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ABSTRACT 

In the past two decades, there have been significant advances in the development of self-

centering (SC) seismic force resisting systems. However, examples of SC systems used in 

practice are limited due to unusual field construction practices, high initial cost premiums and 

deformation incompatibility with the gravity framing. A self-centering beam moment frame 

(SCB-MF) has been developed that virtually eliminates residual drifts and concentrates the 

majority of structural damage in replaceable fuse elements. The SCB consists of a I-shaped steel 

beam augmented with a restoring force mechanism attached to the bottom flange and can be 

shop fabricated. Additionally, the SCB has been designed to eliminate the deformation 

incompatibility associated with the self-centering mechanism.  

The SCB-MF system is investigated and developed through analytical, computational, and 

experimental means. The first phase of the work involves the development of the SCB concepts 

and the experimental program on five two-thirds scale SCB specimens. Key parameters were 

varied to investigate their effect on global system hysteretic response and their effect on system 

components. These large-scale experiments validated the performance of the system, allowed the 

investigation of detailing and construction methods, provided information on the behavior of the 

individual components of the system. The experimental results also provided data to confirm and 

calibrate computational models that can capable of capturing the salient features of the SCB-MF 

response on global and component level. 

As a part of the second phase, a set of archetype buildings was designed using the self-centering 

beam moment frame (SCB-MF) to conduct a non-linear response history study. The study was 

conducted on a set of 9 archetype buildings. Four, twelve and twenty story frames, each with 

three levels of self-centering ratios representing partial and fully self-centering systems, were 

subjected to 44 ground motions scaled to two hazard levels. This study evaluated the 

performance of SCB-MFs in multi-story structures and investigated the probabilities of reaching 

limit states for earthquake events with varying recurrence period.  

The experimental and computational studies described in this dissertation demonstrate that the 

SCB-MF for steel-framed buildings can satisfy the performance goals of virtually eliminating 

residual drift and concentrating structural damage in replaceable fuses even during large 

earthquakes.  
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1. INTRODUCTION 

 

1.1  Motivation For Self-Centering Systems 

 

Traditionally, earthquake engineering has focused on protecting the lives of building occupants. 

Conventional seismic force resisting systems use inelasticity in structural members and 

connections to dissipate seismic energy and provide protection against collapse. For example, 

steel moment resisting frames (MRFs) are designed to dissipate energy through substantial 

yielding near the beam ends as shown in Figure 1(a). For steel concentrically braced frames 

(CBFs), energy is dissipated through inelastic buckling and yielding of braces (Chancellor, et al. 

2014) shown in Figure 1(b). Concrete shear walls dissipate energy through yielding of 

reinforcing steel and crushing of concrete at the base of the wall shown in Figure 1(c).  

 

 

Figure 1: Damage to conventional seismic lateral force resisting systems [from (Chancellor 

et al. 2014)].: (a) Steel moment resisting frame; (b) Steel concentrically braced frame; (c) 

Concrete shear wall 

A consequence of this design methodology is that conventional seismic systems do not explicitly 

limit the amount of structural damage, or offer a repair method that allows continued use of a 

structure after an earthquake. Recent earthquakes have demonstrated that although modern 

seismic codes prevent building collapse in most cases, that the economic losses due to 

earthquakes can be devastating. The financial losses due to the Chile Earthquake of 2010, 

Northridge Earthquake of 1994, and Kobe Earthquake of 1995, were estimated to be $30 billion, 

$20 Billion, and $100 billion respectively (USGS 2011). After the 6.3 magnitude earthquake that 

occurred in Christchurch New Zealand in 2011, 50% of the buildings in the central business 

district were declared unusable because they sustained significant damage or because they were 

adjacent to hazardous buildings and nearly 1000 buildings in the central business district were 

subsequently demolished. The estimated cost for rebuilding after this earthquake was $40 billion 

(New Zealand Dollars), which amounts to approximately 20% of New Zealand’s GDP, without 
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including economic losses associated with business downtime (Canterbury Earthquake Recovery 

Authority, 2014). 

 

Damage to the structure that includes yielding, buckling or fracture of structural elements causes 

permanent horizontal displacements to the structure, referred to as residual drift. Repairing 

structural damage is expensive and time-consuming because the damage is often distributed 

throughout the structure in many non-replaceable elements. If the damage is severe, or if there is 

significant residual drift, the structure may be demolished.  shows the floor displacement 

histories of a four story buckling resistant braced frame (BRBF) subjected to Maximum 

Considered Earthquake MCE simulation. Residual story drifts of magnitude 2.3%-2.7% were 

observed (Fahnestock, et al. 2007). 

 

Figure 2: Floor displacement response for MCE simulation [from (Fahnestock, et al. 2007)] 

1.2  Description of self-centering (SC) systems 

 

The development of performance-based earthquake engineering has drawn attention to a wider 

range of possible performance goals such as limiting the financial losses associated with 

structural repair and business downtime (ASCE 2006). In addition, structural systems that may 

be reused after significant loading events provide a sustainable alternative to traditional 

construction. To achieve performance goals related to reducing business downtime, structural 

reparability, and building reuse, it is necessary to eliminate residual drifts and concentrate 

structural damage in elements that either do not experience significant cyclic degradation or are 

replaceable.  

 

As a result, development of systems that can return to their initial position, following an 

earthquake is required, to minimize structural damage. Self-centering (SC) systems aim at 

reducing residual drifts after ground shaking. This results in reduced damage, since SC systems 

can be designed to resist relatively large earthquakes without significant damage to the structural 

system. In addition, they may be designed to allow energy dissipation under seismic loading 

using easily replaceable components which in turn reduces damage to the main structural 

components (beams, columns, etc).  
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There are two main components of a typical self-centering system. First, is a restoring force 

mechanism which is commonly provided by post-tensioning strands or bars. Some SC systems 

such as self-centering braces use shape memory alloys (SMA) for the restoring force mechanism.  

There are also self-centering systems that depend on gravity loads for restoring force.  Second 

component of a SC system is an energy dissipation device (hysteretic, friction, etc) which 

dissipates seismic energy and  limit peak drifts in the system. These devices can be designed 

such that they can be easily replaced after an earthquake, thus reducing repair time. 

 

The idealized  force-deformation behavior of a self-centering system is shown in Figure 3. The 

bilinear behavior of the restoring force mechanism combined with the idealized elastic perfectly 

plastic response of the energy dissipating element results in a flag-shaped hysteresis plot which is 

characteristic of a SC system. The flag shape hysteresis is idealized and the actual hysteretic 

behavior of self-centering systems may change from one cycle to the next in early loading 

cycles. The most common approach for creating a bilinear elastic restoring force involves gaps 

forming between two surfaces that are initially pre-compressed together. This gap-opening 

mechanism is further explained later in this chapter. Note that some types of restoring force 

mechanisms, like SMA based restoring force, exhibit slightly different hysteretic response. 

 

It is evident from the force-deformation relationship of a SC system that when the lateral force is 

removed from the system, it returns to a near zero drift state. Another observation that can be 

made at this point is that the shape of the hysteretic response can be tuned by the proportion of 

restoring force and energy dissipation components. 

 

 

Figure 3: Characteristic hysteretic response of self-centering (SC) system 

 

SC systems with horizontal post-tensioned elements have been studied for concrete MRFs, 

coupled walls and for steel MRFs (Ricles et al. 2001). A  more thorough literature review of self-

centering (SC) systems is presented in the next chapter. 
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Self-centering moment resisting frames (SC-MRFs) are closest related to the self-centering beam 

moment frames (SCB-MF). The following paragraphs highlight the need and advantages of 

SCB-MF over currently available SC-MRFs. In a typical self-centering moment resisting frame 

(SC-MRF) system, the horizontal post-tensioning elements clamp the beams to the columns as 

shown in Figure 4. During an earthquake, the post-tensioned connections decompress and 

develop a gap-opening that leads to effective softening of the system without structural damage. 

The self-centering (SC) capability is provided by the post-tensioning elements acting to close the 

gap. The energy dissipation in these systems is provided using supplemental energy dissipating 

elements, such as yielding angles or friction dampers. The gap- opening at the beam-to-column 

connection, however, causes the centerline of the beam to displace relative to the face of the 

column, Δg.  

 

As shown in Figure 4 , the gap openings have the cumulative effect of increasing the width of the 

moment frame by Δg*Nconn, where Nconn is the number of beam-to-column connections. A floor 

diaphragm, especially if it is a composite floor slab, constrains the expansion of this moment 

frame, thereby hampering the frame’s ability to open a gap. This in turns hinders the self-

centering capabilities of the system and cause damage to the floor system. This effect is 

commonly ignored in precast concrete SC moment frames, presumably because the jointed type 

of floor construction better allows the frame expansion. 

 

Although, schemes for accommodating the expansion of the floor plate (eg. Garlock and Li 

2008), they require the SC moment resisting frames to be located at the building perimeter, the 

diaphragm to be disconnected along large lengths of the moment resisting frame, and special 

detailing to allow horizontal frame expansion. Schemes for allowing floor plate expansion 

therefore restrict flexibility in frame layout and require non-typical construction detailing for the 

diaphragm. These systems require field construction methods that are uncommon in steel 

buildings including setting post-tensioning strands and anchorage, field fit-up of sensitive 

bearing surfaces, and post-tensioning procedures. Although SC moment frames can offer 

significant improvements in performance these construction related factors may be the reason 

that there is no example in the literature of the steel SC moment frames being used in buildings 

to date. 

The factors hindering the implementation of self-centering systems in practice include complex 

field construction which increases the cost of these systems and challenges associated with 

deformation incompatibility. Self-centering systems require field construction methods that are 

uncommon in steel buildings including setting post-tensioning strands and anchorage, field fit-up 

of sensitive bearing surfaces, and post-tensioning procedures. Even though a handful of self-

centering systems have been developed, they will not have the opportunity to reduce earthquake 

economic losses or business downtime unless they are implemented in practice. In addition to 

satisfying performance goals related to structural reparability after earthquakes, self-centering 
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systems need to be accessible to the construction industry, not cause deformation 

incompatibility, and be economically competitive with conventional systems. 

 

 

Figure 4: Self- Centering Moment Frame 

1.3 Brief Description to the self-centering beam moment frames (SCB-MF) 

A new self-centering beam moment frame (SCB-MF) has been developed which offers 

significant advantages in constructability, seismic performance and cost competitiveness when 

compared to currently available self-centering systems. SCB-MF are capable of resilient 

performance during large earthquakes, virtually eliminating residual drifts and concentrating 

structural damage in replaceable elements. Another major advantage of the SCB is that it 

eliminates deformation incompatibility with the gravity framing, thereby mitigating damage to 

the flooring system. These systems allow design flexibility to separately tune strength and 

stiffness of the system, thereby allowing more efficient use of steel as compared to conventional 

moment frames. The SCB-MF has the added benefit of being shop fabricated, making it more 

accessible to the construction industry by allowing for conventional field construction methods.  

 shows the schematic configuration of a SCB-MF and a brief introduction of the system is 

presented in the following paragraph. A more detailed description of the SCB-MF and the 

deformation mechanics is presented in Chapter 3. 

The self-centering beam (SCB) body comprises of a typical W-section beam which is augmented 

by the self centering feature bottom chord. The bottom chord comprises of concentric inner and 

outer tube at the bottom flange of the W-section beam. Horizontal post-tensioning strands 
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provide self-centering forces. The post-tensioning is subjected to strain due to the initial post-

tensioning stress, and superimposed strains due to additional elongation associated with the gap 

openings. The SCB employs post-tensioning through the two concentric tubes (centerline of the 

post-tensioning approximately coincides with the centerline of the concentric tubes).  

Replaceable energy dissipating elements in the SCB are highly ductile and resilient energy 

dissipation (ED) elements (referred to as ED fuses in this report ) that act as structural fuses that 

yield axially and discourage the any inelastic damage to the SCB body, frame columns and end 

connections.  

During earthquake loading, the concentric tubes move relative to each other (telescoping), 

thereby forming a gap- opening, seismic energy is absorbed by the ED fuses and the post-

tensioning acts to close this gap and bring the SCB back to its original configuration after the 

earthquake ground motion ceases.  

Unlike currently available SC moment frames, the distance between the columns remains 

constant throughout the loading process, thus eliminating the challenges associated with the 

deformation incompatibility with the flooring system. The deformation mechanism is inherently 

different than typical moment frames. However, the SCB-MF could be substituted in place of the 

special moment frames to provide enhanced seismic performance such as minimal residual drifts 

and concentration of structural damage in replaceable elements. The deformation mechanism of 

the SCB  is explained in detail in Chapter 3. 

 

Figure 5: Schematic diagram of SCB-MF 
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1.4  Research Objectives 

The objective of this research project was to investigate and validate the concept of SCB-MF. A 

large-scale testing program was conducted to validate the system performance and examine force 

distributions in SCB-MF members.  

 Investigate and validate the performance of the SCB, the construction details including 

the bearing of the tubes on the anchorage plates, the connections between the SCB and 

columns, post-tensioning procedures, and handling of a pre-stressed SCB and identifying 

limit states of the system such as PT strand yielding and fracture, ED fuse failure, etc and 

their effect on the global system behavior through a large-scale experimental program 

which accurately represents the field conditions.  

 Develop analytical expressions and computational models that can be used to deconstruct 

the complex interactions in this system and simulate the behavior of the system and its 

components. 

 Produce critical information about the probability of reaching each limit state when the 

structures are subjected to a given seismic hazard through a non-linear response history 

analysis and to illuminate the behavior of the SCB-MF system as it is applied to multi-

story structures with varying design parameters. 

 The global aim of this research is to propose practical code-based guidelines, fabrication 

details to provide practicing engineers with information that may help encourage 

stakeholders to implement this high performance seismic system in practice. 

1.5  Organization of This Dissertation 

This dissertation describes the development, fabrication, testing and investigation of self-

centering beam moment frame systems through analytical, experimental and computational 

means. It is organized as follows: 

 Chapter 1 briefly describes the concept of self-centering systems and some challenges 

associated with the currently available SC systems. This chapter also highlights the 

motivation behind the development of self-centering beam moment frames (SCB-MF). 

 Chapter 2 presents a review of the previous research associated with  the development of 

self-centering seismic force resisting systems, post-tensioning systems and energy 

dissipation elements. 

 Chapter 3 describes the concept and deformation mechanics of SCB-MF and also derives 

analytical expressions for important physical quantities related to the design of SCBs 

such as strength and stiffness. 

 Chapter 4 presents the details on how the large-scale experimental program test matrix 

was developed which includes the information on the prototype building which was 

considered for the design of SCB specimens in the test matrix. 
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 Chapter 5 give the details on the design and detailing of the SCB body, end connections, 

etc. It also summarizes the fabrication process of the SCB and presents an estimated cost 

of fabricating the SCBs. 

 Chapter 6 describes the component testing of the energy dissipation (ED) elements used 

in the SCB. This chapter includes the design and fabrication process of the ED elements, 

the test setup for the component testing, test results and analysis of the ED element 

behavior followed by a small study related to the end stability of the ED elements. 

 Chapter 7 presents the details of the large-scale experimental program including the 

description of the test setup, loading protocol, instrumentation, post-tensioning process 

and the implementation of ED elements in the test setup. 

 Chapter 8 is a discussion of the test results which synthesizes the test data to compare and 

contrast the results from different configurations. 

 Chapter 9 further delves into the experimental response of the SCB-MF and explores the 

different aspects of the behavior-SCB moments, peak stresses and gap-opening 

dimensions  

 Chapter 10 discusses a computational model developed to simulate the behavior of SCB-

MF. This chapter also highlights the modifications that need to be made in the existing 

model to better capture the experimental behavior of the SCB-MF. The last section of the 

chapter describes the formulation of a numerical model developed to predict the initial 

stiffness of the SCB-MF. 

 Chapter 11 proposes some modifications in the preliminary computational model to 

simulate the initial stiffness of the SCB-MF with reasonable accuracy. The last section of 

the chapter validates the final computational model by comparing the predicted local and 

global response of the system to the cyclic test results. 

 Chapter 12 presents the design of a set of archetype buildings with SCB-MF to conduct 

the non-linear response history analysis. This chapter also presents detailed guidelines for 

the design of SCBs for a given moment demand and self-centering ratio. 

 Chapter 13 discusses the modifications done in the one-story one-bay validated model to 

conduct the response-history analysis. This chapter also presents the test results which 

synthesizes the test data to compare and contrast the results from different configurations 

and also present information about the probability of reaching each limit state when the 

structures are subjected to a given seismic hazard. 

 Chapter 14 finishes the dissertation by summarizing the work done and highlighting the 

main findings and conclusions of the research. A design procedure for the SCB has been 

proposed based on the procedure used to design the archetype buildings with SCB-MF 

for the response history analysis. 
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2.  LITERATURE REVIEW 

 

There have been previous studies conducted on self-centering seismic systems. The literature 

review begins with a description of the three categories of self-centering systems: horizontally 

post-tensioned SC moment resisting frame systems, SC rocking frames and SC braces. The 

problem associated with the deformation incompatibility of SC moment frames with the flooring 

system which was mentioned in Chapter 1 has been discussed in detail. The literature review 

then goes on to examine previous work on the two critical elements of the self-centering beam 

system: the restoring force mechanism and the energy dissipating fuses.  Cyclic behavior of post-

tensioning strand systems are explored since they play an integral role in the behavior of the SCB 

as well as many other self-centering systems. Finally, specific examples of energy dissipation 

elements are presented. These ED elements were considered as options for implementation in the 

SCB-MF. 

