

set: (a) DBE; (b) MCER 
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(A) 

 

(B) 

Figure 3.40 Maximum residual IDR of the six-story EBF buildings under the Near-field record 

set: (a) DBE; (b) MCER 

Figure 3.41 and Figure 3.42 show the vertical profile of the IDR of the three- and six-story 

buildings subjected to GM-11, corresponding to the ensemble median of the maximum drift 

responses of the SCEBF-SRL building at DBE, along with 16th and 84th percentile values. In the 

three-story CEBF building, the maximum drift is related to the first story at DBE and MCER 

whereas, in the SCEBF building, the maximum drift responses occur at the top two stories. In the 

six-story CEBF building, the bottom two stories experience the largest drift at both ground motion 

intensities while in the SCEBF building, the drift responses are more uniform along the height and 

the bottom story has the least IDR response at DBE and MCER. In both three- and six-story SCEBF 

0.0

1.0

2.0

3.0

01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

M
a
x
. 
R

e
is

d
u

a
l 
ID

R
 (

%
)

Ground Motion

SCEBF CEBF

SCEBFMedian= 

0.003%

CEBFMedian= 

0.56%

0.0

1.0

2.0

3.0

01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

M
a
x
. 
R

e
is

d
u

a
l 
ID

R
 (

%
)

Ground Motion

SCEBF

CEBF

SCEBFMedian= 

0.02%

CEBFMedian= 

1.49%



 

71 

 

buildings, the dispersion of the IDR responses is almost uniform along the height of the building, 

but in the CEBF buildings, the dispersion increases from the roof to the ground level. 

  
(A) (B) 

Figure 3.41 Vertical profile of the IDR of the three-story EBF buildings with 16th and 84th 

percentile values of the peak responses under the Near-field record set: (a) DBE; (b) MCER 

  
(A) (B) 

Figure 3.42 Vertical profile of the IDR of the six-story EBF buildings with 16th and 84th 

percentile values of the peak responses under the Near-field record set: (a) DBE; (b) MCER 

0

1

2

3

0.0 1.0 2.0 3.0 4.0 5.0 6.0

S
to

ry

Peak IDR (%)

SCEBF CEBF

0

1

2

3

0.0 2.0 4.0 6.0 8.0

S
to

ry

Peak IDR (%)

SCEBF CEBF

0

1

2

3

4

5

6

0.0 1.0 2.0 3.0

S
to

ry

Peak IDR (%)

SCEBF CEBF

0

1

2

3

4

5

6

0.0 2.0 4.0 6.0 8.0

S
to

ry

Peak IDR (%)

SCEBF CEBF



 

72 

 

The maximum strain demand of the PT cables in the three- and six-story SCEBF-SRL 

buildings is presented in Figure 3.43. In the three-story prototype, the ensemble median of the 

maximum strain responses of the PT cables are 0.0059 and 0.0084 at DBE and MCER, and those 

of the six-story prototype are 0.0050 and 0.0067, respectively.  

 

(A) 

 

(B) 

Figure 3.43 Maximum PT cable strain in the SCEBF prototypes under the NF record set: 

(A) three-story; (B) six-story 
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cables is still far beyond the material's ultimate strain (~4.5%) which certifies their acceptable 

performance under such a highly demanding record set at such large intensity. 

The statistical data of the structural responses of the prototype buildings under FF and NF 

record sets have been summarized in Table 3.8 to Table 3.11. In summary, both SCEBF-SRL 

prototype buildings exhibited satisfactory design performance in terms of drift control, re-

centering behavior, PT cable response, and concentrated damages in the fuse devices. 

Table 3.8 Statistical data of the maximum story drift ratio at DBE 

 SCEBF  CEBF 

Record set 
Mean COV Median  Mean COV Median 

three-story 

Far-field 1.11% 24% 1.08%  1.72% 49% 1.32% 

Near-field 1.66% 32% 1.65%  3.15% 68% 2.35% 

 six-story 

Far-field 1.43% 36% 1.31%  1.73% 42% 1.50% 

Near-field 1.66% 21% 1.33%  2.12% 72% 1.51% 

 

Table 3.9 Statistical data of the maximum story drift ratio at MCER 

 SCEBF  CEBF 

Record set Mean COV Median  Mean COV Median 

 three-story 

Far-field 1.82% 32% 1.72%  3.38% 65% 2.54% 

Near-field 2.96% 37% 2.98%  6.79% 74% 4.72% 

 six-story 

Far-field 2.07% 41% 1.86%  3.53% 84% 2.80% 

Near-field 2.34% 33% 2.18%  4.58% 93% 2.93% 
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Table 3.10 The median of the maximum residual IDR of the prototype buildings 

Prototype Record set 
 DBE  MCER 

 SCEBF CEBF  SCEBF CEBF 

three-story 
Far-field  0.001% 0.34%  0.01% 0.96% 

Near-field  0.011% 0.87%  0.03% 1.37% 

six-story 
Far-field  0.002% 0.47%  0.01% 1.40% 

Near-field  0.003% 0.56%  0.02% 1.49% 

 

Table 3.11 The median of the maximum strain of the PT cables in the SCEBF-SRL buildings 

Prototype Record set  DBE MCER 

three-story 
Far-field  0.0046 0.0061 

Near-field  0.0059 0.0086 

six-story 
Far-field  0.0045 0.0056 

Near-field  0.0050 0.0067 

 

3.9.3 Typical case 

A typical ground motion case corresponding to the median value of the IDRs in the three-

story building is presented to view the detailed RHA results. For this purpose, the structural 

responses of the first story in the three-story CEBF and SCEBF-SRL prototypes subjected to GM-

15 of the FF record set at the DBE level have been illustrated. The story drift time histories of 

these two cases are shown in Figure 3.44. The peak drift responses are 1.34% and 0.82% in the 

CEBF and SCEBF-SRL prototypes, respectively. The residual drift equal to 0.34% is observed in 

the CEBF case, while the SCEBF-SRL case demonstrates a full re-centering performance. 
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Figure 3.44 1stïstory drift repsonse history of the three-story EBF buildings under GM-15 of the 

FF recordset 

The corresponding hysteresis curves of these two cases are shown in Figure 3.45. Due to the 

steel hardening behavior of the RHD plates under cyclic loading, the hysteresis loop of the SCEBF-

SRL case seems to be partially self-centering; however, the story still re-centered itself after 

dynamic shaking as shown in Figure 3.44. 

  

(A) (B) 

Figure 3.45 1stïstory hysteretic loops of the three-story EBF buildings under GM-15 of the FF 

record set: (a) SCEBF-SRL (b) CEBF 
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The stress response of the PT cables and frictional contacts in the SCEBF-SRL case is plotted 

in Figure 3.46. The bottom flat segment indicates the initial PT stress level equal to 30% of the 

yield stress. The stress in the PT cables starts to increase after the gap-opening in the story which 

occurs at 0.14% drift ratio. The quarter ellipse-shaped hysteresis loops of the PT cables imply that 

during the unloading stage, the stress in the PT cable is larger than in the loading stage at the same 

drift ratio. This is due to the partial recovery of the frame elastic deformation during unloading 

until the RHD plates yield in the reverse direction. It is worth noting that the larger the energy 

dissipation ratio is, the larger difference between the axial stress in the PT cables during the loading 

and unloading stages occurs. 

  

(A) (B) 

Figure 3.46 1stïstory Force vs. story drift relationship of the three-story EBF buildings under 

GM-15 of the FF record set: (A) PT cables;  (B) Frictional contacts 
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example, as shown earlier in analytical formulations, its initial stiffness is a function of the 

geometry and section sizes of the EBF frame members. Its strength is dictated by the gap-opening 

force and the fuse strength. The gap-opening force can be tuned by adjusting the post-tensioning 

force in the PT cables. Its energy dissipation capacity is mainly related to the fuse strength, and 

the post-yield stiffness can be tuned by the PT cableôs section size and length.   