2.1 Self-centering systems 

A large number of SC systems have been developed and investigated in the past. These systems 

can be categorized into three groups; 1) Self- centering moment resisting frame systems with 

horizontal post-tensioned (PT) steel elements (bars or strands) that develop flexural gap- opening 

between specified beams and columns when lateral load is applied; 2) Self- centering rocking 

systems, with or without vertical post-tensioned steel elements, that allow uplift at the base of the 

structure when lateral load is applied; and 3) Self- centering braced-frame  systems with SC 

braces that return to their initial length after undergoing shortening or elongation due to lateral 

load. The following sub-sections focus on the previous research developing and validating these 

SC systems. 

2.1.1  Self-Centering Moment Resisting Frames  

SC moment resisting frame (MRF) systems with horizontal post-tensioned elements have been 

studied for concrete MRFs and for steel MRFs (eg. Ricles et al. 2001). In a SC-MRF system, the 

horizontal post-tensioning elements clamp the beams to the columns as shown in Figure 4. 

During an earthquake, the post-tensioned connections decompress and develop a gap-opening 

that leads to effective softening of the system without structural damage. The restoring force is 

provided by the post-tensioning elements acting to close the gap. The energy dissipation in these 

systems is provided using supplemental elements, such as yielding angles or friction dampers. 

Section 2.3 presents various energy dissipation fuses used in the past in conjunction with SC 

systems. 
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A self-centering beam-column connection for prestressed precast concrete frames was developed 

(Guo, et al. 2012) with web friction devices to dissipate seismic energy. The testing results 

showed that the frame underwent a maximum relative rotation of 0.038 radians without 

significant damage to the beams or columns. Other examples of concrete MRFs include ( 

Rahman and Sritharan 2007, Priestley et al. 1999, Nakaki et al. 1999), coupled walls (Kurama et 

al. 2006) 

An example of steel SC-MRF is the system developed and tested on post-tensioned beam-to-

column connections known as PTED connection (Christopoulos et al. 2002). This connection 

incorporated post-tensioned high-strength bars to provide the restoring force along with energy 

dissipating bars that are able to yield in axial tension and compression. A large-scale PTED 

connection specimen was designed and subjected to the testing protocol developed for the SAC 

steel project (Clark et al. 1997) up to a maximum interstory drift of 4%. At 4% drift level, no 

noticeable damage was observed in the PTED connection other than the replaceable ED bars. 

The beam compression flanges did not buckle, no inelastic deformations occurred in the column 

panel zone or the column flanges, and no slip was observed across the beam-to-column interface. 

Furthermore at the end of the test, no residual drift was observed. A similar beam-column 

interior connection subassembly of post-tensioned wide flange beam-to-column moment 

connections were subjected to inelastic cyclic loading up to 4% story drift to simulate earthquake 

loading effects by (Garlock et al, 2007, Ricles et al., 2001) as shown in Figure 7. These 

connections, however, used a different kind of energy dissipation device (bolted top-and-seat 

angles) to dissipate seismic energy. 

Another kind of systems in which horizontal post-tensioning strands are used to create restoring 

force, is in coupled shear walls. Kurama et al. (2006) developed a type of hybrid coupled wall 

system in which the coupling of concrete walls is achieved by post-tensioning steel beams to 

concrete shear walls using unbonded post-tensioning tendons. Concrete walls are efficient lateral 

load resisting systems and the lateral stiffness and strength of these structures can be 

significantly increased by coupling two or more walls. Additionally, the PT strands provided the 

restoring force to reduce any residual deformation upon unloading. One advantage of the system 

is that it can be used to couple existing walls as part of a seismic retrofit. 
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Figure 6: PTED connection [from (Christopoulos et al. 2002)] 

 

 

 

 

Figure 7: Beam-column interior connection subassemblies of post-tensioned wide flange 

beam-to-column moment connections [from (Ricles et al. 2001)] 

Darling et al. (2012) proposed a variation on SC moment resisting frames that is referred to as 

the Self-Centering - Truss Moment Frame (SC-TMF system) as shown in Figure 8. The concept 

of this system was adopted and further developed for the design and experimental program of the 
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SCB-MF. The proposed system consisted of a truss configuration with pre-compressed 

concentric tubes that allowed for gap openings as the truss underwent racking deformations. The 

issue of deformation incompatibility is solved by the SC-TMF by moving the gap- openings 

within the truss at the bottom chord. This prevents gap- openings from interacting with the 

diaphragm directly or through bay elongation.  

The energy dissipation was allowed by using a highly ductile and resilient steel butterfly fuse 

plates to create a moment resisting frame with superior seismic performance. Another option for 

the energy dissipation element that was suggested (see Figure 8(b)) was using ED bars used by 

Christopoulos et al. (2002) in the PTED connection test. The configuration with ED bars was 

shown to display higher stiffness after gap-opening and was thus preferred over the butterfly fuse 

configuration to limit excessive drift.  

The main focus of the research was the conceptual understanding of the system behavior and  

investigation into the mechanics of how forces are transferred through the system. Equations 

were developed to describe the initial stiffness, moment causing gap- opening, stiffness after 

gap- opening, moment causing ED bar  yield, stiffness of the system after ED bar yield, and 

moment causing post-tensioning yield. These equations showed that the SC-TMF follows 

predictable behavior during lateral loading. 

   

 

(a) 
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(b) 

 

Figure 8: Self-Centering moment truss frame [from (Darling 2012)] (a) with butterfly fuse 

option (b) with ED bar option 

A parametric study was designed to build on the concepts of the initial mechanics investigation 

and examine the sensitivity of the SC-TMF to key design variables and evaluate how design 

parameters affect the behavior of the system. In this parametric study, the one bay, one story 

configuration (with ED bars) was utilized with a wide variation of design variables such as 

height of the truss, bay width, the ratio of initial post-tensioning stress to ultimate stress of the 

PT strands, moment capacity of the SC-TMF and the ratio of the restoring force provided by the 

strands to the yield force of the energy dissipation elements (ED bar) known as the self-centering 

ratio, SC. A 2-D computational model developed in OpenSees was used for the parametric study. 

Monotonic and cyclic static pushover analyses were conducted. A capacity based design and 

general design procedure were developed in order to implement the parametric study. The results 

of the study confirmed the validity of a number of design equations used in developing the 

models. 

The preliminary analyses also included nonlinear response history analyses of a four story 

prototype building for the 44 Near Field ground motion set that is specified in the FEMA P-695 

methodology. This was done to investigate whether the SC-TMF would behave as expected 

during dynamic loading.  

Preliminary design and analysis showed that the SC-TMF eliminated residual drifts, displayed 

high deformation capability (up to 6% drift), allowed design flexibility to separately tune 

strength, stiffness, and ductility can be shop fabricated allowing conventional field construction 

methods. In conclusion, the results of the initial investigations, mechanics investigations, 

parametric study design procedure, and parametric study results, were synthesized into a step by 
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step recommended design procedure for the SC-TMF for a given building layout and the design 

moment of the system.  

The research presented in this dissertation builds on the work by Darling (2012) to develop the 

SCB-MF with a slightly different configuration which is further explored in Chapter 3. To 

corroborate the findings of this study by Darling (2012), it was important to conduct an 

experimental program that would include a full scale, single-story systems using a cyclic 

pushover as well as component testing of ED elements and PT strands. These experiments were 

necessary to  determine the validity of the findings from the parametric study and to identify 

additional concerns that need to be taken into account during design.  

2.1.1.1 Effects of diaphragm system  

As explained in the previous chapter, the gap- opening mechanism associated with the self-

centering mechanism creates deformation incompatibility with the diaphragm system. The 

expansion of a PT frame must be accommodated by the floor system and the collector elements 

that transmit inertial forces from the diaphragm to the PT frame. In addition, the post-tensioned 

moment frame must be designed to accommodate the forces that develop as the floor system 

partially restrains the expansion. Garlock et al. (2008) developed closed-form equations that 

represented the influence of the floor diaphragm on the axial force that develops in the PT beams 

and the moments that develop in the connections. In this study, the floor diaphragm was 

represented by collector beams that transmit the floor inertial forces to the SC-MRF. The study 

concluded that collector beams with larger stiffness results in smaller relative displacements 

between the SC-MRF and the floor system (defined as the floor slabs, the floor beams that carry 

gravity loads, and the collector beams). However, it also results in larger axial forces and 

moments in the SC-MRF beams and connections. If the axial forces and moments become too 

large, the SC-MRF beams develop large strains, which can lead to the development of beam 

local buckling. Smaller collector beam strength results in more collector beams yielding. If a 

large percentage of the collector beams yield, the floor system does not self-center and a large 

residual displacement between the SCMRF and the floor system remains at the end of the ground 

motion. Thus, using larger number of collector beams is recommended as it results in improved 

performance through added redundancy. It is also recommended that the connection from the 

collector beam to the PT beam must be designed to resist the horizontal shear force. 

Several other considerations were also suggested during the construction of the slab to reduce the 

issues related to the incompatibility of floor diaphragm with the SC system. For example, the 

construction sequence must be such that the beams are post-tensioned before the slab is placed, 

when the floor system is flexible, so that the post-tensioning does not create significant initial 

forces in the collector beams. Clearance between the slab and the columns is recommended to 

permit column movement relative to the slab (i.e. a part of the slab surrounding the column will 

need to be cut out). 
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Apart from the issue related to deformation incompatibility of the SC-MRF with the floor 

diaphragms, several studies have been conducted in the past emphasizing the effect of a 

composite slab on the seismic performance on typical moment frame. In tests conducted on pre-

northridge-type moment connections and relatively shallow beams with a high degree of 

composite action (e.g. Leon et al. 1998 , Hajjar et al. 1988, Kim et al. 1988 ) it was observed that 

a composite slab effect is quite detrimental to seismic performance, causing a significant upward 

shift of the neutral axis under a positive moment and leading to premature fracture of the beam 

bottom flange. It was also observed (Chen and Chao 2001) that the slab effect can be very 

detrimental to the bottom flange performance even in RBS connections when a composite action 

is very strong. Conversely, experimental study conducted on deep composite beams with a low 

degree of composite action, and connection modification by using RBS by Lee et al. (2015) 

showed little or no negative effects due to the presence of a composite slab. The presence of a 

composite slab was shown to not cause any significant shift of the neutral axis and increased 

strain demand on the bottom flange. Instead, the composite slab was beneficial and helped 

improve seismic performance because local and lateral instability of the beams was decreased 

due to the bracing effect of the slab. In general, it was concluded that the bottom flange in a 

composite beam is always more strained than that in a bare steel beam for a given beam rotation 

demand, and therefore welded seismic steel moment connections and concrete slab should be 

designed and constructed to minimize the composite action. 

2.1.2  Self- Centering Rocking systems 

Past research shows that allowing rocking uplift at the base of a steel braced frame or concrete 

shear wall can reduce seismic damage of buildings subjected to strong earthquake ground 

motions (Clough and Huckleridge, 1977). Based on this knowledge, some rocking structural 

systems have been proposed.  

Conventional precast concrete shear walls have high stiffness, but limited drift capacity before 

significant damage occurs.  Several researchers have adapted self-centering techniques, such as 

gap-opening, to allow these systems to exhibit better seismic performance. A system of 

unbonded post-tensioned precast concrete walls that allow gap- opening at horizontal joints 

located at each floor level has been developed.  Vertical unbonded PT bars or tendons provide a 

positive stiffness after gap- opening, as well as a restoring force mechanism, as the PT force acts 

to close the gap. The lateral load behavior of this system was demonstrated through large-scale 

experiments (Priestley et al. 1999). Experimental results show that the unbonded post-tensioned 

precast concrete walls self-center and demonstrate better performance than conventional precast 

concrete shear walls  

Several self-centering rocking steel frames have also been developed where gap-opening 

typically occurs at the base of the frame and vertically oriented PT element is used to prestress 

the braced frame to the foundation. (eg. Wiebe et al. (2009, 2013), Roke et al. (2008, 2010)) An 

example of the self-centering rocking steel frame is the  controlled rocking frame system 
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primarily which consists of a post-tensioned steel braced frame that is designed to rock upon its 

foundation during an earthquake, elastic post-tensioning strands to provide overturning 

resistance and self-centering action, and replaceable structural fuses to dissipate earthquake 

energy. 

A large scale quasi static cyclic test was done on controlled rocking frame system at the NEES 

facility at the University of Illinois and on the E-Defense shaking table facility in Japan 

(Deierlein et al. 2011, Eatherton et al. 2010) as shown in Figure 9. Single and dual frame 

configuration was tested as a part of this program. The energy dissipation elements used in the 

frame was a type of shear yielding butterfly-shaped link fuse. The system employed post-

tensioning down the center of the frames. The parameters that were varied include single frame 

and dual frame configurations, quasi-static cyclic and hybrid simulation, fuse thickness, number 

of fuse plates, with and without pinned struts between the frames, strength ratio, ratio of self-

centering force to fuse capacity, and initial post-tensioning stress. Both single and dual-frame 

configurations performed well and was shown to successfully eliminated residual drifts as 

demonstrated by the near zero displacement when the load is removed. The cyclic tests were 

conducted to roof drift ratios between 3% and 4.2%. The permanent drift that remained after the 

force was removed was between 0.0% and 0.8%, although the majority of specimens exhibited 

0.1% drift or less. No local yielding or local buckling was observed during any of the tests 

outside of the post tensioning and fuses themselves. 

 

 

Figure 9: Rocking system (dual frame configuration) [from (Eatherton et al. 2010)] 

Roke et al. (2008) developed a self-centering concentrically brace frame (CBF) with beams, 

columns, and braces in a conventional arrangement with column base details that permit the 

columns to uplift at the. Gravity loads and post-tensioning (PT) forces (from PT steel) arranged 
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along the column lines in the system shown in Figure 9 resist column uplift and provide a 

restoring force after uplift. 

Azuhata et al. (2004) proposed the use of footing dampers to control the uplift response of the 

rocking system. Friction dampers (Roke et al. (2010)) have been used as energy dissipation 

devices. Some researchers have implemented  yielding base plates at multiple locations along the 

height of braced frame columns (Wada et al. 2001). Pollino and Bruneau (2004) proposed the 

use of rocking system for the seismic retrofit of steel truss bridge piers by adding passive energy 

dissipation devices. Pollino and Bruneau (2008) also examined retrofit of existing low ductility 

bridge piers by allowing rocking. Buckling restrained braces were used to dissipate energy, and 

gravity loads alone provided enough self-centering force. 

Some rocking systems rely on gravity loads to provide the restoring force that closes the base 

uplifting gap. (Pollino and Bruneau  2010). Using effect of building’s self weight, the rocking 

system can prevent the building structure from residual deformation even after a severe 

earthquake and can provide self-centering to the system. This design approach is effective in 

structures with large gravity loads such as bridge piers.  

Although SC rocking systems are effective seismic load resisting systems, they cause damage to 

the floor assembly around the frames due to incompatibility of vertical displacements between 

uplifting elements and surrounding non-uplifting columns. Although schemes for transferring 

diaphragm shear to the rocking frame while allowing uplifting deflections have been devised 

(Eatherton and Hajjar 2010), they require special detailing which can increase the cost and 

complexity of implementing the system. 

2.1.3 SC-Braced frame systems 

SC-braced frame systems combine the benefits of self-centering with the efficiency of a typical 

braced frame configuration. Self-centering braces return to their original length after undergoing 

axial elongation or shortening.  

 A SC brace was developed using post-tensioned high strain capacity aramid-fiber tendons to 

clamp the brace together known as the self-centering energy dissipative (SCED) brace 

(Christopoulos et al. 2008, Tremblay et al. 2010). As shown in Figure 10, inner and outer steel 

tubes are configured such that restoring forces are produced when both tensile and compressive 

forces are imposed on the brace. Energy dissipation is introduced using friction pads clamped 

together with pretensioned bolts. This system can undergo large axial deformation while 

providing a stable energy dissipation capacity and a full self-centering response (with negligible 

drifts at zero-force) within a target design drift. However, an important limitation on this type of 

brace, however, is that the post-tensioned tendons fracture when the brace is subjected to 

elongation greater than 1% causing a loss of strength and self-centering ability. 
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Liu et al. (2012) developed a kind of (Self-Centering Buckling Resistant Brace) SC-BRB with 

steel tendons as the pre-stressing system. The SC-BRB is a brace that can be substituted for a 

conventional steel brace or a buckling-restrained brace without changing the rest of the structure.  

But the braces' deformation capacity was small due to the limitation of elastic strain capacity of 

the steel prestressing tendons. To solve this problem, a dual-tendon self-centering system was 

developed (Zeng et al. 2013) to enhance the elongation of SCBRB with steel prestressing 

tendons. The system was set in such a way that each set of tendons elongates to produce twice 

the system deformation, thus extending the system's deformation capability. 

Shape memory alloys have been used in the past to achieve self-centering in braces. Miller et al. 

(2011) proposed a SC-BRB with pre-tensioned superelastic NiTi shape memory alloy (SMA) 

rods, which provide self-centering as shown in Figure 11 (b). Superelasticity in SMA refers to 

the fact that very large strains (up to 10%) can be recovered elastically upon the removal of load. 