The energy dissipation ratio, ɼ, and the stiffness ratio, ɻ, are two overall parameters of 

SCEBFs that are closely related to the above-mentioned structural properties. For any required 

strength, it is possible to make a valid design with different energy dissipation levels; however, 

there is a lower bound value desired for drift control purpose and an upper bound value of energy 

dissipation capacity to deliver the self-centering performance. The energy dissipation ratio of 

interest can be realized by proportioning the fuse strength and post-tensioning force in the PT 

cables. In order to examine the effect of the energy dissipation and stiffness ratios on the seismic 

behavior of the SCEBF-SRL structures, and define the acceptable range of these parameters, a 

parametric study was performed in this study. The three-story SCEBF-SRL prototype building was 

utilized for this purpose, and PT cables and RHD plates were designed for 16 different cases by 

considering the energy dissipation ratio, ɼ, and the stiffness ratio, ɻ, as the variables. The 

specification of the PT cables and the section size of the RHD plates (base width x thickness) are 

listed in Table 3.12. All cases were designed for the same design base shear value and thus have 

almost identical elastic limit strength. Four different values of 25%, 40%, 50%, and 60% were 

considered for ɼ, and for each ratio, four different values of ɻ were examined by using different 

combinations of PT cable quantities with two different post-tensioning stress levels (equal to either 

25% or 40%) and PT cableôs length equal to either one or two bay-width.  
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The pushover curves of the cases with the bounding limits of  ɼ equal to 25% and 60% are 

shown in Figure 3.47. It should be noted that the frictional contacts at sliding rocking links were 

also included in the model; however, the beta factor is calculated based on the energy dissipation 

value provided by the RHD plates only. 

Table 3.12 Specification of the cases of the parametric study 

No Case ɓE (%) ŬS (%) PT (%Fy) 

Cable Qty. LPT /  

Bay Width 

RHD Base 

(mm) 1st 2nd 3rd 

1 B25-A1 

25 

15 25 28 26 16 1 

1st- 180x18 

2nd-140x18 

3rd-140x15 

2 B25-A2 11 40 18 16 10 1 

3 B25-A3 9 25 28 26 16 2 

4 B25-A4 6 40 18 16 10 2 

5 B40-A1 

40 

14 25 24 22 14 1 

1st- 170x25 

2nd-150x25 

3rd-150x20 

6 B40-A2 9 40 16 14 10 1 

7 B40-A3 8 25 24 22 14 2 

8 B40-A4 6 40 16 14 10 2 

9 B50-A1 

50 

12 25 20 18 12 1 

1st-170x22 

2nd-160x22 

3rd-150x18 

10 B50-A2 9 40 12 12 8 1 

11 B50-A3 7 25 20 18 12 2 

12 B50-A4 5 40 12 12 8 2 

13 B60-A1 

60 

11 25 16 14 10 1 

1st-200x25 

2nd-190x25 

3rd-190x20 

14 B60-A2 8 40 10 10 6 1 

15 B60-A3 6 25 16 14 10 2 

16 B60-A4 5 40 10 10 6 2 

The ensemble medians of the maximum IDR of these cases under the FF and NF record sets 

at the DBE and MCER levels are presented in Figure 3.48. It is found that under the FF record set 

such drift responses of all cases are less than 1.50% and 2.30% at the DBE and MCER levels, and 

under the NF record set the drift responses are less than 2.35% and 4.2% at DBE and MCER levels. 
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The maximum IDR response is related to case B25-A4 with the least energy dissipation capacity 

and the PT cables and the largest initial PT level. Except for the cases with ‍ ςυϷ, the drift 

responses under the NF record set are less than 2.00% and 3.50% at DBE and MCER intensities, 

respectively. 

  

(A) (B) 

  

(C) (D) 

Figure 3.47 Base shear vs. roof drift relationship of the SCEBF-SRL cases for parametric study:  

(A) ɓE=25%; (B) ɓE=40%; (C) ɓE=50%; (D) ɓE=60% 
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(A) 

 

(B) 

Figure 3.48 Median of the maximum IDR responses of the parametric study cases: 

(A) Far-field record set; (B) Near-field record set 

 All cases are able to fully re-center at DBE under both record sets and the median value of 

the maximum residual story drifts of all cases is less than 0.01% and 0.05% at the MCER level 

under the FF and NF record sets, respectively, which is much smaller than the permissible 

construction tolerance for plumbness. Therefore, even the cases with ɼ equal to 60%, which 

presents a partial self-centering behavior in the hysteresis loop, are still able to fully re-center 

themselves after dynamic shaking. Selecting a value less than 25% for ɼ results in larger drift 
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responses, and if  ɼ exceeds 60%, the re-centering ability of this particular three-story SCEBF 

building might be negatively affected. The PT cable stress ratios (maximum cable stress to yield 

stress) are shown in Figure 3.49. Under the FF record set the ensemble median of the maximum 

strain in the PT cables is less than the yielding strain in all cases at DBE and MCER. No yielding 

is observed at DBE of the NF record set, however,  -A2 cases show yielding at MCER but still far 

from the ultimate strain which is acceptable and can meet the expected performance criteria. 

 

(A) 

 

(B) 

Figure 3.49 Median of the maximum cable strain responses of the parametric study cases: 

(A) Far-field record set; (B) Near-field record set 
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Figure 3.50 shows the trends of varying energy dissipation and stiffness ratio effect on the 

story drift response of the three-story SCEBF-SRL building in this parameter study.  

 

(A) 

 

(B) 

Figure 3.50 Effect of energy dissipation capacity and stiffness ratio on the median value of 

maximum IDR responses: (A) FF record set; (B) NF record set 
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It can be observed that by increasing the energy dissipation ratio, the drift responses can be 

effectively reduced, especially at the MCER level. For example, under the FF record set, the drift 

responses of case B60-A1 with ɼ=60%, are 32% and 43% less than the drift responses of case 

B25-A1 with ɼ=25%, at the DBE and MCER levels, respectively. The slope of the contour lines 

of ɼ shows the effectiveness of the stiffness ratio in mitigating the drift response. It can be 

observed that the stiffness ratio is more effective in reducing the structural responses of near-fault 

ground motions with a velocity pulse. Under both record sets, the larger the energy dissipation 

ratio is, the less effect the stiffness ratio has on reducing the drift responses of the system. For the 

low-energy dissipation cases of ɼ=25%, the stiffness ratio has the largest effect on mitigating the 

drift responses, specifically under the NF record set.  

3.11 Summary Remarks 

This chapter presented the nonlinear seismic study of the self-centering eccentric braced frame 

systems with sliding rocking link beams (SCEBF-SRL). Analytical relationships of an SCEBF-

SRL module frame subjected to lateral loading were formulated and cross-validated by the results 

of nonlinear finite element (FE) simulation analysis. Planar wireframe FE models for nonlinear 

response history analysis (RHA) were verified by comparing nonlinear static analysis results from 

more sophisticated FE models with solid elements. The seismic performance of the SCEBF-SRL 

system along with the conventional eccentric braced frame (CEBF) system was studied by 

conducting nonlinear static and dynamic analysis of three-story and six-story prototype buildings, 

and the following results are observed: 

¶ The ensemble median value of the maximum IDRs of the SCEBF-SRL buildings are less than 

1.5% and 2.0% at the DBE and MCER levels under the Far-field (FF) record set and less than 



 

84 

 

1.65% and 3.0% under the Near-field (NF) record set, and the prototype buildings have almost 

zero residual drift value (< 0.03%) at the MCER level under both record sets. 

¶ The ensemble median values of the maximum post-tensioned (PT) cable stress ratios of the 

SCEBF-SRL buildings are equal to 55% and 75% of the yield stress at the DBE and MCER levels 

under the FF record sets. In the three-story building, only under one ground motion, and in the 

6-story building under two ground motions yielding in the PT cable was observed at MCER. 

Under the Near-fault record set, the cable stress ratio in the three- and six-story buildings are 

70% and 60% at DBE. The PT cables in the three-story building yield under almost half of the 

ground motions at MCER, however, the maximum strain is far below the ultimate strain in all 

ground motions. 

¶ The SCEBF-SRL prototype buildings exhibited satisfactory design expected performance in 

terms of drift response, re-centering behavior, PT cable stress, and damages in fuse devices. It 

should be noted that the seismic performance factors for this newly proposed system are selected 

based on a preliminary study following the FEMA P-695 [42] guideline and a more 

comprehensive study is needed for an adequate characterization of the seismic response 

parameters of the SCEBF-SRL systems. 

In order to examine the effect of the energy dissipation ratio, ɼ, and the stiffness ratio, ɻ, on 

the seismic behavior of the SCEBF-SRL structures, and define the acceptable range of these 

parameters, a parametric study was performed and the following findings are summarized: 

¶ The drift responses can be effectively controlled by increasing the energy dissipation ratio, 

especially at the MCER level. The effect of energy dissipation and stiffness ratios are more 

significant under the near-fault ground motions with a velocity pulse. 
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¶ For the low energy dissipation cases of ɼ equal to 25% the stiffness ratio has a larger effect on 

mitigating the drift responses. The larger the energy dissipation ratio is, the less effect the 

stiffness ratio has on reducing the drift responses of the system.  
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4.CHAPTER 4: Seismic Design and Performance Study of Self-Centering 

Moment-Resisting Frames with Sliding Rocking Beams and 

Preloaded Disc Springs 

In this chapter, the analytical and numerical study of a newly developed self-centering 

moment-resisting frame system is presented in which the preloaded disc springs are employed as 

the re-centering element, and the sliding rocking beam behavior is adopted to overcome the beam 

growth issue.  The analytical load-displacement relationships of a self-centering moment-resisting 

frame with sliding rocking beams (SCMRF-SRB) module are presented and verified by the results 

of a nonlinear finite element (FE) analysis. A three-story Prototype SCMRF-SRB building has 

been designed and its seismic performance is investigated through numerical simulation. The 

effect of the length and location of the rocking beam on the seismic response of the prototype 

building has been studied, and finally, the effect of energy dissipation capacity and post-yield 

stiffness on the structural demands of the prototype is investigated through a parametric study, and 

the feasibility of a system design with a low amount of post-tensioning force and a large energy 

dissipation ratio of up to 90% is assessed. 

4.1 Description of the System Behavior 

As shown in Figure 4.1, in the SCMRF-SRB systems, the beam is divided into three parts. 

The side segments are connected to the columns while the middle part, which is termed the rocking 

beam, is pre-compressed by the post-tensioned (PT) steel rods by preloading the disc springs. The 

PT steel rods are elongated from the cap plate of the disc spring to the free end of the rocking 
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beam. Two sets of disc springs are mounted on each side of the beamôs web. The required restoring 

force is generated by pre-compressing the disc springs using hydraulic rams. The free end of the 

rocking beam is placed inside the two brackets connected to the end of the longer beam segment. 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Schematics and components of the SCMRF-SRB module 

It will be shown that the best seismic performance can be attained by placing the free end of 

the rocking beam in the middle of the bay width. The beam growth (expansion) due to the gap-

opening is counteracted by sliding the rocking beam inside these brackets. Since there is a vertical 

reaction force equal to the beam shear between the rocking beam and the brackets, the sliding 

movement of the rocking beam produces a varying friction force in the horizontal direction, which 

would also contribute to the energy dissipation of the system. The rocking beam should be isolated 

Lb1 Lb2 e 
L 

H
 

Preloaded 

disc springs 

PT steel rod 

RHD device 

PT steel rod 

Combined stacking 

of disc springs 

Outer Tube Trapezoidal 

fuse plate 

Holder 

bracket 

Set of fuse plates 

Shear key 



 

88 

 

from the floor slab to allow gap-opening to occur. The lateral movement of the two columns is 

restrained by the side load-transfer beam, which would also carry the major part of the gravity 

load. The energy dissipation capacity of the system is mainly provided by RHD. 

4.2 Analytical Expressions of SCMRF-SRBôs Structural Properties 

In this section, the analytical load-displacement relationships of an SCMRF-SRB module 

frame shown in Figure 4.1, are presented. The analytical formulations of a bare module are 

presented first, and the contribution of RHD devices and the friction force to the total response of 

the module frame will be described afterward. 

4.2.1 Bare SCMRF-SRB Module without Fuse Device 

The schematic hysteresis curve of self-centering systems with sliding rocking link mechanism 

is illustrated in Figure 3.5 with the key parameters of (1) initial stiffness, + ; (2) base shear at gap-

opening, 6; (3) post-gap-opening stiffness, + . The initial stiffness of an SCMRF-SRB is a 

function of frame section sizes and geometry of the frame. The base shear at gap-opening, 6, is a 

function of the pre-compression force in the flanges of the rocking beam, which is generated by 

the preloaded disc springs. The post-gap-opening stiffness is provided by the disc springs through 

their elastic deformation; thus, it can be adjusted by tuning the size and/or stacking the discs in 

series or parallel groups. 

As shown in Figure 4.1, (ȟ,ȟ, ȟ,  and Å denote the frame height, bay width, shorter beam 

segment length, longer beam segment length, and rocking beam length. In the following 

formulations, ), ) and ) denotes the moment of inertia of the beam segments, rocking beam, 

and columns, respectively. !ȟ!  and ! represent the cross-sectional area of the beam segments, 

rocking beam, and columns, respectively. !ȟ!  and !  denote the web cross-sectional area of 
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the beam segments, rocking beam, and columns, respectively. Ä and Ô express the section depth 

and flange thickness of the rocking beam. % and ' are Youngôs modulus and shear modulus of 

steel.  

Before the gap-opening, the initial stiffness of the SCMRF-SRB module, +  is due to the 

frame's elastic stiffness and can be expressed using Equation 4.1.                                                                                                          

 +
ρ

+

ρ

+

ρ

+
 (4.1) 

(1) 

Where +ȟ+ and +  represent the lateral stiffness of the frame due to the contribution of 

flexural, shear, and axial deformation of the frame members, respectively, and are developed based 

on the principle of virtual work. The lateral stiffness due to the flexural deformation of members, 

+ would be calculated using Equation 4.2. 

 +
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+
 (4.2) 
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Where + ȟ+  and +  represent the frame lateral stiffness due to the contribution of the 

flexural deformation of the rocking beam, beam segments, and columns, respectively. The lateral 

stiffness due to the shear deformations, +, would be obtained using Equation 4.4. 
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Where + ȟ+  and + represent the frame lateral stiffness due to the contribution of the shear 

deformation of the rocking beam, beam segments, and columns, respectively. The frame lateral 

stiffness due to the axial deformations, + , is primarily due to the contribution of columns and can 

be formulated using Equation 4.6. 

 

+
%!

ς(
Ͻ
,

(
 (4.6) 

The free-body diagram of a rocking beam is shown in Figure 4.2. The preloading process of 

the two sets of disc springs generates post-tensioning force in the steel rods which produces 

compression force in the flanges of the rocking beam. In addition, the bending moment (Vrb.e) due 

to the vertical force Vrb produces a pair of forces in the flanges before gap-opening. Once the 

tensile action in one of the flanges reaches the pre-compression force due to the preloading of the 

disc springs, the corresponding flange loses contact and gap-opening occurs. Shear keys are placed 

adjacent to the rocking points to restrain the vertical movement of the rocking link beam. 

 

Figure 4.2 Free body diagram of a rocking beam without fuse device in SCMRF-SRB system 

After gap-opening, the stress pattern over the thickness of the connecting flange transforms 

from a uniform to a linear pattern. Therefore, the resultant compressive force shifts from mid-

thickness to one-third of the thickness from the outer surface of the flange. The beam shear, 6 , 
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and story shear 6, of a bare frame at gap-opening, and the corresponding story drift, Ў, can be 

expressed using Equations 4.7 to 4.9. 

 6
& Ä

ςÅ
 (4.7) 

 6 6 Ͻ
,

(
 (4.8) 

 Ў
6

+
 (4.9) 

Where &  is the total axial force in the steel rods due to the preloading of the disc springs, 

and Ä Ä Ô is the vertical distance between the rocking points of the rocking beam. After 

gap-opening, the stiffness of a bare frame, + , is mainly provided primarily by the disc springs 

and would be calculated using Equation 4.10. 

 +
ρ

+

ρ

+
+  (4.10) 

 + + Ͻ
Ä

ςÅ
Ͻ
,

(
 (4.11) 

In the above relationship, KSC is the lateral stiffness due to the contribution of the disc springs 

and the steel rods, and KS is the equivalent axial stiffness of the combination of two sets of disc 

springs and the PT steel rods and can be obtained using (4.12. 

 + + +  (4.12) 

Where KR is the axial stiffness of the PT steel rods and KD is the equivalent stiffness of the 

total sets of disc springs. The axial stiffness of the PT steel rods, KR, would be calculated using 

Equation 4.13. 
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  +
% !

,
 (4.13) 

Where % ȟ!  and ,  are Youngôs modulus, total cross-sectional area, and length of the 

PT steel rods. 

The geometry of a single disc spring is shown in Figure 4.3. The relationship between the 

axial compressive force, F(s), of a single disc spring and its elastic deflection, s, can be expressed 

by Equation 4.14 [26]. 
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Figure 4.3 Geometry of a single disc spring and types of stacking 

Where E, is Youngôs modulus of disc spring material, ʈ, is Poissonôs ratio, Ô πȢωτÔ is the 

reduced thickness (for discs with t > 6mm), and È Ì Ô is the free height (maximum 

deflection capacity) of the disc spring, Ô and È Ì Ô are the nominal thickness and nominal 

free height of the disc spring. Other parameters can be calculated using the following relationships. 
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Figure 1.1 shows the force-deflection curves of single disc springs with different ratios of 

È Ôϳ. The vertical axis shows the ratio of the force of the disc spring, F, over the force of the disc 

spring in the flattened position, Fc (Ó È). As can be seen, the curvature of the curves highly 

depends on the ratio of  È Ôϳ and as this ratio increases, the behavior becomes more quadratic. 