This research took advantage of the superelasticity of SMA to develop an SC brace with 

pretensioned shape memory alloy (SMA) bars used in conjunction with a buckling restrained 

brace for energy dissipation. The superelastic range of SMA allowed large elastic elongation 

capacity well beyond what even a large earthquake could require. Other SC braces have also 

been developed using SMA elements (Dolce and Cardone 2006, Zhu and Zhang 2008). 

  

 

 

Figure 10: Self-Centering Energy Dissipating Brace [from (Christopoulos et al. 2008)] 

 

Yang et al. (2012) also used SMA to design a self-centering brace. The hybrid device developed  

was composed of three main components (as shown in Figure 11(a) ): (1) two high-strength steel 
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tubes to guide the movement of the hybrid device, (2) two energy-absorbing struts and (3) a set 

of re-centering wires fabricated from SMA that were wound within the freely-floating high-

strength steel tubes, exhibiting a double flag-shape hysteresis and re-centering the building after 

an earthquake. The SMA wires are located within the steel tubes and designed to be sufficiently 

long such that their deformation strain is within 6% strain. This hybrid device was designed to be 

used as a brace along a diagonal of a building to dissipate energy and provide re-centering 

capability. 

 

In some SC braces, the SMA wires were used to create the self-centering force and to dissipate 

energy, whereas in others, the high strain capacity of SMA wires was used to create the self-

centering force, but friction was used to introduce energy dissipation. 

 

 

 

 

 

(a) 

 

(b) 

Figure 11: SC- braces: (a) Smart Hybrid Brace [from (Yang et al. 2012)]    (b) SC-BRB 

[from (Miller et al. 2011)]  
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2.2  Post-Tensioning strand system 

With post-tensioning playing an integral role in the behavior of self-centering systems, 

understanding the behavior of post-tensioning PT strand systems as subjected to seismic loading 

conditions is critical. The vast majority of PT strand system research has been rooted in 

prestressed/post-tensioned concrete applications. PT strand systems in self-centering seismic 

systems, however, experience loading conditions considerably different from typical 

prestressed/post-tensioned concrete applications. Initial post-tensioning stresses in self-centering 

systems are typically much lower than that of standard prestressed/post-tensioning concrete 

applications to allow for additional elastic deformation capacity prior to yield and fracture. The 

PT strand systems in self-centering systems are subjected to large strain cycles into the inelastic 

range that in some cases can be large enough to cause fracture.  

The desirable characteristics of PT strand systems are: Large elastic deformation capacity and 

strength coupled with good high cycle fatigue performance and low relaxation properties. Low-

relaxation characteristics are important in PT strands used in SC systems because these systems 

might sit dormant for decades before the restoring force provided by the strands is activated 

during seismic events, and thus it is critical that the initial stresses in the strands not degrade over 

time due to relaxation of the steel since that will directly lead to a loss of self-centering capacity 

of the SC system.  

A typical yield plateau that is representative of mild reinforcing steel is not present for PT strand, 

as shown in Figure 12. For this reason, ASTM A370 (ASTM A370-05 , 2005)  dictates that the 

yield stress be recorded at an elongation of 1% following an initial load of 10% of the expected 

minimum breaking strength. ASTM A416 (ASTM A416-05, 2005) further sets minimum 

requirements of 37.2 kip, 41.3 kip, and 3.5% for the yield strength, ultimate strength and ultimate 

elongation of 0.5 in. diameter 270 ksi low-relaxation PT strands, respectively. 
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Figure 12: Load-elongation behavior of PT strands 

The anchorage systems are important component of the PT strand systems because they have a 

big impact on the strand elongation at strand fracture. There are a wide variety of options for PT 

strand anchorage systems. Although a large selection of multi-strand anchorage systems exist, 

this background section focuses on barrel and wedge monostrand anchorage systems that might 

be used in steel self-centering seismic systems. Monostrand anchorage systems are available in 

both single-use and multiple-use applications, 2-piece and 3-piece wedge configurations, wedges 

with and without rings, cast and barrel anchorage styles, as well as with both spring loaded and 

non-spring loaded caps. A schematic illustrating a few of these different configurations is shown 

in Figure 13. A study conducted in the University of Notre Dame (Kurama et al. 2010) 

concluded that multiple-use anchorage systems generally performed better than the single-use 

chucks. The study hypothesized that improved performance was due to superior material and 

tolerance standards used to allow repeated use, as well as the taller wedges that distribute the 

load more evenly when compared to shorter single-use wedges. 
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Figure 13: Different configurations for monostrand anchorage systems[ from (Kurama, et 

al. 2010)] 

Research on previous self-centering systems provide valuable information on the behavior of 

post-tensioning strand systems subjected to large cyclic loading. During large-scale tests 

conducted on rocking frames at the University of Illinois at Urbana-Champaign (Eatherton et al. 

2010), PT strand systems experienced fracture of individual wires at strains as low as 0.85%. It 

was hypothesized that these low fracture strains were due in part to installation procedures in 

which multiple pulls with the post-tensioning jack were performed resulting in the wedges re-

gripping on the same part of the strand. Conversely, in related large-scale tests conducted at E-

defense on rocking steel frames, PT strands did not fracture even when subjected to strains as 

high as 1.3% (Ma et al. 2011).  

An experimental investigation on the behavior of seismic resistant post-tensioned steel moment 

resisting frames performed at Lehigh University encountered some single wire fractures. The 

specimen was subjected to an initial PT stress of 73% of its guaranteed ultimate tensile strength 

(GUTS) with the objective of investigating PT strand system limit states. As shown in Figure 14 

, five wires fractured at elongations between 3 in. and 5.5 in. over a length of approximately 34 

ft. This implies that the superimposed strain was between 0.7% and 1.3% during these wire 

fractures, which would translate to a total strain of 1.4% to 2.0% (Garlock, 2002). 

During monotonic tensile load testing at the University of Notre Dame on steel wedge/barrel 

anchors, similar to the anchor configurations used in the coupled wall subassemblage 

experiments, individual wire fractures in the PT strands were observed at strains between 1% and 

1.3% (Shen 2006).  Large-scale testing of coupling beams also resulted in fracture of the PT 

strand system at approximate strains of 1.2% (Kurama, et al. 2006). 
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Figure 14: Total PT strand system force vs. displacement response [from (Garlock, M.M. 

,2002)] 

An important factor which affects the performance of PT strands subjected to cyclic loading is 

the way the wedges seat themselves into the main body of the chuck anchorage assembly. When 

the PT strand is subjected to forces larger than the previous peak tension force, the wedges of the 

anchorage system are pulled deeper into the chuck body. The displacement of the wedges causes 

a reduction in the post-tensioning force when the superimposed elongation (e.g. due to 

earthquake loading) is removed in comparison with the initial post-tensioning force. This 

reduction in post-tensioning force, denoted as post-tension seating losses, was witnessed during 

large-scale testing of controlled rocking steel frames at the University of Illinois at Urbana-

Champaign. It was noted that for the PT strand systems of a specimen that were post-tensioned 

to 29% GUTS (Guaranteed Ultimate Tensile Stress) prior to cyclic loading, the PT stress reduced 

to around 23% of GUTS even though the strands were not subjected to stresses beyond the 

elastic limit. One possible method for mitigating seating losses has been referred to as post 

blocking. Post blocking involves placing a hollow cylindrical object on the back of the wedges 

and manually seating the wedges by impact, such as with a hammer. The goal is to have the 

wedges sunk as deeply as possible into the chuck body prior to initiation of loading. 

  

To better characterize the behavior of PT strand systems subjected to inelastic cyclic loading, a 

testing program was conducted at the Thomas M. Murray Structures Laboratory at Virginia Tech 

(Bruce 2014, Bruce et al. 2016) to investigate important parameters related to self-centering 

system applications. This work was intended to support the large-scale testing of SCB.  The 

testing program for these strand systems was specifically designed to use the same strand 

material, anchorage elements, similar loading history, and initial post-tensioning forces. The 

testing program consisted of both monotonic and cyclic tests of PT strand systems to failure. 
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Variations in the test configuration included strand obtained from two manufactures, two types 

of multiple use anchorage systems, and several levels of initial post-tensioning strand stress. The 

aim of this program was to characterize the behavior of the PT strand  systems along with the 

monotonic and cyclic behavior of PT strand systems up to complete failure, investigate issues 

related to the installation and seating losses. Additionally, deformation capacity prior to initial 

wire fracture, additional deformation capacity after initial fracture, and the overall load-

deformation behavior was studied as a part of this research. 

Prior to the cyclic testing, tensile testing was performed on 270 ksi low-relaxation PT strands 

(0.5 in. and 0.6 in. diameter) to obtain material properties including: modulus of elasticity, yield 

strength, ultimate strength, and ultimate elongation. 0.5 in. strands from two different 

manufacturers (A and B ) and 0.6 in. strands from only one manufacturer (B) were used for the 

tensile testing. Note that strands from manufacturer B was used in the large-scale testing of SCB-

MF. The testing procedures followed ASTM A416. The specimens used to conduct the material 

property testing were cast using the epoxy method recommended in ASTM A370-07a to produce 

free-length fracture in the strand. The strands were tested using a Satec UTM (Universal Testing 

Machine), connected to an MTS 407 hydraulic controller. The Satec UTM had an ultimate stroke 

of 10 in. and a maximum tension/compression capacity of 300 kips. A total of thirteen tests were 

conducted to identify the material properties of the PT strand to support further testing of the PT 

strand systems. In addition, statistical analysis was completed to identify the variability of these 

properties and their associated characteristics as they relate to self-centering systems. The mean 

material properties for the tensile tests are tabulated in . In general, results were found consistent 

with the literature. Additionally, small standard deviation on yield strength and modulus of 

elasticity demonstrated the ability for the PT strand systems to produce consistent behavior in the 

elastic region.  

The tensile testing was followed by 24 cyclic tests on PT strand systems comprised of 0.5 in. 

diameter 270 ksi low-relaxation strand and multi-use spring-capped barrel and wedge anchorage 

chucks. Two types of anchorage systems were tested as a part of this program. The Precision 

Sure-Lock chucks (Chuck A) were considered typical chucks used in the PT industry, while the 

Hayes Industry chucks (Chuck B) are a new type of chuck system designed to achieve larger 

inelastic strains prior to fracture. 

Table 1: Material properties of low-relaxation PT strands [Bruce, 2014] 

Strand 

Diameter 

(in.) 

Manufacturer 

Ultimate 

Strength 

(kips) 

Yield Strength 

at 1% strain 

(kips) 

Young's 

Modulus 

(kips) 

Total 

elongation 

% 

0.5 A 45.3 39.3 28900 6.9% 

0.5 B 44.3 39 28900 6.9% 

0.6 B 61.3 55.6 28900 7% 
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A 55 kip MTS servo-hydraulic actuator with a 6 inch stroke was used for all tests. The PT strand 

system had an effective length of 6 ft and was loaded using two reaction blocks as shown in 

Figure 15. The strands were post-tensioned prior to cyclic loading using a standard industry 

hydraulic PT strand jack and chair bearing on the live end reaction block. Following the seating 

of the live end chuck, the force in the strand was adjusted using the actuator to the target initial 

PT force. The loading protocol was adapted from FEMA 461 (FEMA 2007) and consisted of a 

step-wise cyclic displacement history, increasing in amplitude by 40% after every two cycles. 

The displacement protocol included small initial displacement levels with least six amplitude 

levels in the elastic range. Since the PT strand have no true defined yield plateau, yield was 

defined using the ASTM standard of 1% total PT strand elongation (ASTM 2007). 

The test results showed that the recently available chuck type B are capable of developing 72% 

larger strains prior to wire fracture as compared to chuck type A. According to information 

provided by the manufacturer, the increase in strain capacity was due to the angle of the wedges 

and the angle of the chuck body which were modified to shift clamping stresses towards the back 

of the wedges reducing stress concentrations at the front of the wedges. It was also found that the 

strain at initial wire fracture was sensitive to the initial posttensioning stress. Mean values for 

total strain when the first wire fractured were 2.6%, 1.6%, 4.1%, and 3.5% for chuck type A 

stressed to 20% and 80% of GUTS and chuck type B stressed to 20% and 80% of GUTS 

respectively. Using statistical anaylsis, limits on the peak PT strain were suggested for Chuck 

type A and B. The suggested limits on PT strains were calculated as 2.0% and 1.0% for chuck 

type A with initial stress levels of 20% and 80% of GUTS respectively and 3.5% and 2.9% for 

Chuck type B initial stress levels of 20% and 80% of GUTS respectively assuming a target wire 

fracture probability less than 2% (two standard deviations below the mean). Values for 

intermediate values of initial stress may be obtained using interpolation. 

 

Figure 15: Inelastic Cyclic Loading Instrumentation Setup [ from (Bruce, 2014)] 
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Since the PT strands are made up of seven separate wires, the wires typically fracture one at a 

time. Thus, there is inherent redundancy built into the PT strand system unlike some other 

systems like PT bars. It was found that the PT strand system was able to withstand a 75% 

increase in elongation following initial fracture, prior to losing 50% of the PT strand system’s 

restoring force potential. A typical cyclic behavior of the PT strands with the associated limit 

states up to complete fracture is shown in Figure 16. 

 

As described previously, seating losses occur during cyclic loading of PT strands systems when 

the wedges slide further into the chuck body as the strand force increase past its previous 

maximum value. In order to achieve an accurate estimate for a self-centering systems restoring 

force potential, seating losses that occur within PT strand systems during cyclic loading (Floss) 

should be approximated using  Eq 2.1 and 2.2. 

 

    
   

      
 
 

 
                                                                

       
   
    

                                                                       

where, 

FPT  is the peak force expected in the PT strand during the event 

GUTS is the guaranteed ultimate tensile strength of the PT strands 

 Leff  is the PT strand length between anchorage 

EPT  is the modulus of elasticity of the PT strands 

APT  is the nominal cross-sectional area of the PT strands 

m and b are parameters given in . 
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Figure 16: Cyclic behavior of the PT strands [from (Bruce, 2014)] 

Table 2: Parameter values for b and m [from (Bruce, 2014)] 

Chuck 

Type  

Initial Stress 

% 

b m (mm) 

A 

20% 0.240 

0.164 
40% 0.517 

60% 0.696 

80% 0.866 

B 

20% 0.322 

0.185 
40% 0.655 

60% 0.735 

80% 0.878 

 

2.3 Energy dissipation elements 

Energy dissipation fuses are important elements of SC systems. They are replaceable elements 

that are designed such that all structural damage is concentrated in them, allowing the primary 

structure (beams, columns, etc) to remain elastic. There are several examples of structural fuses 

found in the literature and this section focuses on a few of them. 

2.3.1 General review of energy dissipation elements 

Research has been done on the various types of hysteretic energy dissipating elements for self-

centering moment frames. Christopoulos et al. (2002) proposed a SC-moment connections 

incorporating high strength post-tensioned steel bars in conjunction to energy dissipating bars 
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(ED) as shown in Figure 17 . These ED bars, when inserted in steel cylinders to limit buckling, 

were able to develop stable inelastic axial deformations in both tension and compression. The 

ED bars used in the test were 22 mm diameter No. 7 Dywidag System International (DSI) 

threaded bars with a nominal yield stress of 400 MPa. These bars had an unbonded length of 625 

mm. These bars were threaded into couplers that were welded to each steel plate. To limit 

buckling of the ED bars in compression, confining structural steel cylinders were introduced with 

a wall thickness of 3.5 mm and an interior diameter of 26 mm which allowed free axial 

deformation of the ED bars.  

 

 

(a) (b) 

Figure 17: ED bars used in PTED connection [from (Christopoulos et al. 2002)] (a) test 

setup (b) hysteretic behavior of ED bars 

It was observed that as the ED bar yielded in tension, plastic deformations occur in the threaded 

portion of the bar, which resulted in a slack in the coupler-bar connection upon reversal of the 

load. Despite the inelastic buckling of the ED bars inside the confining cylinders and the small 

slip in the couplers during loading reversal, the hysteretic behavior of the system was found to be 

stable with good energy dissipation characteristics. 

Energy dissipation devices similar to ED bars were used in experiments on unbonded post-

tensioned rocking bridge piers (Marriott, 2009). The dissipaters were manufactured in the Civil 

Engineering Laboratory at the University of Canterbury, New Zealand from 20mm diameter 

mild steel bar and with a reduced diameter over a specified fuse length. A 34mm (outside 

diameter) steel tube, with a wall thickness of 2 mm, was located over the machined area of the 
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steel bar and temporarily fixed in place. Epoxy was then injected into a hole provided at the 

bottom of the steel tube to ensure all the air is expelled out of the opening at the top. This epoxy 

steel-tube system prevented buckling of the machined length and allowed the dissipater to yield 

efficiently in compression. 

 

Figure 18: Energy Dissipation fuses used in experiments on unbonded post-tensioned 

rocking bridge piers [ from (Marriott, 2009)] 

Several other yielding devices were proposed in conjunction to the SC-moment resisting 

connections. Ricles et al. 2001, Garlock et al. 2005 proposed angles bolted on the top and bottom 

flanges of the beam and on the column flanges (such as in a) dissipating energy through inelastic 

bending, reduced flange plates (as shown in Figure 19 b) welded around a square-hollow-section 

column and bolted on the beam flanges as shown in Figure 19 (Chou et al. 2007).  