According to DIN EN 16983 [27], disc springs are categorized into three series A, B, and C with 

respect to this ratio. For series A with È Ôϳ πȢτ the stiffness is almost linear. In this study, all 

utilized disc springs were selected from this category, therefore, in analytical formulations, the 

stiffness was assumed to be linear. The elastic stiffness of the single-disc spring, KDS, with È Ôϳ

πȢτ can be approximated by Equation 4.20. 
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Ͻ+ ϽÈ (4.20) 

 

Figure 4.4  Force-deflection curve of disc springs 

For a given disc size, it is possible to increase the stiffness and resistance through parallel 

stacking. Moreover, the deflection capacity of interest could be obtained by stacking the discs in 

series. Therefore, by using the combined stacking, both resistance and deformation capacity of 

interest would be achieved. The combined stacking of the disc springs in a rocking beam test is 

shown in Figure 4.5. The equivalent stiffness of the two sets of disc springs in combined stacking 

utilized in SCMRF-SRB systems can be obtained by the following equation. 

 +
ς.

.
Ͻ+  (4.21) 

Where .  and . are the number of disc springs in parallel stacking and the number of groups 

of discs in serial stacking in each set of combined stacking. It is recommended to set the design 

limit to 75% of the total deformation capacity of the set of disc springs (ί πȢχυὬ  [27] since 
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the actual behavior might deviate from the analytical prediction at larger deflections which follows 

by a progressive increase in force. 

 

Figure 4.5  Combined stacking of the disc springs in the rocking beam test 

It should be noted that the relative movement between the disc springs in parallel stacking and 

between the disc springs and the top/bottom connection plates produces a friction force that 

contributes to the energy dissipation of the system. However, due to the small coefficient of friction 

between these surfaces (0.005-0.05) [51,52], this effect is not considerable compared to the energy 

dissipation of the system and is not considered in this study.  

4.2.2 SCMRF-SRB Module with RHD Devices  

The schematic hysteresis curve of an SCMRF-SRB with RHD devices is shown in Figure 3.7. 

The key parameters required to characterize the inelastic response behavior of an SCMRF-SRB 

module with RHD devices are (1) initial stiffness, + ; (2) base shear at gap-opening, 6; (3) 

stiffness after gap-opening, + ; (4) systemôs strength, 6; (5) post-yield stiffness, + .  

Adding the RHD devices would increase the base shear at gap-opening negligibly. This effect 

would be considered by multiplying the amplification factor, ɻ ȟ calculated from Equation 3.12 
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to the gap-opening force, V0, obtained by Equation 4.8. The secondary stiffness, + , which is 

mainly provided by the elastic stiffness of RHD plates and the disc springs is obtained using 

Equation 4.22. 

 +
ρ

+ +

ρ

+
 (4.22) 

In the above equations, +  is the contribution of the RHD plates to the lateral stiffness after 

gap-opening which is calculated from Equation 3.14.   

The free-body diagram of a rocking beam with RHD plates is shown in Figure 4.6. As the 

lateral load increases, the bending moment in the RHD plates due to the force, 6, increases linearly 

until the outermost fiber in the RHD plates yields. After yielding starts, the stiffness decreases 

gradually until the RHD plates reach their plastic moment, - . In the analytical derivation, the 

bilinear elastoplastic material behavior was assumed for the RHD plates. The system's strength, 6 

is the summation of the base shear at gap-opening, 6, and the additional systemôs strength 

provided by fuse elements, 6 , and can be calculated through Equations 4.23 to 4.27.  

 6 6 6  (4.23) 

 6 6 Ͻ
,

(
 (4.24) 

 6
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 Ў Ў
6

+
 (4.28) 

Where 6  is the beam shear corresponding to the systemôs strength provided by the RHD 

devices, ÎȟÎ ȟ, and Ô denote the number of RHD sets in a frame, the number of RHD plates 

in one set, the length of one RHD plate, and the thickness of the plate connecting the RHD plates 

to the rocking beam, respectively. - , is the plastic moment of one RHD plate about its minor 

axis, & is the RHD material yield stress, Â and Ô are the base width and thickness of the RHD 

plates, and Ў is the displacement corresponding to the systemôs strength. 

It should be noted that Equation 4.24 which relates the beam shear to the base shear is valid 

only for one-story module frames with pinned column bases. For multi-story buildings and/or fixed 

column bases, an approximate method such as the portal frame method which is explained in the 

next section should be utilized.  

 

Figure 4.6  Free-body diagram of a rocking link with RHD plates in SCMRF-SRB 

After the formation of plastic hinges in the RHD plates, the lateral stiffness drops significantly. 

The post-yield stiffness, + , is mainly provided by the elastic stiffness of the disc springs; however, 

the linear hardening of RHD devices also contributes slightly. For SCMRF-SRB systems with 
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fixed column bases, the flexural stiffness of columns would also contribute to the post-yield 

stiffness.  

 +
ρ

+ +

ρ

+
 (4.29) 

Where +  is the lateral stiffness contributed by the linear hardening of the trapezoidal plates. 

According to Equation 4.25, in addition to the specification of the trapezoidal plates, the length, 

and depth of the rocking beam also affect the amount of energy dissipation, as by increasing the 

depth and/or reducing the length of the rocking beam, a larger amount of energy dissipation could 

be obtained. 

4.2.3 Effect of Friction Force  

After gap-opening, the free end of the rocking beam slides inside the brackets. Based on the 

experimental observations, this relative movement is accompanied by a friction force in the reverse 

direction and is proportional to the shear force in the rocking beam. The schematic load-

displacement behavior of a bare SCMRF-SRB with frictional contacts is presented in Figure 3.10, 

and the behavior of the system with fuse devices and friction force is shown in Figure 3.11. The 

effect of the friction force on the key parameters of the hysteresis curve (i.e. gap-opening force, 

systemôs strength, initial stiffness, secondary stiffness, and post-yield stiffness) would be 

considered by multiplying the friction factor, ɻ , to these parameters as explained in Chapter 3. 

4.3 Limit States and Design Procedures of SCMRF-SRB Systems 

Considering the system behavior, the potential significant events of the SCMRF-SRB systems 

are (1) gap-opening in rocking beam; (2) yielding of RHD devices; (3) yielding of frame members 

or PT steel rods; (4) strength degradation due to fracture of fuse devices, fracture of PT steel rods 
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or buckling of columns. In the experimental tests [18], no sign of yielding was reported in the disc 

spring up to the flattened position; however even if minor yielding occurs in the disc springs at 

large deformations, it will result in a minor PT loss because the applied initial deflection in the 

disc springs due to preloading process is much larger than the unrecovered deformation due to 

minor PT loss; therefore, yielding of the disc springs is not considered as a critical event. Under 

design bases earthquake (DBE), the frame members and PT steel rods should remain fully elastic, 

and under risk-targeted maximum considered earthquake (MCER), any strength degradation due 

to fracture of frame members, PT steel rod, or fuse devices should be prevented.  

Following a preliminary study based on FEMA P-695 [28], a response modification factor, R, 

equal to 6.5, and an overstrength factor equal to 3.0 are adopted here for the proposed system. The 

frame members including the columns, beam segments, and rocking beam are classified as ñforce-

controlledò elements and should be designed based on the ASCE/SEI 7-16 [29] seismic load 

combinations including the overstrength factor. The design systemôs strength should be provided 

by the RHD devices and gap-opening force; therefore, they should be sized based on the design 

force level. In a multi-story building, the gap-opening force and the size of fuse plates of each 

story should be calculated based on the beam shear corresponding to the design story shear derived 

from ASCE7 applicable method. The design beam shear force in the stories would be calculated 

from a secondary-order elastic analysis; however, in a preliminary design, an approximate method 

such as the Portal method would be utilized to estimate the design beam shear.  For an n-story, m-

bay SCMRF-SRB frame with similar bay width equal to L, the design beam shear forces of each 

story would be estimated by the following relationships. 
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Where 6 , 6 and ( are the design beam shear, design story shear, and story height of the j-

th story, respectively. The constant ʂ is equal to 1.0 for fixed column bases and 0.5 for pinned 

column bases. Moreover, if the stability coefficient of the story (per defined by ASCE7-16), ɗj, is 

greater than 10%, the design beam shear forces should be amplified by the ratio of 1/(1- ɗ). 

Equation 4.31 may be used for sizing the disc springs and RHD plates. 