 

 

(a) (b) 

Figure 19: Energy Dissipating elements (a) angles bolted on the top and bottom flanges of 

the beam and on the column flanges [from (Garlock et al. 2005)]  (b) Reduced Flange plates 

[from (Chou et al. 2007)]  
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Web hourglass pins (WHP) , shown in Figure 20a, developed by (Vasdravellis et al. 2012) 

provided energy dissipation by inelastic bending of the WHP which are symmetrically placed 

(close to the top and bottom beam flange) to provide increased lever arm and increased internal 

moment resistance. The Pi-Damper, as shown in Figure 20 (b) (Koetaka, et al. 2005) developed 

at Kyoto University is a type of flexural yielding damper. It was made of cast steel to lower the 

cost and facilitate the manufacture. It dissipates energy through flexural yielding of the U-shaped 

segment, having smaller thickness as compared to the adjacent flat segments. The plastic 

strength of the pi damper can be controlled by adjusting the thickness and the width of the U-

shaped segment. These dampers were shown to be capable of sustaining a large number of cycles 

under significant plastic deformations. These dampers were designed in conjunction with special 

beam-column moment connections that aimed at minimizing the number of welds required for a 

typical moment connection. 

 
 

(a) 
(b) 

Figure 20: (a) Web hourglass Pins [ from (Vasdravellis et al. 2012)] (b) Pi- dampers [ from 

(Koetaka, et al. 2005)] 

Another example of a fuse that dissipates energy through flexural yielding is the yielding brace 

system (Gray et al. 2012). The Yielding Brace System (YBS) or the scorpion brace is hysteretic 

device that was developed to be used in concentrically braced frames. The system as shown in  

Figure 21(a) consists of two castings which connected one end of a traditional wide flange brace 

member to a specially designed splice plate/gusset plate detail. The other end of the brace was 

connected to the opposite corner of the brace frame through a traditional gusset plate connection. 

Each of the cast connectors consisted of an elastic arm and several yielding fingers. One end of 

the elastic arm was welded to the end of the brace member. The yielding fingers were on the 

other end of the elastic arm and were bolted to the splice plate assembly. Seismic energy was 

dissipated by flexural yielding of the fingers, which provided a nearly perfectly symmetric 

hysteretic response in tension and compression. 
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Steel plate fuses were used in FUSEIS project in Lisbon (Castiglioni, et al. 2012). These fuses 

were designed to work with beam-column connections to dissipate energy and prevent damage to 

the frame. Energy dissipation in these fuses take place through the bending (hogging and 

sagging) of the steel plate as shown in  Figure 21(b). Buckling of the fuse plates under hogging 

bending governed the hysteretic behavior of the fuse devices. Buckling in the fuse plates induced 

a loss of strength under hogging bending, which did not allow the plates to explore their full 

plastic capacities. However, other than that, the fuses showed a stable hysteretic behavior. 

Moreover, due to the concentration of the inelastic behavior only in the fuse devices, the 

irreplaceable parts (beams, columns and concrete slab) did not suffer any significant damage, 

and remained elastic as intended. 

 

 

 

(a) 
(b) 

Figure 21: (a) Yielding Fingers [ from (Gray et al. 2012)] (b) Steel plate fuses [ from 

(Castiglioni, et al. 2012)] 

 

Another set of energy dissipation fuses include the fuses where shear/flexural yielding of 

carefully designed thin links take place in order to dissipate energy. Examples of these fuses are 

ADAS, TADAS and butterfly fuses and are described in the following paragraphs. 

  

Added damping and stiffness (ADAS) dampers (Bergman and Goel 1987, Xia and Hanson 1992) 

as shown in Figure 22 consists of a set of plates, sandwiched together with spacers between 

them, anchored into two end blocks and bent about their minor axis. These plates were designed 

in two patterns. One pattern referred to as X-shaped consists of plates that are wide at the ends 

and tapered to a reduced section at the center. The other pattern consists of triangular plates that 

are fixed at the wide end and pinned at the reduced width end. The tapered shape of the plates 

encourages a uniform distribution of inelastic curvature along the length of the plate. 
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The triangular-plate added damping and stiffness (TADAS) dampers are similar to the triangular 

dampers tested by Bergman and Goel (1987), but improve upon the anchorage of the plates (Tsai 

et al. 1993). The wide end of the plates are welded into an anchorage block whereas the reduced 

portion ends in a pin that transfers lateral loads but is allowed to move up and down in a slotted 

hole. The anchorage of the TADAS damper reduces the sensitivity of the damper stiffness to the 

tightness of bolts as experienced with ADAS dampers. 

 

 

 

Figure 22: Added damping and stiffness (ADAS) 

Butterfly Fuses are typically steel plate fuses with specific cut-outs (Deierlein et al. 2009; 

Deierlein et al. 2010; Ma et al. 2010). These fuses utilizes diamond shaped cut-outs to produce 

hour-glass shaped links that develop flexural plastic hinges at the quarter points along the length. 

These fuses (see Figure 23) were experimentally tested at Stanford University. The links form 

flexural plastic hinges to dissipate energy. The hysteretic response of the butterfly fuse plate 

showed that these fuses have very stable hysteretic response up to shear strains in the links 

approaching 40 percent. The full and stable hysteretic response of the butterfly fuse plates can be 

attributed to the shape of the cutouts, which have been designed to allow for distributed yielding 

that initiates away from locations where stress concentrations are likely to occur. 
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Figure 23: Butterfly fuse and the buckling of links [from (Eatherton, 2010)] 

The experimental study also demonstrated that the behavior of the fuses depended on the 

thickness of the fuse plates. Thinner fuses were shown to buckle and undergo a progression of 

behavior including flexural yielding, lateral-torsional buckling, axial elongation at large 

deformations, and compression buckling. Thicker fuses, on the other hand did not buckle and 

exhibited full hysteretic behavior. Furthermore, thicker non-buckling fuse plates were shown to 

have little degradation in strength or stiffness after being subjected to deformation histories 

consistent with multiple large earthquakes (Eatherton et al. 2010). It was concluded that butterfly 

fuse plates that are designed to resist buckling and do not experience shear strains in excess of 

15% across the link length, will not need to be replaced even after large earthquakes (Eatherton 

and Hajjar 2010). 

Several types of frictional damping elements have also been used in self-centering systems. 

These systems usually consist of two or more plates that slide relative to each other (Rojas et al. 

2005; Kim and Christopoulos 2008a,b). However, it can be challenging to get consistent 

performance in friction damping elements. Some of the challenges include degradation of 

friction surfaces over time, changes in the friction coefficient during cyclic loading due to wear 

of the friction surfaces, and maintaining a consistent normal force. To achieve consistent 

performance of friction damping elements, these challenges must be addressed. In addition to 

hysteretic and friction damping elements, viscous damping elements have been proposed for use 

at the column bases of rocking frames (Tremblay et al. 2008). 

2.3.1 Small- scale BRB type energy dissipation elements 

This section describes some past work on small scale buckling restrained braces (BRB) like 

energy dissipation elements due to its direct significance for the present research since the energy 

dissipation elements in the SCB-MF had a design concept quite similar to a typical BRB. 

Buckling restrained braces (BRBs), first developed in Japan, are a widely used form of hysteretic  

energy dissipator that is implemented most often as diagonal bracing in buildings. A typical BRB 

consists of a core plate which yields when subjected to either elongation or shortening 
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deformations and a high strength outer casing filled with grout that provides lateral bracing to the 

core and thus prevents lower mode compression buckling of the core plate (AISC 2010) The 

typical buckling-restraining mechanism for a BRB consists of a  hollow structural shape (HSS) 

member that is filled with mortar, concrete, or other fill material (Watanabe et al, 1988, 2003, 

Clark et al. 1999, Kim et al. 2014, Tremblay et al. 2006, Wada et al. 2004) . The cross-sectional 

shape of the inner steel core can vary (e.g. Jia et al. 2014), but typically the yielding segment of 

the core is a plate with rectangular section. To minimize friction between the core and restraining 

member, several kinds of debonding material (Eryasar et al. 2010, Shin et al. 2012) or air gap 

have been used (Chou et al. 2009, 2010). The yield capacity of BRBs currently available is 

approximately 80-2000 kips. 

There are several examples in the literature that highlight the potential applications for small 

capacity BRBs (e.g. 5-50 kips capacity) for energy dissipation and as sacrificial fuse elements to 

prevent damage to the primary structure. Small capacity axial hysteretic energy dissipators have 

been used in self-centering moment connections (e.g. Christopoulos, et al. 2002) and post-

tensioned cantilever bridge piers (Marriott et al. 2009). Small capacity hysteretic braces have 

also been used as knee braces in the seismic retrofit of reinforced concrete moment resisting 

frames (RCMRFs) (Benavent-Climent, A. 2006) and in simple frame structures to resist seismic 

loads (e.g. Kim et al. 2003, Suita et al. 2001). In other instances, a commercially made small 

capacity buckling-restrained brace (20 kips yield capacity) was investigated as an option for 

ductile end cross frames in steel plate girder bridges to resist transverse earthquake loading 

(Carden et al. 2004). Tsampras et al. (2015) also used commercially-made small capacity BRBs 

(approximately 11 kips yield capacity) as a horizontal deformable connection between the lateral 

force resisting system and the gravity load resisting system.  

Research has been conducted on the development of replaceable energy dissipating elements 

with a design concept similar to the BRB. The majority of these designs used solid cylindrical 

bars such as Dywidag System International (DSI) threaded bars, reinforcing steel bars, or 

machined solid steel cylinders (e.g. Christopoulos, et al. 2002, Marriott et al. 2009, Suita et al. 

2001, Palazzo et al. 2009). Hollow cylindrical tubes were most commonly used for restraining 

the steel core against buckling. Suita et al. (2001) used a restraining sheath made of a steel tee 

section to confine the steel plate core against buckling. Mortar or epoxy was used as filler 

material in the space between the restraining element and the steel core. To minimize friction 

between the restraining element and core plate, several types of debonding agents were used 

such as - Teflon®, rubber sheet, and grease lubrication. The end connection for these hysteretic 

energy dissipators were either pinned ( e.g. Carden et al. 2004, Tsampras et al. 2015), bolted or 

fully fixed (e.g. Christopoulos, et al. 2002, Marriott et al. 2009, Suita et al. 2001, Palazzo et al. 

2009). The rotational rigidity of the end connection zone however, varied depending on the 

expected rotations of the connecting elements (i.e. beams and columns). 
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3. SCB-MF CONCEPT 

 

 

The self-centering beam moment frame (SCB-MF) builds on the self-centering  truss moment 

frame concept proposed by Darling et al., (2012). It however, uses a different configuration 

wherein the truss has been replaced by a W-section. A detailed design of this configuration is 

discussed in Chapter 5. 

3.1 Deformation Mechanics  

The SCB body comprises of a typical W-section beam which is augmented by the restoring force 

feature-bottom chord. The bottom chord comprises of concentric inner and outer tube as shown 

in Figure 24. The events which describe the mechanism of a SCB are listed below.  

1. The outer tube is welded to the bottom flange of the W-section.  When the columns are 

subjected to lateral drift, the beam causes the outer tube, which is not connected to the 

moment frame columns, to move laterally in unison with the beam.  

2. The inner tube is connected to the columns and moves laterally relative to the outer tube 

(telescoping) as the columns rotate associated with story drift. 

3. The post-tensioning strands pass through the concentric tubes and are subjected to initial 

post-tensioning stress before the SCB is subjected to lateral loading.  Post-tensioning 

strands pre-compress the concentric tubes and encourage the inner and outer tubes to be 

aligned. 

4. Free floating anchorage plates (at the two ends of the concentric tubes) slide over the end 

connections, and are held in place by the post-tensioning force. During lateral loading, 

the inner tube bears on the anchorage plate at one end (left end in Figure 24), while the 

outer tube bears on the anchorage plate at the other end (the right end in Figure 24) 

creating gap openings between the tubes and anchorage plates at both ends. 

5. Energy dissipation (ED) fuses dissipate seismic energy through plastic axial 

deformations. One end of the ED fuse is connected to the inner tube and the other end is 

connected to the outer tube. The telescopic movement between the two tubes cause the 

bars to deform axially and dissipate energy. The design and implementation of these 

fuses is presented in a later section. 

A few key characteristics of the SCB can be observed from the above discussion. Since the 

distance between the columns remain constant and the gap openings related to the self-centering 

mechanism are internal (at the bottom chord), there is no deformation incompatibility between 

the SCB and  the diaphragm. This system, therefore eliminates the need for special detailing of 

the diaphragm because there is no horizontal frame expansion.  
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Additionally, in a conventional moment frame, the design of the frame elements is controlled by 

stiffness, so the moment capacity moment frames is larger than that necessary to satisfy strength 

requirements.  Strength of the beam drives the strength demands in the connections and columns, 

so there is considerable overstrength in all these elements.  It was found that in some cases the 

moment demand may be as low as 25% of the moment capacity of the moment frame beams. 

This idea is further elaborated in Chapter 4, using the example of a prototype building that is one 

of the SAC configurations (Gupta and Krawinkler 1999). 

 

 In SCB-MF, the strength of the system is governed by only by fuse yield capacity and initial 

post-tension force and not by the dimensional features of the SCB and its components. The initial 

stiffness of the system on the other hand, was found to be governed by the area of the tubes, W-

section, PT strands, ED fuses, specimen depth and the initial post-tensioning force. This kind of 

decoupling allows for a more efficient use of steel when compared to a conventional moment 

frame. Even though the amount of steel in the SCB may be more than the beam used in 

conventional moment frames, the efficiency in design comes from reduced overstrength of the 

beam which results in reduced connection sizes and reduced demands on columns and 

foundations. 
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Figure 24: SC-BMF subjected to lateral loading 

3.2  Expected Global Behavior  

The idealized behavior of the SCB (along with the component behavior of the post-tensioned 

beam and ED fuses) when subjected to cyclic loading is shown in Figure 25. The key events that 

define the response of the system are described in the following paragraphs. After the loading 
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begins at point A, the SCB body (W-section and the concentric tubes) contribute to the stiffness 

of the system as the tubes decompress. Once the lateral force becomes large enough to overcome 

the pre-compression force provided by the PT strands, gap opening occurs between the 

anchorage plates and the tubes which is marked as point B in Figure 25. An equation to predict 

the applied moment associated with this event will be presented in the next section. The gap 

opening causes a softening of the system load-deformation response which is evident from the 

decrease in the stiffness of the SCB-MF as shown in Figure 25(c). This reduction in stiffness is 

desirable because it limits the forces that can develop in SCB-MF (i.e., softening occurs without 

structural damage). The telescopic movement of the tubes after the gap opening causes axial 

deformation of the ED fuses and eventually leads to their yielding (marked as point C in Figure 

25). The stiffness of the system after gap opening is controlled by the axial stiffness of the PT 

strands, post-yield stiffness of the ED fuses, and their location with respect to the point of 

rotation of the SCB. 

Depending on the amount of initial stress applied to the PT strands and the amount of lateral 

loading, the PT strands may yield and eventually fracture. However, these limit states are not 

shown in Figure 25, but will be discussed later in report. After the load reversal (point D), the 

fuse yields in the opposite direction (point F) and the gap closes at point G. Finally, at the end of 

the loading cycle (point H) the SCB returns its original position with near-zero drift. 
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Figure 25: Schematic representation of the expected global response of a SCB-MF (a) 

behavior of the post-tensioned beam (without ED fuses) (b) behavior of ED fuses (c) 

behavior of SCB 
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3.3  System Equations 

Equations that define the moment capacities of a SCB at different stages during the loading and 

other important parameters related to the design of the SCB, are presented in this section. 

Additionally, post gap-opening stiffness contribution of the PT strands to the total stiffness of the 

SCB, KPT,  has also been derived.  

The free body diagram of the SCB (with outer tube and inner tube separated) is shown in Figure 

26. The forces on the W-section, inner tube and outer tube are shown separately. After the gap 

opening has occurred, the anchorage plate bears on the outer tube on the right end and inner tube 

on the left hand. Thus, the force due to PT strands (FPT) is exerted on the inner tube at the right 

end and outer tube at the left end of the SCB. The W-section and the inner tube are connected to 

the column and the horizontal reactions exerted by the column are FTL, FTR, FIL, FIR. Due to the 

gap-opening, the fuses elongate and the force exerted by the fuses on the inner and outer tube is 

given by FED. The vertical shear force at the two ends of the SCB is given by VR and VL . 

 

Figure 26: Free Body Diagram of the SCB (after gap opening) 

Summing up all the horizontal forces in the inner tube,  

                                                           (Eqn. 3.1) 

The moments caused by the horizontal force couples at each end of the SCB, M1 and M2 is given 

by equation 3.2. Note that the fuses and the PT strands work along the same line of force 

(centroid of the concentric tubes) and hence the moment lever arm for both the forces is dSCB.  

   
             

 
                                           (Eqn. 3.2) 

 

   
             

 
                                                  (Eqn. 3.3) 



39 

 

Adding equations 3.2 and 3.3, and then substituting Eq. 3.1 

      
                     

 
                                  (Eqn. 3.4) 

From the equilibrium of the entire SCB, 

 

                                                            (Eqn. 3.5) 

                                                      (Eqn. 3.6) 

                                                               (Eqn. 3.7) 

As mentioned above, the moments at both the ends in a SCB act together to decompress tubes, 

cause gap- opening, and deform fuse. The moment associated with events such as gap- opening 

or fuse yield of the SCB at any stage of loading is the summation of the two end moments and is 

given by, 

                                                           (Eqn. 3.8) 

The moment capacities of the two ends of the SCB         are not independent. These end 

moments act together and equations can be derived to relate the sum of end moments to gap- 

opening moment capacity and fuse yield moment capacity of the SCB. These equations are 

presented in the next few paragraphs. 