 6 6 6 6  (4.31) 

Where 6ȟ6  and  6  are the beam shear in the j-th story corresponding to the story strength, 

gap-opening force, and the story strength provided by the fuse plates, respectively. In the next step, 

the systemôs strength should be distributed between the gap-opening force and RHD plates based 

on the energy dissipation ratio of interest, ɼ which is defined as the ratio of the energy dissipation 

capacity of a self-centering system to a bilinear elastoplastic system [30] and would be estimated 

using Equation 4.32. 

 ɼ ḙ
6

6

6

6 6
 

(4.32) 

Without considering the friction force, in the self-centering systems without any fuse 

device, ɼ is equal to zero, and to guarantee the self-centering performance of a system subjected 

to static loading, it is usually suggested to make  ɼ υπϷ, however, it will be shown that it is 

possible to design an SCMRF-SRB structure with ɼ υπϷ without negatively affecting the re-
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centering behavior of the system subjected to dynamic loading. The beam shear force 

corresponding to the required gap-opening force in the j-th story, 6 ,  and the beam shear force 

corresponding to the required strength provided by the RHD plates in the j-th story, 6 , should 

be defined using the following expressions.  

 6 ρ ɼ 6  (4.33) 

 6 ɼ6  (4.34) 

The total required PT force generated by the preloaded disc springs of the j-th story, & , 

defines the combination of size, the number of discs in parallel stacking, and the amount of 

preloading and should be obtained from Equation 4.35. The required plastic moment of a single 

RHD plate would be calculated using Equation 4.36. 

 & 6
ςÅ

Ä Ô
 

(4.35) 

 -
ȟ
6

,

ÎÎ
Ͻ
Å

$
 

(4.36) 

As mentioned in the previous section, the friction force increases the story strength; however, 

it is suggested not to count on the additional strength provided by the friction force for designing 

the disc springs and RHD plates since this additional strength is not significant at small drifts. 

After defining the size and number of disc springs in the parallel stacking based on the 

required PT force, the number of groups in serial stacking should be determined based on the 

required deflection capacity of the disc springs by considering the following two criteria: (1) the 

total deformation of the sets of disc springs should not exceed 75% of the deflection capacity at 

the drift demands of the system under DBE [27]; (2) the deformation capacity should be large 
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enough so that the disc springs do not reach the flattened position up to the drift demands of the 

system under MCER. Considering the drift limits of the SCMRF-SRB systems to be 2.0% and 

3.5% at DBE and MCER, the required deformation capacity of the sets of disc springs, ɝ , can be 

obtained by the following relationships. 

 πȢχυɝ ɝ ςȢπϷ
ɝ

(

Ä,

ςÅ
 (4.37) 

 ɝ ɝ σȢυϷ
ɝ

(

Ä,

ςÅ
 (4.38) 

Where ɝ  is the total deformation of the disc springs due to preload, and ɝ is the 

displacement at gap-opening, and other parameters were defined in the previous section. It should 

be noted that the elastic deformation of the PT steel rods and frame members is not considered in 

the above equations which are conservative assumptions. 

4.4 Numerical Modeling and Verification of Analytical Formulations  

In this section, the load-displacement behavior of an SCMRF-SRB is predicted by the 

analytical relationships and cross-validated with the results of numerical simulations. The 3D 

continuum finite element model (FEM) was built in a general FE analysis software ï Ansys 

academic version [31]. The 3D FEM is used to capture the local features and interactions between 

the components along with the global nonlinear response behavior of the system; furthermore, the 

planar wireframe model created using another general FE software ï OpenSees [32] was calibrated 

by the 3D FE modeling results and were later used for nonlinear response history analysis (RHA). 

4.5 SCMRF-SRB Module Specification 

For the SCMRF-SRB module shown in Figure 4.1, the following geometry was considered: 

H=3300 mm; Lb1=1605 mm; Lb2=3005 mm, and e=1400 mm. The frame members are made of 
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Grade A992 steel with a yield stress of 345 MPa. Section sizes of the frame members are listed in 

Table 4.1, in which Ä, Â, Ô and Ô represent the total depth, flange width, flange thickness, and 

web thickness of the sections, respectively. The yield stress of disc springs is 1600 MPa [27] and 

two sets of combined stacking disc springs preloaded to 24% of their total deflection capacity were 

employed. Each set contains three disc springs in parallel stacking and ten groups in serial stacking.  

The dimensions of the disc springs utilized in the module frame are listed in Table 4.2.  One 

PT steel rod made of A772 steel DYWIDAG bar with a nominal diameter of DPT=38 mm was 

employed to connect the cap plate of each set of disc springs to the plate connected to the free end 

of the rocking beam. The yielding and ultimate stress of A772 steel is 830 MPa and 1035 MPa, 

respectively. Two sets of RHD devices each containing four trapezoidal-shape steel plates were 

installed on each rocking beam. The thickness of RHD plates is 18 mm and their length is equal to 

120 mm comprising of a 30 mm tongue and 90 mm slanted part. The width of the plates is 165 

mm at the base which reduces to 60 mm linearly at the tongue. The RHD plates are made of low-

yield steel Q225LY with a yield stress of 225 MPa. The combined Chaboche and isotropic 

hardening (Fy=225 MPa, b=50, C1=20,000 MPa, g1=340, C2=800 MPa, g2=10) was used in 

Ansys and ñSteel-02ò material with isotropic hardening parameters (Fy=225 MPa, b=0.003, 

R0=17, cR1=0.85, cR2=0.15, a1=a3=0.03, a2=a4=1.0) was employed in OpenSees. 

Table 4.1 Members section size of the SCMRF-SRB module frame (Unit: mm) 

Member Section d tw bf tf Length 

Column W 500 20 360 30 H=3300 

Rocking beam W 350 30 250 40 e=1400 

Beam segment 1 W 630 30 330 30 Lb1=1605 

Beam segment 2 W 630 30 330 30 Lb2=3005 
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Table 4.2 Dimensions of the Disc Springs in SCMRF-SRB module frame (Unit: mm) 

Outer Diameter Inner Diameter Height Thickness 

De Di l0 tô 

180 92 16.5 12.1 

4.6 Numerical Modeling 

The 3D FE model of the SCMRF-SRB module shown in Figure 4.7 was established in Ansys 

software [31]. The entire rocking zone consisting of the rocking beam, fuse devices, disc springs, 

and parts of the beam was modeled using 20-node SOLID186 hexahedral-shaped elements with 

quadratic displacement behavior that can capture plasticity, large deflection, and stress stiffening. 

At the rocking points, surface-surface contact elements were adopted between the contact surfaces 

of the rocking beam flanges and the end-plate of the beam segment. On the free end of the rocking 

beam, the contact condition between the end-plate of the rocking beam and the brackets was 

modeled using frictional contact elements. In each set of disc springs, the contact condition of the 

first and last disc springs and the top/bottom connection plates were modeled using node-surface 

contact elements. The periphery nodes of the disc springs were restrained against tangential 

direction so that they are only allowed to move along the radial direction of the disc springs. The 

surface-surface contact elements were adopted between the surfaces of the disc springs in parallel 

stacking placed on top of each other. The disc springs in serial stacking were connected by node-

to-node coupling translational degrees of freedom on the contact lines. The columns and partial 

parts of the beam segments were modeled using beam elements, and the PT steel rods were 

modeled using link elements. Node-surface contact elements were utilized between the two ends 

of the PT steel rods and the outer surfaces of the cap plate of the disc springs and the end-plate of 

the rocking beam.  
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In the numerical model, the mesh size of those components which are not supposed to undergo 

large plastic deformation such as beams and columns is 20mm which is reduced to 10mm at the 

end of the rocking beam to capture the local behavior at the pivot points more precisely. For RHD 

plates and disc springs that experience large deformation, a mesh sensitivity analysis was 

performed to ensure the mesh independence requirement is satisfied. In this sensitivity study, a 

single disc spring was modeled using a different number of elements equal to 320, 2880, 5824, 

and 8640, and for an RHD plate, the number of elements was 666, 1134, 3796, and 10866. 

 

 

 

 

 

 

 

 

Figure 4.7 3D continuum FEM of the SCMRF-SRB module and components 
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According to their function in the SCMRF-SRB systems, the disc spring was subjected to 

axial loading while the RHD plate was subjected to lateral loading. The load-displacement 

behavior of these two components using different numbers of elements is presented in Figure 4.8. 

The results were converged if the number of elements exceeds 2280, and 1134 for a disc spring 

and RHD plate, respectively. In the FE model of the SCMRF-SRB module, the disc springs were 

modeled using 5824 elements and the RHD plates were modeled with 3796 elements. 

 

 

(A) (B) 

Figure 4.8 Mesh sensitivity on the load-displacement behavior: (A) Fuse plate; (B) Disc spring 

A schematic view of the planar wireframe model of the rocking zone consisting of the rocking 

beam, RHD devices, and sets of disc springs is shown in Figure 4.9. The wireframe model was 

built in OpenSess in which the frame members were modeled using ñforceBeamColumnò element 

with distributed plasticity and ñtwoNodeLinkò spring was employed to model the disc springs. In 

order to model the compression-only behavior of the discs and apply the preload, ñinitStrainò 

material in conjunction with ñElasticPPGapò material was assigned to these springs. The deflection 

capacity of the sets of disc springs was modeled using a ñTwoNodeLinkò spring with a large 

stiffness and an initial gap equal to the deformation capacity of the sets of disc springs. ñFlatSliderò 
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elements were utilized at the contact points of the rocking beam and the brackets to model the 

horizontal friction force and the normal compression force. The pivot (rotating) points of the 

rocking beam were modeled at one-third of the flange thickness from the outer surface due to the 

linear stress distribution assumption over the thickness of the flange. To simulate the gap-opening 

behavior, two ñzero-lengthò elements with ñElasticPPGapñ material were modeled between the 

pivot points of the rocking beam and the main beam. To model the varying cross-section of the 

RHD plates, multiple ñforceBeamColumnò elements with different cross-sections were modeled 

in series connections. The horizontal restraint of the RHD plates inside the bracket holder was 

modeled using a rigid compression-only ñzero-lengthò element between each side of the tip of the 

RHD plates and the bracket holder.  ñSteel02ò material from the OpenSees library was used for all 

structural members.   

 

Figure 4.9 Numerical modeling of the SCMRF-SRB module structure 

The detailed analytical calculations are covered in Appendix B.2. The key parameters 

calculated from analytical relationships are K1= 23.9 kN/mm; V0
+fr = 120.1 kN; Vy

+fr = 212.8 kN, 

and K3
+fr =1.9 kN/mm. Figure 4.10 shows the pushover curve of the module frame based on the 
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analytical relationships and results of the 3D FE and wireframe numerical simulations and Figure 

3.21 shows the Von-Mises stress contour of the rocking zone at 2.0% of the drift ratio. 

 

Figure 4.10 Comparison between the results of the analytical derivation and FE modeling of the 

SCMRF-SRB module 

4.7 Prototype SCMRF-SRB Building Prototype 

The seismic performance of SCMRF-SRB systems was studied through nonlinear static and 

RHA of a three-story prototype building, located in downtown Seattle. The framing plan and 

elevation of the structure are shown in Figure 4.12.  Four moment-resisting frames (MRFs) were 

considered along each periphery elevation as the lateral load-resisting system. Due to the 

symmetry in the building plan, one building elevation consisting of four MRFs was considered for 

the numerical modeling. The total seismic mass of the buildings is 2,375,000 kg which is divided 

uniformly between the two periphery SCMRF-SRB systems in each direction.   
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(A) 

 

(B) 

Figure 4.11 Deformed shaped and Von-Mises stress contour of SCMRF-SRB module at 2% of 

the drift ratio: (A) Elevation view (B) 3D view of the rocking zone 
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Figure 4.12 Plan and elevation view of the prototype SCMRF-SRB building 

The structure is designed based on the load combinations of ASCE 7-16 [29] and is assigned 

to the Seismic Design Category D. All structural members including columns, beam segments, 

and rocking beams were designed using seismic load combinations with an overstrength factor to 

remain elastic up to the drift demands of the structure at the DBE level. The same material 

properties mentioned in the previous section were utilized. Columns, beam segments, and rocking 

beams were designed with wide flange built-up sections which are listed in Table 5.4. Two sets of 

disc springs and two sets of RHD devices were employed in each MRF. The specifications of each 

set of disc springs and RHD devices utilized in each story are presented in Table 4.4. 

 

 

Table 4.3 Member sections of the prototype SCMRF-SRB building (Unit: mm) 

Load-transferring beam 

Rocking beam 

6 x 7.6 m 3 x 3.96 m 

4
 x

 7
.6

 m
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Story 

Section Dimension (d x tw - bf x tf) 

Column Beam Rocking Beam 

1 550x30-450x60 600x25-350x50 400x20-250x30 

2 550x30-450x60 500x20-300x35 350x15-250x25 

3 550x30-450x60 450x15-250x25 300x10-250x20 

 

Table 4.4 Properties of the RHD plates and disc springs of the prototype building (Unit: mm) 

Story 
 RHD Plate Specifications  Preload 

(% l0) 

Disc Spring Specifications 

 Qty LR bt bb tR  P S De Di l0 t 

1  2x4 140 25 60 25  25 3 17 200 112 17.5 14 

2  2x4 140 25 55 18  25 2 14 200 112 16.2 12 

3  2x4 140 25 50 12  25 1 12 200 102 16.2 12 

  

4.8 Nonlinear Static Analysis 

The mode shapes of the prototype building are shown in Figure 4.13. The natural periods of 

the three modes are 1.02 sec, 0.29 sec, and 0.13 sec and the first mode is the dominant mode with 

a modal participation factor equal to 92%.  The pushover was conducted using an approximately 

inverted triangular-shaped load profile conforming to the first mode shape. The loads were applied 

to nodes of the lean-on-column, and the structure was pushed to 2.0% of the roof drift ratio and 

unloaded. The pushover curve of the SCMRF-SRB system is presented in Figure 4.14, according 

to which the energy dissipation ratio, ɼ, of was calculated to be 50%. Moreover, the structure 

could re-center itself after unloading due to the restoring forces provided by the disc springs.  
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Figure 4.13  Modal shapes of the three-story SCMRF-SRB prototype building 

 

Figure 4.14  Pushover curve of the three-story SCMRF-SRB prototype building 
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4.9 Nonlinear Response History Analysis 

The seismic performance of the prototype building at the DBE and MCER levels was evaluated 

through nonlinear RHA. For this purpose, the far-field (FF) record set of ground motions from the 

FEMA P-695 [28] database consisting of twenty-two ground motion component pairs (a total of 

forty-four) horizontal ground motion records) was employed. The specifications and acceleration 

history of the ground motions are included in Appendix A. One ground motion from each 

component pair was selected for nonlinear RHA. The Newmark method with ɓ=0.25 and ɔ=0.5 

was utilized for the numerical analysis. System damping was introduced using classical Rayleigh 

damping by assigning a 5% viscous damping ratio to the first and second modes of the numerical 

model. The nonlinear springs, flat sliders, rigid elements, and gap elements that may bring about 

damping leakage were excluded from Rayleigh damping. The residual drifts were calculated as 

the average value of the drift response of the structures in free vibration over the last ten seconds 

of zero padding in each ground motion. Figure 4.16 presents the acceleration response spectrum 

with 5% damping of the twenty-two far-field ground motions together with the median spectrum 

and ASCE 7-16 [45] design response spectrum at DBE and MCER levels. 
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Figure 4.15 The spectral acceleration and median spectrum of the record set 

4.10 Results and Discussions 

In this section, the results of the nonlinear RHA of the prototype building subjected to the 

ground motions of the record set are presented. The maximum value of the peak responses between 

the three stories is reported as the maximum response. The maximum inter-story drift ratio (IDR) 

demands of the prototype building are shown in  Figure 4.16 with an ensemble median value of 

1.74% and 2.49% at the DBE and MCER levels, respectively.  

 

Figure 4.16 Maximum IDR response of the SCMRF-SRB prototype building 

The vertical profile of the IDR responses subjected to the ground motion GM-09, which results 

in the demands close to the median value, along with 16th and 84th percentile values of the peak 

drifts are presented in Figure 4.17.  

The maximum residual IDR of the prototype is presented in Figure 4.18, which shows almost 

zero median residual IDR at the DBE and MCER levels (< 0.01%). Only under one ground motion 

at MCER, the maximum residual drift is more than 0.2% which is due to the yielding of the PT 

steel rod and large inelastic deformation in the frame members; specifically the beam segments.  
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Figure 4.17 Vertical profile of the IDR of the SCMRF-SRB prototype building with 16th and 84th 

percentile values of the peak responses 

 

Figure 4.18 Maximum residual IDR response of the SCMRF-SRB prototype building 

The deflection ratio demands (smax/h0
ô) of the sets of disc springs are shown in Figure 4.19. 

The ensemble median of the maximum deflection ratio response of the disc springs at DBE is 45% 
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which is less than the design limit of 75%. At MCER, the ensemble median is 70%, and only under 

2 out of 22 ground motions, the disc springs reached their flattened position. 