The behavior of a SCB-moment frame under lateral loading, can be partially characterized by 

moments associated with two key events. The first is MPT , where the decompression of the 

concentric tubes occur and the gap opens between the anchorage plate and the two concentric 

tubes. The expression for MPT  can be derived using equation 3.7 by setting     equal to zero 

because ideally the ED fuses do not experience at force prior to gap-opening 

                                                              (Eqn. 3.9) 

where,  

APT total cross-section area of the post-tensioning strands 

fPTi initial post-tensioning stress 

     SCB depth measured from the center of the top flange of the W-section to the 

centroid of the inner tube. 

The gap- opening causes axial deformation of the ED bars and eventually leads to their yielding. 

The design moment of the SCB is defined as the sum of the ED fuse yield moment capacity and 

the initial PT moment.  The actual moment at the rotation when the fuse yields is, however, 

larger because the post-tensioning force increases because of additional PT elongation after gap- 

opening. The ED fuse yield moment and the design moment of SCB is given by, 

                                                                    (Eqn. 3.10) 
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                                                                           (Eqn. 3.11) 

where, 

    is the total cross-sectional area of the ED fuses 

fyED yield stress of the ED fuse material 

The  ratio of initial post-tensioning force in the PT strands to the ultimate tensile strength of the 

strands, PTi affects the deformation capacity of the SCB. Larger levels of initial post-tensioning 

stress leave less strain capacity in the PT strands before yield and fracture and will thus limit the 

deformation capacity of the entire system. Typical values of PTi expected for the SCB ranges 

from 0.30-0.70. To  allow enough deformation capacity of the SCB-MF up to 6% story drift, the 

SCB specimens were designed such that the PT strands would not yield before 2% story drift. 

The story drift at PT strand yield was evaluated by calculating the superimposed strain, εsup 

(strain at any point minus the strain associated with the initial post-tensioning) in the PT strands 

that will cause the strands to yield.  

           
    

   
                                                   (Eqn. 3.12a) 

Assuming rigid body motion of the whole frame, the story drift of the moment frame which 

causes this superimposed strain in the PT strands is calculated using equation 3.12b. 

                  
   

    
                                     (Eqn. 3.12b) 

where, 

    is the modulus of elasticity for PT strand material taken as 29000 ksi  

    is the length of PT strands taken as 185 in for experimental specimens 

      is the yield strain of the PT strands taken as 0.01 in/in 

The SC ratio is the ratio of restoring moment provided by the PT to the moment associated with 

yielding the energy dissipating fuses and is given by, 

         
   

     
                                                    (Eqn. 3.13) 

In the tested configuration, both the fuses and the PT act along the same line of force (the 

centroid of the concentric tubes) and thus the SC ratio simplifies to the ratio of the initial PT 

force to the axial yield force of the energy dissipation fuses. SCBs with SC ratio greater that 1 

implies that the restoring force (provided by the PT strands) is higher than the ED fuse yield 

force which means that the beam will return to the original position when the lateral loading is 

removed with negligible permanent drifts. Conversely, SCBs with SC ratio less than unity cannot 

return to their original positions after the loading is removed and display some permanent 

residual drifts.  
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The SC ratio of a SCB defined initially (based on initial post-tensioning stress and ED fuse yield 

force), may reduce loading due to some factors. After the system is subjected to lateral loading, 

the PT strands see a loss in the initial post-tensioning stress due to development of  inelasticity 

and cyclic seating losses. Additionally, upon yielding, the ED fuses experience strain hardening 

resulting in forces higher than initial yield force. Due to the combined effect of loss in post-

tensioning stress in the PT strands and fuse hardening, the SC ratio of SCBs tend to reduce. This 

idea is further explored in Chapter 8 and 9.  

For design purposes, self-centering capacity of the SCB can be adjusted by tuning the relative 

magnitudes of the initial PT stress ( by tuning the total PT force and/or nominal area of the PT 

strands) and the capacity of the energy dissipation elements.  

The contribution of the post-tensioning strands to the post gap-opening stiffness of the SCB is 

given by equation 3.14. KPT calculated is compared to the experimental stiffness and the results 

are presented later in the dissertation.  

                        
    

    
 
       
    

 

      
   

        

    
    

 
      
   

       
                              

 

where, 

     is the rotation of the SCB with respect to the column. 

     is the gap- opening at both anchorage plates  
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4. DEVELOPMENT OF TEST MATRIX 

 

A prototype three-story building was used to define realistic masses and forces tributary to a self-

centering beam moment frame (SCB-MF) which are then scaled using similitude. The design 

equations presented in the previous section are then used to the design the test specimens. The 

main focus of the chapter is the development of the test matrix for the experimental program 

which includes the moment capacity of the SCB, the post-tensioning force, fuse yielding force 

and the self-centering (SC) ratio for each SCB specimen tested. 

4.1 Prototype Building I 

The design resistance of the tested configurations of the SCB is based on a prototype building 

that is one of the SAC configurations (Gupta and Krawinkler 1999). The building is three stories 

tall and has a 36.6m x 54.9m (120’x180’) plan with typical floor and roof framing shown in 

Figure 27. The column bases are considered as fixed. The building is located in Los Angeles, 

California with site class D (stiff soil) as defined in ASCE 7- 10 (ASCE 2010).  

  
 

Figure 27: Prototype building Plan View (Left) Elevation view (Right) 

4.1.1 Weights and Masses 

Dead loads for the prototype building which will be used in the calculations of total weight of the 

building is summarized in Table 3 (Gupta and Krawinkler 1999). Floor weights are calculated in 

Table 4. 
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Table 3: Loads for the prototype building 

Element Gravity Load Effective Seismic Wt 

Floor Dead Load 96 psf 86 psf 
Roof Dead Load 83 psf 83 psf 

Penthouse Roof Dead Load 116 psf 116 psf 

Exterior Wall 25 psf 25 psf 

 

Table 4: Building Weight Calculation 

Level Assembly 
Unit Wt 

(psf) 
Area 

Area 

(ft
2
) 

Weight 

(kips) 

Roof 

Roof 83 122x182 22204 1843 

Parapet 25 616x3.5 2156 54 

Pent. Equip & Roof 116 30x60 1800 209 

Penthouse Walls* 25 180x13 2340 59 

Penthouse Partitions* 10 30x60 1800 18 

Third Floor Ext. Walls 25 616x6.5 4004 100 

   Total = 2283 

Third 

Floor 86 122x182 22204 1910 

Exterior Walls 25 616x13 8008 200 

    Total = 2110  

Second 

Floor 86 122x182 22204 1910 

Exterior Walls 25 616x13 8008 200 

    Total = 2110  

*  Penthouse wall height was adjusted and partition load was assumed at the penthouse to yield the floor weights 

used in Gupta (1999). 

The seismic masses for all the levels and the total mass of the building is summarized in Table 5. 
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Table 5: Seismic Masses for Prototype building I 

Level Weight  Mass  Mass 
(kips) (kips-sec

2
/ft) kN-sec

2
/mm 

Roof 2282 70.9 1.03 

Second and Third Floors 2110 65.5 0.95 

TOTAL 6502 202 2.94 

 

4.1.2.  Design Base Shear 

 

It will be shown later that the SCB is capable of large ductility in excess of special moment 

resisting frames. Therefore it is believed that the system will warrant a large response 

modification factor, similar to steel special moment frames. A value of R = 8 (ASCE 7-10) is 

assumed. Design spectral accelerations were calculated for an arbitrary location in Los Angeles, 

California (Site class D) .These values are also consistent with Dmax in FEMA P695. 

 

 SS = 150% g Figure 22-3 

 S1 = 60% g Figure 22-4 

 Fa = 1.0 Table 11.4-1 

 Fv = 1.5 Table 11.4-2 

 

 SMS = Fa SS = 1.0 x 1.50 = 1.50g Eq 11.4-1 

 SM1 = Fv S1 = 1.5 x 0.60= 0.90g Eq 11.4-2 

 

 gSS MSDS 00.150.1
3

2

3

2
  Eq 11.4-3 

 gSS MD 60.090.0
3

2

3

2
11   Eq 11.4-4 

SDS = 1.00g SD1 = 0.60g 

The approximate initial fundamental building period using was determined using Section 

12.8.2.1 (ASCE 7-10) with Ct = 0.02 and x = 0.75 for a steel moment-resisting frame: 

 sec524.039028.0 8.0 
x

nta hCT  Eq 12.8-7 

The response coefficient and resulting design base shear was then calculated using Equations 

12.8-1 through 12.8-6 (ASCE 7-10) to be: 
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Eq 12.8-5 

and 

Eq 12.8-6 

 

Cs = 0.125 

The total base shear is then determined as follows, 

 kipsWCV s 7.8126502125.0               Eq 12.8-1 

V = 813 kips 

4.1.3  Vertical and Horizontal Distribution of Load 

The vertical distribution of the lateral forces is then calculated using Section 12.8.3 (ASCE 7-10) 

as shown in Table 6. In this calculation, k=1.0124 (linearly interpolated between 1 and 2) since 

the period > 0.5 sec. 

Table 6: Vertical Distribution of Shear 

Level wi, kips hi, (ft) wihi
k
 Cvx Fx, (kips) 

Roof 2282 39 93137.5 0.52 424 

3
rd

 2110 26 57123.5 0.32 260 

2
nd

 2110 13 28317.1 0.16 129 

Total 6502  178578.1  813 

 

 

As shown in Figure 27, there are two bays of SCB-MF in each direction. The loads applied to 

each SCB-MF and resulting overturning moments are summarized in Table 7. For the purposes 

of these calculations, accidental torsion has been neglected. 
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Table 7: Story shear and overturning moment applied to each SCB-MF in the prototype 

building 

Level Story shear (kips) Overturning Moment (k-ft) 

Roof 212 8266 
3

rd
 130 3380 

2
nd

 64 838 

Total 406 12484 

4.1.4.  Drift Limit Check 

First order elastic analysis was performed on the 3-story 3-bay moment frame in MASTAN. The 

sections assigned to the girders and columns were the sections calculated in the Blume report 

(Gupta and Krawinkler 1999). The elastic story drift limit set in accordance with the Uniform 

Building Code, 1994 (UBC 1994 edition), was taken as 0.03/Rw times the story height for 

structures having a fundamental period of 0.7 second or greater. Rw factor was taken as 12 for 

SMRF giving the elastic story drift limit as 0.0025 times the story height. Taking into account 

the fact that the first edition of LRFD specifies 50% higher seismic loads in the load 

combination, the equivalent inelastic story drift limit (in accordance with the current code) would 

be 0.0025*Cd*1.5=0.02 times the story drift (for Cd =5.5 for SMRF). 

The inter-story drift limit was taken as 2% of the story height. The sections provided in the 

Blume report did not meet the drift limit and therefore the sections had to be increased to satisfy 

the interstory drift limit. The final sections used for the moment frame are summarized in Table 

8.  

Table 8: Sections used in the prototype building I 

MEMBERS 
ORIGINAL 

SECTIONS 

REVISED 

SECTIONS 

Ext. Columns W14x257 W14x370 

Int. Columns W14x311 W14x370 

Girders (1
st
-2

st
 story) W30x116 W30x148 

Girders (Roof) W24x62 W24x76 

4.1.5. Beam Girder section scaling 

The SCB specimen is scaled to be 0.67 (2/3
rd

) times the dimensions of the full-scale prototype 

structure. The prototype structure has a center-to-center spacing of the columns, 30 ft which is 

scaled down to 20 ft. The story height of the prototype structure is 13 ft which is scaled down to 

8.67 ft.  
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The moment of inertia of the revised sections and the moment at the two end of the beams were 

scaled down by appropriate similitude factors. The prototype model is scaled down to 2/3
rd 

 its 

size. The associated similitude factor for moment and moment of inertia is given by; 

Iscaled = (2/3)
4
 Iprototype 

Mscaled = (2/3)
3
Mprototype 

 

The scaled moment of inertia and moment demand for the members forming the middle bay of 

the 3-story 3-bay prototype building is tabulated in Table 9. As described in Chapter 3, the 

moment capacity of the SCB is defined as the sum of the two end moments. Thus, the moments 

(un-scaled and scaled) of the beams summarized in Table 9, are the sum of the end moments 

(∑M) of the beam in the moment frame. The scaled moment of inertia was used to figure out the 

equivalent beam sections for the scaled moment frame.  

Table 9: Scaled Sections used in the prototype building I 

Members 

Un-scaled Scaled 

Sections I  (in
4
) ∑M (k-ft) I (in

4
) ∑M (k-ft) 

Equiv. 

Section 

Girders 

(1st/2nd floor) 
W30x148 6680 1205 1320 356 W18x76 

Girders 

(Roof) 
W24x76 2110 419 415 124 W18x35 

Columns W14x370 5440 - 1075 - W12x170 
 

4.1.6 Gravity Loads 

For a moment frame in the E-W direction, assume one filler beam in the N-S direction applying a 

point load on the beam. For the scaled-down moment frame, 

Point load due to dead loads : PD = 96 psf * 10ft *20ft/(2*1000 lbs/kips)= 9.6 kips 

Point load due to dead loads : PL = 50 psf * 10ft *20ft/(2*1000 lbs/kips)= 5 kips 

Total point gravity load : Pgravity = (1* PD + 0.25*PL)=11 kips 

To obtain reasonably accurate performance of the moment frame when subjected to the lateral 

loading, 25% of the live load and 100% of the dead load was assumed for the gravity loads. It 

was decided that for the large-scale experiments, point load of 11 kips will be applied at two 

locations of the SCB as gravity load.  
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4.2  Prototype Building II 

Prototype building II has a similar floor plan and layout as prototype building I, except for the 

fact that the bay width of Prototype building is 20 ft instead of 30 ft. The story height remains the 

same as Prototype building I (13 ft). All the other parameters are the same. The prototype 

building plan view and elevation view is shown in Figure 28. 

 

Figure 28: Prototype Building II (a) Plan view (b) Elevation view 

4.2.1 Weights and Masses 

Dead loads for the prototype building II which will be used in the calculations of total weight of 

the building is identical to prototype building I and is summarized in Table 3. Floor weights are 

calculated in Table 10. The seismic masses for all the levels and the total mass of the building is 

summarized in Table 11. The entire process for calculating the base shear, overturning moment 

and drift limits is repeated for the prototype building II and the final sections and moment 

capacities are tabulated in Table 14. 
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Table 10: Building Weight Calculation for prototype building II 

Level Assembly 

Unit 

Wt 

(psf) 

Area Area 

(ft
2
) 

Weight 

(kips) 

Roof Roof 83 122x82 10004 830.3 

 Parapet 25 400x3.5 1400 35 

 Pent. Equip & Roof 116 20x40 800 92.8 

 Penthouse Walls* 25 120x13 1560 39 

 Penthouse Partitions* 10 20x40 800 8.0 

 Third Floor Ext. Walls 25 400x6.5 2600 65 

   Total = 1070.1  

Third Floor 86 122x82 10004 860.3 

 Exterior Walls 25 400x13 5200 130.0 

    Total = 990.3  

Second Floor 86 122x82 10004 860.3 

 Exterior Walls 25 400x13 5200 130.2 

    Total = 990.3  

*  Penthouse wall height was adjusted and partition load was assumed at the penthouse to yield the floor weights 

used in Gupta (1999). 

Table 11: Seismic weight of the Prototype building II 

Level Weight  Mass  Mass 
(kips) (kips-sec

2
/ft) kN-sec

2
/mm 

Roof 1070 33.3 0.48 
Second and Third Floors 990 30.7 0.45 

TOTAL 3050 93 1.38 

 

4.2.2  Design Base Shear 

Using the same procedure as Section 4.1.2, the spectral accelerations is given by, 

SDS = 1.00g SD1 = 0.60g 

The fundamental time period of the building is given by, 

Ta = 0.524 sec 

 

and the seismic response coefficient, Cs 

Cs = 0.125 

Total base shear is thus, given by: 
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 kips38130510.125WCV s   Eq 12.8-1 

V = 381 kips 

4.2.3 Vertical and Horizontal Distribution of Load 

The vertical distribution of the lateral forces is calculated using Section 12.8.3 (ASCE 7-10) as 

shown in Table 12. In this calculation, k=1.0124 (linearly interpolated between 1 and 2) since the 

period > 0.5 sec.    

Table 12: Vertical Distribution of Shear for prototype building II 

Level wi, kips hi, (ft) wihi
k
 Cvx Fx, (kips) 

Roof 1070 39 43671 0.52 198 
3

rd
 990 26 26810 0.32 122 

2
nd

 990 13 13290 0.16 61 

Total 3050  83771 1 381 

Note that the horizontal force applied on the analyzed frame is half of the load calculated above 

because the prototype building has two moment frames resisting horizontal load in N-S or E-W 

direction. The load on each story was divided such that the load on the interior beam-column 

joint was twice as much as the load on exterior beam-column joint. 

The loads applied to each SCB-MF in the middle bay and resulting overturning moments are 

summarized in Table 13. 

Table 13: Story shear and overturning moment applied to each SCB-MF in the prototype 

building II 

Level Story shear (kips) Overturning Moment (k-ft) 

Roof 99.3 3875 
3

rd
 61.0 1586 

2
nd

 30.2 393 

Total 190.6 5855 

 

4.2.4  Drift Limit Check and final sections 

First order elastic analysis was done on the 3-story 3-bay moment frame in MASTAN. The 

prototype building was designed to be used for full scale SCB-MF specimen. The final sections 

used for the moment frame that met the drift limit (2% of the story height ) of are summarized in 

Table 14. The total end moment demand is also summarized in Table 14. 
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Table 14: Sections used in the prototype building II 

MEMBERS FINAL SECTIONS I (in
4
) ∑M (k-ft) 

Ext. Columns W14x257 - - 

Int. Columns W14x257 - - 

Girders (1
st
-2

st
 story) W24x76 2700 557 

Girders (Roof) W18x55 890 204 

 

4. 3 Design of SCB Test Specimens 

The design of three of the specimens in the test matrix was done based on the beams in the 

prototype buildings I and II. Presented in the following section is a summary of how the SCB 

specimens were designed and which beams of the prototype building they represent.  

To design the SCB specimens, three levels of moment demands were chosen from the prototype 

building moment frame beams. These moment demands and the prototype building they were 

chosen from are tabulated in Table 15. Note that the design of the SCB specimens were based on 

the total moment demand (at both ends) of the prototype building beams. This is because the 

moment capacity of the SCB has been defined as the sum of the design moments at both ends. 

Table 15: Levels of moment demands taken from the prototype buildings to design the SCB 

Moment  

demand levels 

Total Moment 

demand at both 

ends (k-ft) 

Moment of 

Inertia (in
4
) 

Prototype 

Building 
Story level 

Low 204 890 (W18x55) II Roof 

Medium 356* 1330 (W18x76)* I 1st/ 2nd beam 

High 557 2700 (W24x76) II 1st/ 2nd beam 

* The moment demands and Moment of Inertia for Prototype building I is scaled for similitude to 2/3 scale 

The experimental program test matrix contains SCB specimens with two levels of moment 

capacities to satisfy the moment demands similar to the beams in the moment frames of the 

selected prototype buildings. The following section describes the procedure used to define all the 

parameters of a SCB specimen with a given level of moment demand to satisfy. 

For prototype building I, the 1st and 2nd floor beam had a moment demand (Mu) of 356 k-ft 

(total moment at both ends) and the scaled equivalent beam that satisfied the inter-story drift 

limit had a moment of inertia of 1330 in
4 

. Based on the scaled moment of inertia, the equivalent 

beam section was chosen as W18x76 (with a beam depth of 18.2 in). Taking the beam depth of 

18 in. and moment capacity of 356 k-ft as the starting point, several SCB body (W-section, inner 

and outer tube) design combinations were considered such that the moment of inertia of the SCB 
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would be comparable to the scaled moment of inertia of 1330 in
4
. The combination that resulted 

in a comparable beam depth and moment of inertia was as follows: 

W-section: W14x61 

Outer Tube : HSS 9x5x3/8 

The final inner tube section was chosen as HSS 7x5x3/8 based on the following considerations. 

 The number and spacing of PT strands passing through the inner tube 

 The maximum axial force experienced by the inner tube during the cyclic loading 

calculated based on the results from the preliminary computational modeling. The inner 

tube section was checked against buckling for the maximum axial force. 

 

Once the design of the SCB body was done, the exact beam depth was calculated as 17 inches. 

The SCB beam depth (dSCB) is the distance measured from centerline of the top flange of the W-

section to the centroid of the inner/outer tube.  

 

After the determination of SCB depth, dSCB, preliminary estimate of the initial post-tensioning 

ratio, PTi  was made. Selecting the proper PTi stress ratio is important for allowing adequate 

strain capacity to preclude yielding or strand fracture. Although it is advantageous in some cases 

to use the lowest possible initial PT stress in order to allow the most strain capacity, there may be 

a practical limit. A lower limit of approximately 0.3 Fu and an upper limit of approximately 0.7 

Fu were selected. Another factor that was considered while selecting the range of the PTi stress 

ratio was drift ratio at which the PT strands yielded. For all the SCB designs, it was ensured that 

the PT strands yielded after 2% story drift. Assuming, the PT strands yield at a strain of 1%, the 

story drift at which the PT strands yield can be estimated as follows, 

 

                     
        

   
  

    
    

                                            

 

where, 

     is the effective length of the PT strands between the chucks 

Next, the SC ratio of the SCB was established. The SC ratio of the SCB specimens in the test 

matrix was kept in the range of 1.00-1.82 to ensure that load-deformation plots of all the 

specimens demonstrate near zero drift when the load was removed. To attain the desirable levels 

of PTi stress ratio and SC ratio, the moment capacity of the SCB (Mn) was adjusted a few times 

before settling on the final parameters for a SCB specimen. 

Following the determination of PTi ratio and SC ratio, post-tensioning strands and energy 

dissipating elements were sized. This is accomplished using the following procedure: 
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First, the ED fuse yield moment, Mfuse, and the moment associated with the initial post-

tensioning, MPT,  was calculated as follows, 

      
  

           
                                                                 

                                                                                 

Next, the area required for the ED fuses, AED and PT strands APT were calculated as follows, 

      
        

    
                                                                        

where,       is the nominal axial capacity of the ED fuses 

    
        

    
                                                                         

 

where,  

yield strength of the ED fuse material , FyED= 63 ksi from the tensile tests of coupons 

from the steel material ordered to fabricate the fuses described in Chapter 6 .  

 

Using, MPT, the total post-tensioning force was calculated as follows, 

   
      

    
                                                                        

The initial post-tensioning stress was calculated using the estimated post-tensioning ratio, PTi 

 

                                                                                 

 

where,  

Fu is the ultimate tensile strength of the PT strand material (270 ksi) 

 

The required area of PT strands was then calculated as, 

 

    
  
  
                                                                        

 

While designing the SCB specimens, it was decided that two sizes of PT strands (0.5'' and 0.6'' 

diameter) will be used. Additionally, the design of the SCB and its end connection pieces 

governed that number of PT strands that were used in the experiment was fixed at four. Due to 

these restraints, the two options for the total nominal area of the PT strands (APT) were 0.612 in
2
 ( 

for 0.5 in diameter strands) and 0.868 in
2
 (for 0.6 in diameter strands).  
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The restraints on the area of fuses, AED, were based on the design of the ED fuse core. To ensure 

the stable performance and to avoid early buckling of the fuses, the aspect ratio of the 

rectangular cross-section of the fuses (ratio of fuse core thickness to fuse core width) was 

assumed higher than 1:1.7. This issue is further explored in Chapter 6.  

Due to the restraints in the nominal area of PT strands and ED fuses that can be used, the design 

moment capacity of the SCB and initial estimates  for the PTi and SC ratio were tweaked a few 

times such that the required area of post-tensioning , APT, was either 0.612 in
2
 or 0.868 in

2
 and 

the ED fuse core cross-section aspect ratio satisfied the criterion of 1:1.7 and higher. In general, 

however, different sizes of strands and dwyidag bars can be used to achieve desirable levels of 

post-tensioning in the system. 

This process  of SCB specimen design was repeated for other levels of moment demands (to 

satisfy 2% story drift limit in the prototype buildings) as shown in Table 15. Table 16 through 

Table 18 shows the three SCB beam specimens (SCB-1, 2 and 6 respectively) which were 

designed to have similar moment capacities as the prototype building beam end moment 

demands. The tables also compare the moment of inertia SCB specimens and the prototype 

building beams  which are shown to be comparable. Note that for prototype building I (refer 

Table 17), the beam end moments and moment of inertia was scaled down by 2/3rd factor using 

the similitude factors and an equivalent beam section was chosen based on the scaled moment of 

inertia.  

Rest of the SCBs in the test matrix (SCB 3, 4 and 5) were designed to study the effect of self-

centering ratio and initial PT strand stress on the system behavior with varying beam depths. For 

the final experimental program,  specimens with two beam depths (17 in and 24.5 in) were 

fabricated for a total of five tests. It is noted that the SCB depth is measured from the centerline 

of the top flange of the SCB to the centroidal axis of the concentric tubes. The total depth of the 

SCB (also presented in the tables below) is measured as the distance between the extreme top 

and bottom fiber of the SCB section. The two depths are identical for a typical W-section. 

 

The final test matrix is shown in   

Table 19. Note that SCB-6 was eliminated from the test matrix, but  Table 19 shows the design 

of SCB-6 with the design moment capacity that compares well to sum of the end moments 

demand seen  by a 1st/2nd story beam in Prototype building II.  
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Table 16: Design of SCB-1 

 SCB -1 Prototype Building II ( roof beam) 

I (in
4
) 1320  890 

∑ Mends (k-ft) 184 (design capacity) 204 (demand ; 2% story drift limit) 

Section W14x61; HSS 9x7x3/8 *W18x55  

Area Steel (in
2
) 29.43 (inner tube included) 16.2 

Beam depth (in) 17 18.1 

* Note that the moment capacity of W 18x55 is 420 k-ft which is 76% higher that the moment demand at one end 

Table 17: Design of SCB-2  

SCB -2 
Prototype Building I (equivalent 

scaled 1st/ 2nd story beam) 

I (in
4
) 1320  1330 

∑ M (k-ft) 330 (design capacity) 356 (demand ; 2% story drift limit) 

Section W14x61; HSS 9x7x3/8 *
,
**W18x76  

Area Steel (in
2
) 29 (inner tube included) 22.3 

Beam Depth (in) 17 18.2 

* Equivalent beam section selected based on the scale moment of inertia 

** Note that the moment capacity of W 18x76 is 611 k-ft which is 71% higher that the moment demand at one end 

Table 18: Design of SCB-6 

 
SCB-6 

Prototype Building II ( 1st/2nd story 

beam) 

I (in
4
) 3346  2700 

∑ M (k-ft) 550 (design capacity) 557 (demand ; 2% story drift limit) 

Section W21x101; HSS 9x7x3/8 W24x76  

Area Steel (in
2
) 37.9 (inner tube included) 22.4 

Beam Depth (in) 24.5 23.9 

* Note that the moment capacity of W 24x76 is 733 k-ft which is 62% higher that the moment demand at one end 

The final test matrix has a total of five SCB configurations. As mentioned earlier, beams of two 

different depths were fabricated for the five tests. The other parameters that were varied in the 

test matrix included, SC ratio, PTi ratio and the design moment capacity of the SCB beam. The 

range of values for these parameters and their rationale behind the choice of these parameters is 

explained next. 
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Table 19: Test matrix for SCB-MF experimental program 

SCB 

SCB 

Depth 

(in) 

PTi 

ratio 

Initial 

PT 

force 

(kips) 

PT 

strand 

dia 

SC 

ratio 

Mn 

(k-ft) 

Total 

fuse 

force 

(kips) 

MPT 

(k-ft) 

Mfuse 

(k-ft) 

Drift 

% at 

PT 

yield 

1 17 0.41 70 0.5'' 1.05 195 67 99 95 6.5 

2 17 0.69 163 0.6'' 1.82 357 89 230 127 3.8 

3 24.5 0.38 89 0.6'' 1.00 364 89 181 183 4.9 

4 24.5 0.69 114 0.5'' 1.62 377 71 233 144 2.7 

5 24.5 0.33 77 0.6'' 1.38 284 62 158 126 5.2 

 

The self-centering ratio (SC) is a measure of how well the system will return to its original 

position after unloading. An SC ratio value greater than 1 means that the initial post tensioning 

force is capable of overcoming the fuse yield capacity and bring the system back to center upon 

unloading. The range of SC ratio in the test matrix was 1.00 - 1.82. As explained earlier, SC ratio 

for SCB specimens such as SCB-1 and SCB-3 was expected to  fall below 1.00 after a few cycles 

due to loss in initial PT stresses and fuse hardening. The range of PTi ratio was kept between 

0.33 to 0.69 to maintain a reasonable SC ratio throughout the test and to prevent premature 

yielding and fracture of the strands.  

 

The moment capacities of the SCB in the test matrix ranged between 195 k-ft - 377 k-ft. As 

explained previously, these levels of moment capacities were chosen because they represent the 

moment demands seen in the beams of a conventional moment frame in a prototype building. 

The beams in the steel moment frame of a prototype building that SCB-1 and 2 represent is 

shown in Table 16 and Table 17. SCB-3 was designed to have a similar moment capacity as 

SCB-2 but with a deeper beam and nearly half the initial PT force. This would allow the PT 

strands to have a much higher deformation capacity. SCB-5 was designed with a moderate level 

of moment capacity, lowest amount of energy dissipation capacity and intermediate level of SC 

ratio. SCB-4 was designed to subject the PT strands with the highest level of strains and possibly 

investigate any limit states of the SCB associated with strand failure. 

 

In conventional moment frame design, it is typical that the beam and column sections are 

selected to limit lateral drifts rather than based on strength related criteria. Figure 29 takes the 

example of the beams in Prototype building I and highlights the fact that the beams have been 

highly over-designed for strength (more than 70% in certain cases) in order to satisfy 2% drift 

limit criterion. The same can be shown for the beams in prototype building II (see the footnote in 

Table 16 and Table 18). SCB, on the other hand, can be designed such that strength and the 

initial stiffness can be separately tuned according to the requirement of the structure by 

changing: 

 SCB component sections: W-section, inner and outer tube 
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 total area of PT strands 

 initial stress in the PT strands 

 total area of the fuse 

In Figure 29, the moment demands and capacities at one end of the beam are shown and 

compared to each other. 

Another observation that can be made is that SCB -6 (which was eliminated from the test matrix) 

with 550 k-ft moment capacity (moment capacity at one end 275 k-ft) is strength-wise equivalent 

to a very small W-section (W16x45). But the two beams cannot be compared based on their 

moment capacity. This is because in the context of the prototype building II, W16x45 would not 

have worked to satisfy the drift limit even though it had enough moment capacity. Thus, it would 

be correct to compare SCB 6 to W24x76 (refer Table 18), since the stiffness of W24x76 is 

enough to limit the drift of the moment frame in prototype building II. Essentially, SCB 6 was 

designed to replace W24x76 from the 1st/2nd floor middle bay of the moment frame. This 

argument is also true for SCB-1 and 2 as well. 

 

 

Figure 29: Comparison of moment capacities of conventional and SCB moment frames  

As mentioned previously, to reduce the amount of fabrication, only two SC beams with 

concentric tubes at the bottom flange and complimentary anchorage plates were built. By 

changing the PT strands (nominal area and initial post-tensioning stress) and ED fuses, different 
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specimens were created.. These beams were designed so that they were strong enough for the 

largest forces in each design group (17'' and 24.5'' deep). Therefore, in some cases, it may seem 

that the area of the steel used in the SCB is higher than the beam in a conventional moment 

frame, but in truth the moment of inertia/ total steel can be optimized by selecting different 

sections for the SCB body, while still achieving the desirable moment capacity. In general, it is 

expected that, if optimized, the total steel used in a SCB will be comparable to that used for a 

beam in a conventional moment-resisting frame as shown in Table 17 for the design of SCB-2. 
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5. DETAILING AND CONSTRUCTION OF SCB 

 

One of the main goals of the large-scale experimental program is to investigate the detailing of 

the SCBs and energy dissipation fuses. Fabrication details and information related to design 

suggested based on the experimental program is expected to provide practicing engineers with 

information that may help encourage the implementation of this high performance seismic 

system in practice. This section briefly outlines the SCB configuration and the sequence in which 

the SCB was fabricated and assembled. This chapter also includes the cost estimation for the two 

SCBs based on the material, initial fabrication, machining and final assembly. 

5.1 SCB Configuration  

As noted briefly in a previous section, SCB-MF borrows the concept of the self-centering  truss 

moment frame developed by (Darling et al., 2012). Thus, there were two options for the SCB 

specimen configuration- truss and beam. A preliminary cost analysis, based on material and 

labor cost, confirmed that the beam option was 41% cheaper than truss option for the 17'' (beam 

depth, dSCB) SCB and 18% cheaper than truss option for 24.5" deep SCB. The details of this cost 

comparison are added in Appendix C. Additionally, the beam option closely represents a 

conventional moment frame with the self-centering feature and thus may be more appealing for 

implementation in practice. Thus, for the final design the beam configuration was chosen over 

the truss. 

 

Figure 30(a) shows the configuration of a typical SCB. The bottom chord outer tube is a HSS 

section (HSS 9x7x3/8) with the top flange cut-off and welded to the bottom flange of the W-

section. The inner tube is also a HSS section (HSS 7x5x3/8). Figure 30(b, c) shows the cross-

section view of 17" and 24.5" deep SCB. A cruciform-shaped end connection piece is welded to 

the inner tube on both ends which connects the inner tube to the column. This connection piece 

passes through the anchorage plate along with the PT strands (shown in Figure 30(b)). The 

sequence of the fabrication process is described in detail in Section 5.3. 

5.2 End connections 

Three different kinds of end connections have been designed for the SCB. These end connection 

pieces are welded to the end plate which in turn is bolted to the specimen column for easy fitups. 

The top flange finger connection (as shown in Figure 32) was designed to keep the point of 

rotation in-line with the top flange. The connection uses a Gr F1554 fastener which is subjected 

to shear in eight planes. The specimen beam web is welded to the middle finger of finger 

connection to avoid stress concentration and fracture in the connection region (see Figure 32). 