 

Figure 4.19 Maximum deflection ratio (s/h0
ô) of the disc springs of the SCMRF-SRB prototype 

building 

The maximum normal stress response (maximum stress/yield stress) of the beam and columns 

at DBE are shown in Figure 4.20 with the ensemble median value of 70% and 73%, respectively. 

 

Figure 4.20 Maximum normal stress ratio (Fmax/Fy) in the frame members of the SCMRF-SRB 

prototype building 
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In summary, the SCMEF-SRB prototype building exhibited satisfactory design performance 

in terms of drift control, re-centering behavior, responses of frame members, disc springs, and steel 

PT rods. 

4.11 Structural Demands of a Typical Case 

In this section, the structural demands of the prototype building subjected to a typical ground 

motion case are presented. For this purpose, the structural responses of the third story subjected to 

GM-09 are illustrated at the DBE level. According to the story drift response history shown in 

Figure 4.21, the peak IDR response is equal to 1.30% and the story demonstrates a full re-centering 

performance with almost zero residual drift. The hysteresis behavior of the third story is illustrated 

in Figure 4.22 and the load-deflection behavior of the sets of disc springs is shown in Figure Figure 

4.24. The preload and maximum deflection ratio in the disc springs correspond to 25% and 45% 

of the total deformation capacity of the disc springs. 

 

Figure 4.21 3rdïstory IDR history of the prototype building under GM-09 at DBE 
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Figure 4.22 load-displacement behavior of the 3rdïstory of the prototype building under GM-09 

at DBE 

 

Figure 4.23 Stress-strain behavior of a trapezoidal fuse plate in the 3rdïstory of the prototype 

building under GM-09 at DBE 
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Figure 4.24 Force-deflection of the disc springs in the 3rdïstory of the prototype building under 

GM-09 at DBE 

 

Figure 4.25 Hysteresis of the frictional contacts in the 3rdïstory of the prototype buildings under 

GM-09 at DBE 
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4.12 Parametric Study 

To find the optimal values for the design parameters such as the length and location of the 

rocking beam as well as investigate the effect of energy dissipation capacity and post-yield 

stiffness on the structural demands of the prototype building, different parametric studies have 

been performed in this section. 

4.12.1 Location of the Rocking Beam 

Finding the optimal location of the rocking beam within the beam span length is one of the 

critical design parameters of the SCMRF-SRB systems based on preliminary study results. In 

SCMRF-SRB structures, the lateral movement of the two columns must be restrained by the side 

load-transfer beams [17], and since the metal deck floor slab is attached to the top flange of these 

beams, the tributary gravity load area of the moment frames within the building plan is not 

considerable. Therefore, to determine the optimal location of the rocking beam, only the behavior 

of the system under the lateral loads was considered. If the SCMRF-DRL module shown in Figure 

4.1 is subjected to a lateral load, P, the bending moment in the beam varies linearly from one 

column to another with the total height of P*H. In case the rocking beam is directly connected to 

the column, the maximum moment equal to P*H occurs at one end while the moment is almost 

zero at the other end, and if the free end of the rocking beam is shifted to the mid-span, an identical 

moment equal to 0.5P*H happens at each end of the beam segments. As a result, the beam segment 

in the first case requires a larger section, despite being subjected to a comparable lateral load. 

Additionally, in the analytical formulation of the initial stiffness, by considering the length of the 

beam segment connected to the free end of the rocking beam, Lb2, as the variable and equating the 

derivative of the initial stiffness to zero, the maximum initial stiffness could be obtained when the 
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length of the beam segment connected to the rocking beam is equal to half of the span length (Lb2= 

e + Lb1= L/2). 

The effect of the location of the rocking beam was further investigated by conducting a 

parametric study on the three-story SCMRF-SRB prototype building shown in Figure 4.26. Three 

different cases in which the free end of the rocking beam was assumed to be located at: (1) mid-

span, (2) quarter-span, and (3) end-span, were considered and RHA subjected to the suite of 22 

ground motions were conducted. The maximum IDR of the three cases is compared in Figure 4.27, 

and as expected, the minimum and maximum responses are related to case-1 and case-3, 

respectively. As a result, the optimal design will be achieved if the free end of the rocking beam 

is located at mid-span. 

 

 

Figure 4.26 Location of the rocking beam in the case studies 
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Figure 4.27 Maximum IDR response of the prototype building considering different locations for 

the free end of the rocking beam 

4.12.2 Length of the Rocking Beam 

The length of the rocking beam (or the rotation angle) directly affects the design of the disc 

springs and the fuse devices. According to Eqns. (7) and (23), the shorter the rocking beam is, the 

less restoring force and fuse device capacity are required to achieve a specified systemôs strength. 

Additionally, the post-yield stiffness and the length of the rocking beam are inversely 

proportional per Eqn. (10). On the other hand, according to Eqns. (39) and (40) the shorter length 

of the rocking beam corresponds to a larger amount of the required deformation capacity of the 

disc springs. If the length of the rocking beam is too long, the expected nearly rigid rocking 

behavior will be adversely affected, on the other hand, if the length is too short, the large rotation 

angle of the rocking beam results in large plastic strains in the fuse plates under the cyclic loading 

which might cause overly large ductility demand on the RHD trapezoidal plates.  

To investigate the effect of the length of the rocking beam on the seismic performance of the 

proposed system a parametric study was performed by considering the length of the rocking beam, 

e, equal to 10%, 15%, and 20% of the bay width. The specification of the disc springs and fuse 
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devices of the first case where e=10%L is presented in Table 4.4 where the preload is equal to 25% 

of the disc deflection capacity. 

The same size of disc springs was used for two other cases with a larger preload equal to 38% 

and 50% of the disc deformation capacity. The fuse devices of the second and third cases were 

designed based on the corresponding length of the rocking beam. 

The pushover curve of the three cases is shown in Figure 4.28, and the maximum IDR 

responses subjected to the suite of ground motions are presented in Figure 4.29. The results showed 

that although the larger length of the rocking beam results in lower post-yield stiffness, the median 

of maximum IDR responses was almost unchanged. 

 

Figure 4.28 Pushover curves of the case studies with different lengths of the rocking beam  
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Figure 4.29 Maximum IDR response of the prototype building considering different lengths for 

the rocking beam 

4.12.3 Energy Dissipation and Post-Yield Stiffness 

One of the key steps in the design process of SCMRF-SRB systems is to design the two 

strength components, which are fuse plates and disc springs. The systemôs strength should be 

provided by the fuse devices and gap-opening force (through preloaded disc springs) and their 

contribution depends on the energy dissipation ratio, ɼ.  

Additionally, the required PT force can be generated by using different sizes and/or the 

number of disc springs with specified preloading levels. For example, the same amount of PT force 

would be generated using larger disc springs with a lower preload or smaller disc springs with a 

larger preload. 

The post-yield stiffness is a function of the stiffness of the sets of disc springs; therefore, using 

different sizes of disc springs with different preloads, which would generate the same PT force, 

results in different post-yield stiffness. As a result, it is possible to attain the required strength with 

some flexibility in the design of fuse plates and disc springs. 
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Previous studies showed that post-yield stiffness is a primary factor affecting the residual 

deformations of non-linear systems under dynamic loading [53ï56]. To investigate the effect of 

the energy dissipation ratio, ɼ, and stiffness ratio, ɻ, which is defined as the post-yield stiffness 

to the initial stiffness, on the structural demands of the prototype building, a parametric study was 

conducted by considering these two key parameters as the influencing variables. 

The disc springs and RHD plates were designed for eight different cases based on the same 

design base shear. The detailed specifications of each case are summarized in Table 4.5. Four 

different values of ɼ equal to 25%, 50%, 75%, and 90% were considered as the main category. 

The cases with ɼ equal to 75% and 90% were included to investigate the seismic performance of 

a task-simpler and more cost-competitive cases since energy dissipation provided by RHD can be 

more economically delivered than preloaded disc springs, which show partial self-centering 

performance under static loads. Two values of ɻ were considered for each value ɼ by using 

different sizes and combinations of disc springs with different preload levels. The pushover curves 

of all cases are presented in Figure 4.30. 
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Table 4.5 Specifications of the cases in the parametric study (Unit: mm) 

    
Disc Springs Specifications 

(each set) 
 

RHD Plate Specification 

(each set) 

 

Case 
ɼE 

% 

Preload 

% l0 
Story P S Do Di l0 t  Qty LR bt bb tR 

 

B25-A1 

 

25 

1 3 14 250 127 21.8 16  4 140 170 60 18  

25 2 2 14 225 112 20.5 16  4 140 170 60 12  

 3 1 15 200 112 17.5 14  4 140 170 60 8  

B25-A2 

 

50 

1 3 24 200 112 16.2 12  4 140 170 60 18  

25 2 2 19 200 82 16.6 12  4 140 170 60 12  

 3 1 15 200 92 15.6 10  4 140 170 60 8  

B50-A1 

 

25 

1 3 20 200 112 17.5 14  4 140 170 60 25  

50 2 2 16 200 112 16.2 12  4 140 160 55 18  

 3 1 14 200 102 16.2 12  4 140 150 50 12  

B50-A2 

 

50 

1 2 24 200 112 16.2 12  4 140 170 60 25  

50 2 1 21 200 112 16.2 12  4 140 160 55 18  

 3 1 31 125 71 10.4 8  4 140 150 50 12  

B75-A1 

 

25 

1 2 18 200 112 16.2 12  4 140 200 70 28  

75 2 1 16 200 112 16.2 12  4 140 200 70 20  

 3 1 23 125 71 10.4 8  4 140 150 50 15  

B75-A2 

 

50 

1 1 24 200 112 16.2 12  4 140 200 70 28  

75 2 1 20 180 92 14.0 10  4 140 200 70 20  

 3 1 26 125 61 9.6 8  4 140 150 50 15  

B90-A1 90 10 

1 2 13 200 102 16.2 12  4 140 210 75 30  

2 1 20 200 102 16.2 12  4 140 160 55 25  

3 1 26 125 64 10.6 8  4 140 170 60 15  

B90-A2 90 25 

1 1 15 200 102 16.2 12  4 140 210 75 30  

2 1 20 125 64 10.6 8  4 140 160 55 25  

3 1 26 100 51 8.2 6  4 140 170 60 15  
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(A) (B) 

  

(C) (D) 

Figure 4.30 Base shear vs. roof drift relationship of the SCMRFs for parametric study:  

(A) ɓE=25%; (B) ɓE=50%; (C) ɓE=75%; (D) ɓE=90% 
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also found that the cases with the same ɼ and different ɻ has almost equal median IDR demands. 

Additionally, the median of IDR responses decreases if ɼ increases as the cases with ɼ equal to 

90% has the smallest median IDR response equal to 1.63% at DBE and the largest median IDR 

equal to 1.93% relates to the cases with ɼ equal to 25%. 

 

Figure 4.31 Ensemble median of the maximum IDR responses in the  parametric study cases 

with 16th and 84th percentile values of the peak responses  

  As shown in Figure 4.32, the ensemble median residual IDR of all cases is negligible. Even 

for the cases with ɼ equal to 90%, this ratio is less than 0.03% and 0.04% at DBE and MCER, 

respectively, which is minor and implies the re-centering performance of the cases with ɼ larger 

than 50% subjected to dynamic loads. 

The ensemble median of the deflection ratio (s/h0) of the disc springs at DBE and MCER is 

presented in Figure 4.33. It is found that the median disc deflection ratio of all cases was less than 

75% at DBE and in none of the cases, the median deflection ratio reached the flattened position at 

MCER. 
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Figure 4.32 Ensemble median of the maximum residual IDR responses in the parametric study 

cases with 16th and 84th percentile values of the peak responses  

 

Figure 4.33 Ensemble median of the maximum disc deflection responses in the parametric study 

cases with 16th and 84th percentile values of the peak responses  

As a result, all cases were able to fulfill the expected performance in terms of IDR responses, 

residual drift, and re-centering behavior and would define a valid design span for this particular 

three-story SCMRF-SRB building. 
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4.13 Summary Remarks 

In this chapter, the seismic performance of the self-centering moment-resisting frame system 

with a sliding rocking beam and preloaded disc springs (SCMRF-SRB) was investigated through 

analytical and numerical simulation studies. The analytical formulas of the systemôs key properties 

were derived and cross-checked by the results of the continuum finite element (FE) model. The 

design procedure was demonstrated with a three-story prototype building case study and its seismic 

performance was evaluated through nonlinear numerical static and dynamic analyses. The length 

and optimal location of the rocking beam within the frame girder were discussed, and the seismic 

performance of the prototype buildings was studied through a parametric study by considering the 

energy dissipation ratio, ɼ, and stiffness ratio, ɻ, which is defined as the post-yield stiffness to 

the initial stiffness, as the varying parameters. Based on the results of the nonlinear numerical 

simulation study of the considered prototype structure, the following findings can be made:  

¶ The SCMRF-SRB systems can be designed to achieve the target design performance in terms of 

inter-story drift ratio (IDR), re-centering performance, and the response of the disc springs, post-

tensioned (PT) steel rods, and frame members such as beams and columns. 

¶ It is viable in the design of SCMRF-SRB by selecting ɼ values varying between 25% and 90%. 

It is shown in this study that the three-story prototype buildings with a ɼ larger than 50% can 

still retain self-centering behavior while achieving more economical construction with lower 

requirements for the PT components of the system. Using large ɼ values not only lead to smaller 

IDR  demands but also results in a lower amount of initial PT force and the required number of 

disc springs which makes such design economically more affordable. 
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¶ The optimal design in terms of the location of the rocking beam could be made if the free end of 

the rocking beam is placed at the mid-span. Moreover, by selecting the length of the rocking 

beam between 10%-20% of the bay width, the target design performance could be achieved; 

however, the larger length of the rocking beam corresponds to a larger required PT force and 

fuse strength.  

¶ The required PT force may be achieved by selecting different combinations of sizes and 

quantities of disc springs with properly determined preload levels which would result in different 

stiffness ratios, ɻ. While such different combinations would not have any significant effect on 

the structural responses, employing larger disc springs with lower preloading levels leads to 

fewer disc springs requirement and a larger stiffness ratio, ɻ, which is desirable. 
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5.CHAPTER 5: Nonlinear Numerical Simulation Study of Self-Centering 

Modular Bracing Panels Considering Soil-Structure 

Interaction  

In this chapter, the nonlinear seismic response behavior of self-centering modular bracing 

panels (SCMBP) subjected to far-field and near-fault earthquakes has been investigated through 

numerical simulation considering the soil-structure interaction (SSI) effect. Analytical formulas of 

the load-displacement relationship of an SCMBP have been fully derived and are verified with 

nonlinear 3D continuum finite element (FE) analysis results. Considering the applicability of the 

numerical simulation and computational efficiency, four types of finite element models (FEMs) 

with different levels of varying have been developed.  

 In order to verify the anticipated performance of the developed system, nonlinear response 

history analyses (RHA) have been performed on three-story and six-story prototype buildings. For 

the three-story building, a parametric study was performed to examine the effect of the energy 

dissipation capacity and post-yield stiffness on the structural demands. For the six-story prototype, 

the effects of the near-fault ground motions with a velocity pulse on the structural responses were 

investigated. Additionally, the SSI effect on mitigating the seismic demands of the six-story 

prototype building has been studied by simulating the soil stiffness with distributed nonlinear 

springs as a discretized continuous medium based on the Beam on Nonlinear Winkler Foundation 

method. 
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5.1 Description of the System Behavior 

The schematic of the SCMBP module frame is shown in Figure 5.1. The connection of the 

braces to the beam-to-column joints is pinned while the other end of the braces has a fixed 

connection to the support beam. Post-tensioned (PT) cables provide the re-centering capability of 

the system and are elongated from the free end of the rocking links to the end of the strut columns. 

In this module frame, the two struts are acting as cantilever columns. In case a larger length of PT 

cables should be provided, it is possible to bend the cables at the floor level and elongate them 

through the floor beam and connect them to the outer flange of the main columns [21]. The 

horizontal movement of the free end of the rocking links is restrained by the two brackets which 

are located on the sides of the links. 

 

Figure 5.1 Schematics of SCMBP module inserted into a steel frame 
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After gap-opening the free end of the rocking link beams slides inside the brackets (Figure 

5.2). The relative movement ŭ generates a friction force in the vertical direction which also 

contributes to the energy dissipation of the system. Replaceable hysteretic dampers (RHD) are the 

main seismic fuse devices for energy dissipation which would dissipate the seismic energy through 

the flexural yielding mechanism. It is possible to utilize different arrangements of RHD sets in the 

rocking links and in case a large amount of energy dissipation is required, up to 4 RHD sets can 

be installed on each rocking link as shown in Figure 5.3. 

 

 Figure 5.2 Sliding movement of the rocking link inside the brackets in SCMBP 

 

 

Figure 5.3 Different arrangements of RHD devices 
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