This connection is designed to resist horizontal force couples which cause end moments in the 

specimen. The fingers connection was fabricated out of 3 in thick steel plate for the deeper SCB 
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and 2in. plate for shallow SCB.  The pins used in the deeper (24.5 in deep SCB) and shallow 

beams (17 in deep SCB) were 1.25 in and 1 in. respectively. A tolerance of 1/40'' was given for 

the pin holes.  Waterjet cutting was used to cut the fingers to achieve smooth planes for the 

pinned connection to rotate smoothly.  

 

Inner tube 

HSS 7x5x3/8

Outer tube (HSS 9x7x3/8) 

welded to the flange of 

the W-section

W14x61

W21x101

17" SPECIMEN 24.5" SPECIMEN

1
7
"

2
4
.5

"

Chuck

Anchorage plate held in place 

by PT force; slides relative to 

end connection piece

Cruciform end connection 

piece welded to the inner 

tube

Four 0.5" or 0.6" Post-

Tensioning (PT) strands

SECTION-1 (Typical 

Specimen)

(b)

SECTION-2

(c)

 
Figure 30: (a) typical SC-BMF specimen configuration (b) Section 1 for a typical specimen 

(c) Cross-section view of 17'' and 24.5'' deep SCB 

The Shear tab connection was designed to resist all the vertical shear at both ends as the pin 

connection was not expected to carry much shear. The holes in the shear tab are long-slotted to 

allow for the rotation of the specimen with respect to the column. Bottom chord single-pin 

connection (as shown in Figure 33) is a simpler connection using Gr F1554 pin in double shear. 

The width of the single-pin connection was different  for the two beam depths. A tolerance of 

1/40'' was given for the pin holes. Note that all the pins/bolts at the end connections are kept in 
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line (necessary) to allow the equal rotation of the SCB body and inner tube so as to avoid conflict 

between the inner and outer tube. This would also prevent any conflict at the shear tab region. 

 

Figure 31: End connections of SCB 

 

 

Figure 32: Top flange finger connection 

The anchorage plate was designed with appropriate cutouts for the PT strands and the inner tube 

connection pieces to pass through as shown in Figure 34. 1.75'' thick Gr 50 plate was used and 

yield line analysis was performed was ensure that the plate do not deform plastically under the 
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concentrated loads exerted by the PT strands. This analysis was especially important due to the 

various cutouts made in the plate. 

ELEVATION VIEW

PLAN VIEW

SECTIONAL VIEW

End plate 

End connection pieces welded 

to end plate

Slots cut in the inner tube for 

the cross-shaped end 

connection piece to slide in

 cross-shaped end 

connection piece welded to 

the inner tube (fillet weld)

2" dia fastener for SCB-A

2.5" dia fastener for SCB-B

Connection plate 

width: 

7" for SCB-A

10" for SCB-B

 

Figure 33: Bottom chord single-pin connection 
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Figure 34: Anchorage plate detailing 

5.3  SCB Fabrication sequence 

The following section describes the sequence in which the different pieces of the SCB body (W-

section, inner and outer tube, end connections pieces, etc) were assembled to build the SCB.  

1. The W-section, inner tube HSS section and outer tube HSS-section was machined at a local  

fabrication shop as shown in Figure 35. The bottom flange of the W-section beam and the 

concentric tubes were machined to have equal lengths so that the anchorage plate had an even 

bearing surface  The slots were cut in the inner and outer tube to accommodate the fuse setup -

wing plate and end connection pieces. 
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Figure 35: Dissembled pieces of SCB  

2. The W-section, outer tube and inner tube were set up for a mock up to see if the anchorage 

plate bearing surface were square and the tubes and the beam bottom flange were equal in length. 

Also, the bearing surface was machined to get a smooth surface as shown in Figure 36. 

 

Figure 36: Bearing surface for anchorage plates 

3. Once the bearing surface was smooth, the mock up was disassembled. The inner tube end slots 

were prepped for welding. The anchorage plate was slid inside the cross-shaped connection 

pieces which was in turn welded to the inner tube as shown in Figure 37 

4. The wing plate for the ED fuse setup was slid through the inner tube slot and welded in place 

as shown in Figure 38(a). 

5. Plastic spacers were stuck on the surface of the inner tube on all four faces ( on four sections 

along the length of the tube) to center the inner tube inside the outer tube as shown in Figure 

38(b). The spacers were greased to reduce any friction that would occur during the relative 
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movement of the two tubes. The inner tube was also strain gaged at selected locations along the 

length to monitor the axial forces. A more detailed description of the strain gaging process in 

presented in Chapter 7. 

  

(a) (b) 

Figure 37: Inner tube end connection piece passing through the anchorage plate cutout 

  

(a) (b) 

Figure 38: (a) Wing plate passing through inner tube (b) Plastic spacers stuck on inner 

tube 

6. The cutout made in the W-section for the finger connection pieces (as shown in Figure 39(a)) 

was ground and prepped for welding. The finger connection piece was welded on to the top 

flange and web of the W-section as shown in Figure 39(b). Alternate passes were done on top 
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and bottom face of the finger connection piece to prevent warping/bending due to excessive heat 

on one face.  

7. The counterpart of the finger connection piece were then welded onto the end plates. The end 

plates were then setup at the end of the beams to ensure that the two sets of fingers fit in at both 

ends of the beam. Appropriate measurements were taken to mark the weld locations of the shear 

tabs and bottom chord connection plates. Thereafter, all the connection pieces were welded to the 

end plate as shown in Figure 40. 

  

(a) (b) 

Figure 39: (a) Cutout in the W-section for the finger connection piece (b) Finger connection 

piece welded to the W-section 

  

(a) (b) 

Figure 40: End connection pieces welded to the end plates 
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8. The inner tube was then placed on top of the bottom flange of the W-section and the fitup of 

all the end connection pieces were done to ensure that everything fits well. This process is shown 

in Figure 41.  

9. The outer tube was then lowered down on top of the inner tube (with the strain gage wires 

directed out of small slots made in outer tube. The outer tube was then welded with intermittent 

welds (4" welds every 12") on to the bottom flange of the W-section. 

10. As the final step of fabrication, the holes were drilled for the pinned connection for the top-

flange finger connection and bottom flange single pin connection. 

  

(a) (b) 

Figure 41: Inner tube set on the bottom flange of the W-section for the fitup of end 

connections 

A  stability check is presented in Appendix B which ensures that the SCB was stable under the 

post-tensioning by the PT strands before installation. The aim was to calculate the eccentricity at 

which the specimen will become unstable. In practice, this eccentricity may arise due to uneven 

post-tensioning of the PT strands or during the process of sequential post-tensioning when the 

total force is not acting at the tube system centroid.  

5.4 Cost analysis of the SCB 

This section presents the estimated cost of fabrication of the two SCBs based on the material 

cost, initial fabrication cost of the SCB and the waterjet cutting of the ED fuses. The material 

cost is based on the total steel used in the SCB alone: W-section, inner and outer tube. The cost 

was calculated assuming a rate of $0.50/ lb of the steel. The initial fabrication cost of the SCB 

was estimated as the $1.00/ lb of the total weight of the steel. The waterjet cutting cost of the ED 

fuses were added separately.  
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The technician hours spent on the machining and final assembly of the SCBs (cost estimated 

assuming $50/hour) including prepping the surface and welding of the end connection pieces, in 

addition to the processes shown in the previous section was also added to the total cost. The cost 

associated with the final assembly of the SCB also includes the hours spent on assembly the ED 

fuses and post-tensioning the SCB. The cost analysis for each SCB is presented in Table 20. 

Table 20: Cost estimation of the SCBs 

COST/WEIGHT SCB-1 and 2 SCB 3,4 and 5 

Total Steel weight (lb) 2199 lbs 2947 lbs 

Material cost ($0.50/ lb) $ 1099 $ 1474 

Initial Fabrication cost ( $1.00/lb) $ 2199 $ 2947 

Machining and assembly of SCB ($50/hr) $ 2200 $ 2200 

Fabrication of ED fuses  $ 1144 $ 1144 

Miscellaneous costs associated with SCB  $ 1870 $ 1870 

Total cost $ 8512 $ 9635 

Total cost/lb of steel $3.90/lb $ 3.30/lb 

 

As shown in the table above, the cost/ pound of steel for the two SCBs ranges from $3.30-$3.90 

as compared to $1.50 for typical fabricated steel. It is expected that if the process is further 

streamlined or optimized for production and if the fabrication details are simplified for 

production, the cost of fabrication of the SCB can reduced considerably. 
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6. COMPONENT TEST PROGRAM ON ENERGY DISSIPATION (ED) 

FUSES 

 

Energy dissipation (ED ) fuses are the replaceable elements of  the SCB which were designed to 

dissipate seismic energy through axial inelastic deformation. As discussed in Chapter 2, several 

options for energy dissipation elements were reviewed before deciding on using the ED fuses.  

The fuse was required to exploit the gap- opening mechanism associated with the SCB to deform 

inelastically in tension and compression and dissipate energy. The fuse was also required to have 

a high deformation capacity and exhibit stable hysteretic behavior. These features in the energy 

dissipation element are extremely crucial to ensure good behavior of the SCB. Additionally, a 

SCB can be designed with varying beam depths and moment capacity. This requires the energy 

dissipating element to have easily tunable deformation capacity and yield strength. This was 

another major factor which was accounted for when designing the ED fuses. Finally, the end 

connections for the fuse needed to be designed so that they can be easily implemented and 

replaced in a SCB. The major advantages of the ED fuses over other energy dissipation elements 

include easy implementation in the SCB, high deformation capacity and full and stable hysteretic 

behavior up to fracture.  

This chapter presents the design, fabrication details, experimental program, and testing results 

for these small capacity BRB-like energy dissipation (ED) elements. One of the challenges 

associated with small capacity BRBs is global buckling because the core can have very small 

width-to-thickness aspect ratios and the ends of the ED fuses (i.e. the connection zone) can be 

relatively small as compared to typical BRBs. A global stability check from the literature is 

discussed and employed in the design process to discourage global instability.  The detailing of 

the ED fuses to allow shortening and elongation of the core without transferring significant axial 

force to the grout or restraining tube is described.  Nine ED fuse specimens were subjected to a 

cyclic displacement protocol.  The results are discussed with an emphasis on their hysteretic 

behavior and failure mechanism. Peak response quantities typically used to evaluate BRBs such 

as the compression strength adjustment factor, β, strain hardening adjustment factor, ω, 

cumulative inelastic axial deformation ratio, μ, and cumulative plastic strain,       , were used 

to evaluate the performance of the ED fuses. 

6.1. ED Fuse Design 

The energy dissipation (ED) fuses were designed similar to a typical buckling restraint brace 

BRB. The ED fuse core plates consisted of 3/8th inch thick ASTM A572 Grade 50 steel plates 

with wide ends that tapered down to a reduced width cross-section in the middle. High quality 

waterjet cutting (i.e. slowest speed option) was used to cut the core plate as shown in Figure 42. 

The ED fuse ends were 1.5 inch wide and had a 0.375 inch thick by 0.57 inch wide stiffener 
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welded to one side.  The ends were sufficiently large relative to the reduced section to 

concentrate all inelastic deformations to occur in the reduced middle section of the core plate.  

The length of the reduced section was selected based on the desired deformation capacity. The 

axial yield capacity of the ED fuses was selected to be applicable for use in the self-centering 

beam.  The moment capacity of the SCB stems from a combination of the yield capacity of the 

ED fuses and the initial force in the post-tensioning strands.  In the typical SCB configuration, 

four ED fuses are located on the sides of the SCB to keep their center of force concentric with 

the centerline of the tubes and post-tensioning force.  The required yield force for a single ED 

fuse was between 7 to 22 kips which is the range of capacity tested in this study. 

 

 

Figure 42: Waterjet cutting of the ED fuses 

The restraining cylinder had an outside diameter and wall thickness equal to 2 inch and 0.125 

inch, respectively and a nominal yield strength and an ultimate tensile strength of 496 Mpa (72 

ksi) and 600 Mpa (87 ksi) respectively.  The restraining tube was designed based on the 

expression of buckling prevention of a BRB simply supported on both ends (Usami et al. 2004) 

and is given by equation 6.1. 

  
  

           

  
    
      
 

                                                             

where, 

  
   is the yield moment of the restraining member 

     maximum axial compression force acting on the brace member 

 , initial deflection at the center of the restraining member,  

d  is the amount of space between the brace member and the restraining member,  
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e  is the eccentricity of axial compression force (equal in both ends). 

      
  is the Euler buckling load of the restraining member 

A design parameter, insertion length, Li , (shown in Figure 49) was used in conjunction with the 

core length to determine the length of the restraining tube. A lower bound for insertion length 

was based on the design recommendation of Takeuchi et al. (2013) associated with global 

stability of a BRB wherein the insertion length should be at least twice the width of the core 

plate, Wc. The insertion length also has to be long enough to sustain the required peak elongation 

without allowing the tapered portion of the core to come out of the restraining tube.  Since the 

core plate is not anchored to the restraining tube anywhere along its length, the ends are not 

constrained to pull out of the restraining tube an equal amount between the two sides.  Based on 

these criteria and to examine the effect of insertion length, half of the specimens used Li  equal to 

2.5 in. and the other half used Li equal to 4.75 in. which were between five and ten times the 

width of the core plate. The steps in ED fuse fabrication are shown in Figure 43. 

 

Figure 43: General fabrication process for the ED fuses 

First, 1.25 in long pieces of Ethylene Vinyl foam were attached at both the ends of the tapered 

sections to allow shortening of the core plate without compressing the grout. The core plate was 
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then covered with 1/32 in thick adhesive backed Polytetrafluoroethylene (PTFE) sheet followed 

by a layer of 1/300 in thick adhesive PTFE tape. PTFE tape was used to cover over the seams 

and edges of the PTFE sheet to prevent the grout from getting under the sheet. The PTFE sheet 

and tape act as a de-bonding layer between the Hydrocal® and the core plate enabling the core 

plate to slide relatively freely inside the restraining tube while also allowing (through 

compressibility of the tape / sheet layer) a small amount of transverse expansion of the core 

associated with Poisson’s effect when the ED fuse is subjected to compression.  

The space between the restraining tube and the core plate was filled with Hydrocal® white 

gypsum cement. An independent 7-day compression test was conducted on three 2 inch cubes 

and the average compressive strength was found to be 4500 psi. This compressive strength was 

within 10% of the specified dry cured compressive strength of the product used (5000 psi). 

Hydrocal® was chosen over mortar or any other filler material because it is easy to pour and 

conforms to boundary contours without leaving gaps or voids. A schematic diagram showing the 

ED fuse after fabrication is presented in Figure 44. 
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Figure 44: Design and detailing of Energy Dissipation (ED) Fuses 

6.2 Component Test setup 

The ED fuse test setup is shown in Figure 45. Load was applied using an MTS Servo-Hydraulic 

55 kips capacity actuator with a maximum stroke of 6 inch. The ED fuse ends were welded to 

built-up WT sections which were bolted to the actuator end plate on the live end and a reaction 

block on the dead end. The actuator was laterally braced to prevent any out-of-plane movement 

during cyclic loading.  

A wire potentiometer (labeled as WP-1 in Figure 45) running along the length of the ED fuse 

specimen was used to record axial deformation of the ED fuse. Two more wire potentiometers 

(labeled as WP-2 and WP-3) were used to measure the movement of the ends of the core relative 

to the restraining tube. The actuator’s load cell was used to measure applied force and the 

actuator’s internal linear variable differential transformer (LVDT) was also recorded. 
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Figure 45: ED fuse component test setup (a) photograph (b) schematic model 

6.3 Loading Protocol 

The displacement protocol used for the cyclic testing of the ED fuses was adapted from the 

cyclic loading sequence for beam-to-column connections outlined in AISC 341-10 (AISC 2010). 

The peak elongation/shortening of the ED fuse core plate in each cycle was computed based on 

the deformation that the fuses were expected to experience when implemented in a SCB of a 

given depth, dSCB. The peak story drifts at each displacement level in the large-scale test 

displacement protocol was used to calculate the associated expected deformation in the miniature 

BRB,       using equation 6.2, assuming rigid body motion of all the adjoining parts. 

From equation 6.2, it is clear that a deeper SCB will result in larger levels of ED fuse 

deformation. Therefore, to test the ED fuses under more severe loading conditions, the 

displacement protocol was based on the deeper of the two SCBs tested,      = 24.5 inches. The 

elongation associated with 4% target story drift from the AISC 341-10 loading sequence was 

0.98 inches, and the rest of the cyclic displacement protocol was scaled accordingly as shown in 

Figure 46. The loading rate for the test was set at 1.5 in/min. 
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Figure 46: Loading protocol for ED fuses component test 

6.4 Tension Coupon tests 

Two batches of 3/8'' Grade 50 steel plates ordered for the fuse component testing. Batch I-24 was 

used to do the preliminary fuse component testing (Configuration L24) and Batch II-36 steel was 

used for the final fuse component testing (Configuration L36). The steel used to fabricate fuses 

for the large-scale testing also came from Batch II-36. The two configurations of fuses tested as a 

part of component testing is further explained in the next section. 

A total of five dogbone-shaped tension coupon tests were conducted on the fuse plate material. 

Three tension coupons were cut from Batch I-24 steel and two were cut from Batch II-36 steel.  

The dimensions of the tension coupon are shown in Figure 47. The specimens were cut using a 

waterjet cutting machine at Lynchburg, Virginia. 
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Figure 47: Dogbone shaped tension coupon cut from 3/8'' Grade 50 steel plate 

Stress-strain plots from both the batches of steel plates are shown in Figure 48. The material 

properties are listed in Table 21. 

  

(a) (b) 

Figure 48: Stress- strain plots from the tension coupon tests (a) Batch I-24 (b) Batch II-36 

Table 21: Material properties of the two batches of 3/8'' thick steel plates (Values given are 

average for a group of tension coupons) 

 Number of 

specimens 

tested 

Young's 

Modulus 

(ksi) 

Yield 

Strength 

(ksi) 

Ultimate 

strength 

(ksi) 

Maximum 

elongation % 

Batch I-24 3 28500 65.1 84.2 24% 

Batch II-36 2 29500 62.8 81.1 26% 
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6.5  ED Fuse Test Results 

As mentioned in the previous section, two configurations of fuses were tested as a part of  ED 

fuse component test. The two configurations of ED fuses and the associated results are presented 

in this section. 

6.5.1 ED Fuse Configuration L24 

The schematic diagram of ED fuse Configuration L24 with relevant dimensions is shown in 

Figure 49.  It had a fuse core length of 24 in and core thickness of 0.375 in. The width of the 

yielding section (Wc) was varied while the other dimensions were kept the same. The steel 

material used to fabricate the fuse core for this set of tests came from Batch I-24 (refer Section 

6.4) with a yield stress of 66 ksi. A total of six tests were performed on ED fuse Configuration 

L24 as shown in Table 22. The area of the ED fuses tested for Configuration L24  represented 

the total area of the fuses required for three of the SCBs in the preliminary large-scale test 

matrix. Since, it was decided that each SCB will have four fuses, the area of each ED fuse tested 

here is one-quarter of the total fuse area used in the SCBs.  

 35.5 in. (Total fuse length, L)

 24 in (fuse core length, Lc)

 2.5 in 
(Insertion length, Li) Varied width, Wc

 1.5 in 

0.95 in.

1.5 inO.375 in

Restraining Tube
Outer diameter: 2 in

Wall thickness: 0.125 in
Yield Strength: 72 ksi

Tensile strength: 87 Mpa

0.375 in

Core Thickness (Tc) 0.375 in

 

Figure 49: ED fuse Configuration L24 

Table 22: Test matrix for ED configuration L24 

Test 

Fuse core 

Width, Wc 

(in) 

Fuse core 

area, AED 

(in
2
) 

Fuse core Aspect 

Ratio (Thickness: 

width) 

Nominal Force 

Capacity (kips) 

*ED-24-0.28-1 0.28 0.11 0.76 7.6 

ED-24-0.28-2 0.28 0.11 0.76 7.6 

ED-24-0.46-1 0.46 0.17 1.23 11.22 

ED-24-0.46-2 0.46 0.17 1.23 11.22 

*ED-24-1.00-1 1 0.37 2.65 24.42 

*ED-24-1.00-2 1 0.37 2.65 24.42 
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* stability issues in test setup encountered that led to premature buckling of the ED fuses 

Out of the six tests, three tests had stability issues in the test setup due to inadequate bracing of 

the actuator against out of plane motions. This led to premature buckling of the ED fuses. Table 

22 shows the tests which ended prematurely due to instability in the test setup. This kind of 

failure also highlighted the sensitivity of the ED fuse behavior on the end rotational stiffness of 

the fuse connections. This issue is further explored in a later section. 

Force- deformation behavior for four ED fuses is presented in Figure 50. The elongation of the 

fuse has been normalized to the fuse core length (24 in. ) to get an effective fuse core strain. 

Table 23 summarizes the test results for the ED fuses Configuration L24 including, the peak 

forces and strains.  

 

  

ED-24-0.28-2: Core plate width (Wc): 0.28 in.  ED-24-0.46-1:Core plate width (Wc): 0.46 in. 

 

 

  
ED-24-0.46-2: Core plate width (Wc): 0.46 in. 

 

ED-24-1.00-1: Core plate width (Wc): 1 in. 

Figure 50: Force-deformation behavior of  ED fuse Configuration L24 
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Table 23: Summary of test results for ED fuse Configuration L24 

Test Peak 

strain 

(%) 

Yield 

force , 

kips  

Peak force in 

Compression

, kips  

Peak force 

in Tension, 

kips  

ED-24-0.28-2 3% 7  9.1  9.7  

ED-24-0.46-1 4% 11  16.5  13.7  

ED-24-0.46-2 3% 11  13.4  12.8  

ED-24-1.00-1 - 25 30.2 31.6 

 

In ED-24-0.28-2, ED-24-0.46-1 and ED-24-0.46-2 tests, presented in Figure 50, the fuses did not 

see any instability at the location of the connections. All the fuses experienced initial buckling in 

the reduced section of the steel core plate within the restraining tube. The initial buckling of the 

core plate led to a slight strength degradation at load reversals After the initial buckling, the fuses 

continued to resist load for atleast one more load cycle before they fractured.  

ED-24-0.28-2 with the lowest aspect ratio  of 0.76  experienced the initial buckling at the end of 

the second cycle of 2% strain and it finally fracture in the first cycle of 3% strain. The buckling 

happened earlier as compared to ED-24-0.46-1 and ED-24-0.46-2. ED-24-1.00-1 was performing 

well, with no sign of initial buckling till the first cycle of 3% strain. However, due to much 

higher fuse force as compared to the previous fuses, the actuator kicked out-of plane causing 

instability in the test setup during the compression loading in the 3% strain cycle. This resulted 

in the formation of plastic hinges at the location of fuse end connection and the test had to be 

stopped. 

After completion of the tests on ED Configuration L24, it was concluded that if these fuses were 

to be installed in the SCBs, they may buckle/fracture before the SCB experiences 4% story drift. 

This would lead to major loss in the energy dissipation capacity of the SCBs. To prevent this, 

certain revisions were made in the ED fuse design.  

1. It was decided that the length of the reduced section of the steel core would be increased so 

that the ED fuses can undergo higher axial deformation before experiencing any buckling or 

fracture. The goal was to develop the ED fuses that can exhibit full and stable hysteretic behavior 

in the SCB specimens subjected to 5-6% story drift. 

2. Based on the force-deformation behavior of the fuses with varying core plate thickness to 

width aspect ratio, it was concluded that an aspect ratio of 1.25 and higher promotes stability of 

the fuse core and results in delayed buckling of the ED fuses. 

3. In another attempt to prevent early buckling of the steel fuse core, the insertion length, Li was 

increased. It has been shown that the insertion length has an influence on the buckling of ED fuse 

which has a similar design as BRB. (Takeuchi, 2013). 
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6.5.2  ED Fuse Configuration L36 

As discussed in Section 6.5.1 several revisions were made to the design of ED fuse 

configurations to improve its performance under cyclic axial loading. To prevent early fracture 

of the ED fuse, the core fuse length and insertion length of the fuse was increased. The core fuse 

length was increased from 24 in to 36 in. The insertion length of the fuse in the restraining 

cylinder was also increased from 2.5 in to 4.75 in. The steel material used to fabricate the fuse 

core for this set of tests came from Batch II-36 (refer Section 6.4) with a yield stress of 63 ksi. 

The test setup was identical to that used to test fuses of configuration L24. The dimensions of the 

fuses for Configuration L36 is shown in Figure 51. The test matrix for this set of tests is shown 

in Table 24. 

 56.5 in (Total fuse length, L)

 36 in (fuse core length, Lc)

 4.75 in. 
(Insertion length, Li) Varied width, Wc

 1.5 in 

0.95 in.

1.5 in0.375 in

Restraining Tube
Outer diameter: 2 in

Wall thickness: 0.125 in
Yield Strength: 72 ksi

Tensile strength: 87 ksi

0.375 mm

Core thickness (Tc) 0.375 in.

 

Figure 51: Dimension for ED fuse Configuration L36 

Table 24: Test matrix for ED Configuration L36 

Test 

Fuse core 

Width, Wc 

(in) 

Fuse core 

area, AED 

(in
2
) 

Fuse core 

Aspect Ratio 

(Thickness: 

width) 

Failure Mode 

ED-36-0.90 0.90 0.3375 1.24 Buckling/fracture of fuse core 

ED-36-0.70 0.70 0.2625  1.86 Buckling/fracture of fuse core 

ED-36-0.47 0.47 0.1763 1.25 Buckling/fracture of fuse core 

 

Force- deformation behavior for four  ED fuses is presented in Figure 52. The elongation of the 

fuse has been normalized to the fuse core length (36 in.) to get an effective fuse core strain. 

Table 25 summarizes the test results for the ED fuses Configuration L36 including, the peak 

forces and strains. 
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ED-36-0.90: Core plate width (Wc): 0.90 in. ED-36-0.70:Core plate width (Wc): 0.70 in. 

 

ED-36-0.47: Core plate width (Wc): 0.47 in.  

Figure 52: Force-deformation plots for ED fuse Configuration L36 

Table 25: Summary of test results for ED fuse Configuration L36 

Test 

Peak 

strain 

(%) 

Yield 

force , 

kips 

Peak force in 

Compression, 

kips 

Peak force 

in Tension, 

kips 

ED-36-0.90 3.8% 22  32.8  27.24  

ED-36-0.70 4.5% 18  27.4 21.4  

ED-36-0.47 2.8% 11  15.4  13.1  

After, the tests done for ED Configuration L24, the test setup was fixed and the actuator was 

braced against any out-of plane movement. Thus, these set of tests did not see any buckling 

related to the instability of the test setup. All the fuses experienced initial buckling in the reduced 

section of the steel core plate within the restraining tube which led to a slight strength 
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degradation at load reversals as shown in the load-deformation behavior. Revising the design 

improved the performance of the ED fuses as expected. The peak strain sustained by the fuses 

before fractured increased. Additionally, increasing the fuse core length increased the total 

elongation of fuses before they fractured increased. When projecting this result to the full scale 

tests, it was predicted that when implemented in the SCB specimens the fuses would not fracture 

before 5% story drift.  

6.6   End stability of ED fuses 

Past studies have indicated that BRB global flexural buckling, often associated with flexibility or 

failure of the connection region, may occur before core yielding. In ED fuse design, therefore, it 

is essential to design the end connections to discourage plastic hinge formation prior to core plate 

yielding. In the case of component testing of  ED fuse (ED-24-1.00-1) , premature failure of the 

fuse occurred due to the rotation at the fuse ends due to out-of-plane rotation of the actuator (see 

Figure 53). Although this instability was not caused due to the failure of the end connection, 

nonetheless it resulted in premature buckling of the fuse at the T-section of the fuse. 

This section presents the stability criteria used to design the ED fuse end connection regions to 

prevent global buckling of the ED fuse prior to core plate yielding.  

Plastic 
Hinge Plastic 

Hinge

Actuator 
plate

Actuator 

 

Figure 53: End instability in the fuse  

 

Takeuchi et al. (2013) suggested two stability requirements for BRBs which take into account 

the effects of moment transfer at the restraining tube ends on rotational stiffness of the end 

connection zone. The end connection zone refers to the section of the ED fuse from the 
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restraining tube end to the end connection fixture as shown in Figure 54. The stability criteria for 

the end connections given by Takeuchi et al. (2013) is presented in Eq. 6.3 and 6.4. The first 

criterion, given by Eq. (6.3), ensures that the expected failure axial force of the ED fuse 

(assuming that the built-up WT end connection pieces stay elastic), Nlim1 is greater than the 

maximum axial strength of the ED fuse core plate at the reduced section after hardening, Ncu. 

The second criterion calculates the expected failure load, Nlim2 assuming the formation of plastic 

hinges in the built-up WT end connection pieces. The stability condition for this collapse mode is 

expressed in Eq. (6.4). For the cyclic testing of the ED fuse specimens, the built-up WT end 

connection pieces were proportioned in such a way that second stability criterion (given by Eq. 

(6.4)) never governed (i.e. considerably stronger than the first criterion). 

 

Plastic zone Lb

Moment of inertia of restraining tube 
(EIb )

Connection Zone 
Length

ξ Lo
Core plate width, Wc

0.95 in.

1.5 in0.375 in

T-section (neck zone)

0.375 mm
T-section 

(neck zone)
Moment of inertia (ϒJ EIb )

Lo

Connection Zone 
Length

ξ Lo

T-section 
(neck zone)

Moment of inertia (ϒJ EIb )

W
W

T=
 5

 in
.

tW= 0.5 in.

LW= 3 in.

Front view of built-up WT 
section

 

Figure 54: Notations used in the calculations related to end stability 
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                                                                  ( Eqn. 6.5) 
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Where the following variables are defined here and discussed further in subsequent 

paragraphs: 

  
  = Plastic bending capacity of the neck zone 

  
  = Secondary moment associated with out of plane drifts  

         (taken as zero for ED fuse specimens) 

   = effective initial imperfection 

   
  = Elasto-plastic buckling strength of the restraining tube 

   
  = Elastic buckling strength of the ED fuse 

  = Ratio of connection zone length to total length (see Figure 54) 

  
  = Plastic bending capacity of connection  

         (e.g. built-up WT section for this configuration) 

 

Ac = Measured core plate reduced cross section  

σcu = Measured ultimate tensile stress of core plate material 

The capacity to transfer moment at the restraining tube end, Mp
r
 is estimated using the equation 

proposed by Matsui et al. (2010) wherein   
  is the minimum of the plastic bending capacity of 

the T-section neck zone,   
      , and plastic bending capacity of the restraining tube at the end 

of the core plate plastic zone,   
      .  The neck zone and plastic zone of the ED fuse are shown 

in Figure 54. For ED fuse designs with small insertion lengths, Li, plastic hinge formation at the 

ends of the reduced section of the core plate may result in the failure of the restraining tube. In 

such a case, the capacity to transfer moment at restraining tube end will be limited by the plastic 

moment capacity of the restraining tube at the plastic zone ends of the core plate,   
      . For 

designs with sufficiently long insertion lengths, the plastic hinge occurs at the T-section neck 

zone of the core plate. Takeuchi et al. (2013) concluded that for BRBs with insertion length 

greater than twice the core plate width, the   
  is governed by the plastic moment capacity at the 

neck zone section,   
      . For the ED fuse specimens, the insertion length ranged between five 

and ten times the core plate width, and thus the plastic capacity of the neck zone,   
  was 

calculated by  Eq. (6.6). The resulting values are given in Table 27.  

 

  
    

                                                                  (Eqn. 6.6) 

where, 

Zcp = Plastic section modulus at T-section neck zone = 0.289 in
3 

for ED fuse specimens 

σcy = Measured yield stress of core plate material (see Table 21) 
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The secondary moment associated with the out-of-plane drifts observed in BRBs,   
 , is taken as 

zero for the ED fuse specimens since there is no lateral displacement at the ends during the 

testing program or in the SCB configuration. For other configurations where the ends of the ED 

fuse can move laterally relative to one another, see Takeuchi et al. (2013).  

The effective initial imperfection,   , can be caused by a combination of factors as given in Eq. 

(6.7).  The initial imperfection in the ED fuse core plate was assumed as Lc/500 = 0.07 in.  The 

eccentricity of the axial force, e, is due to the offset between the centroid of the core plate and 

the center of the applied load.  Since the axial load was transferred to the ED fuse specimens at 

the weld between the built-up WT section and ED fuse ends, the eccentricity, e, was taken as half 

of the core plate thickness = 0.19 in.  The clearance between the restraining tube and the core 

plate and was assumed as negligible (sr =0).   

          
   

   
                                            ( Eqn. 6.7) 

To calculate the elasto-plastic buckling strength of the restraining tube,    
 , or the global elastic 

buckling strength of the ED fuse,    
 , first, the rotational stiffness of the end connections must 

be evaluated. As shown in Figure 54, the ED fuse end connection consists of a built-up WT 

section with a web thickness of 0.5 inch and stem length, of 3 inch. The rotational stiffness of the 

WT section is given by Eq. (6.8).  The web has a weak axis moment of inertia, Iconn=0.05 in
4
, 

cantilever length, Lw = 3 in, and assuming a nominal modulus of elasticity, E=29000 ksi, results 

in a rotational stiffness,                       .  This calculation assumes that 

components of the test setup beyond the WT are rotationally rigid. 

    
      

  
      (Eqn. 6.8) 

 

The elasto-plastic buckling strength with pinned conditions at the restraining tube ends,    
 , was 

obtained by substituting the equivalent slenderness ratio,   , given by Eq. (6.9), into the column 

curve given in AISC Steel Construction Manual as shown in Eq. (1.10) to find the critical 

buckling stress,    .  The values of    and     is tabulated in Table 26. The buckling strength of 

the connection zone,    
 , can then be obtained as given in Eq. (6.11)  and the resulting values are 

tabulated in Table 27. 

   
    
  
 

    
      

          

                                          (Eqn. 6.9) 
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                                   Eqn. 6.10) 

   
                                                                    Eqm. 6.11) 

 

 

where, 

    = Length of the connection zone (see Figure 54) = 6 inch for ED fuse-L24 

configuration and 8.5 inch for ED fuse-L36 configuration specimens 

ic = Radius of gyration of connection zone,                 = 0.25 inch for ED fuse 

specimens 

                  = Moment of inertia of the T-section at neck zone (formulated here as a constant,   ,  

   multiplied by the moment of inertia of the restraining tube, IB, but could also be  

                     calculated directly) = 0.05 in
4
 for ED fuse specimens 

         = Area of the T-section at neck zone = 0.77 in
2
 for all the ED fuse specimens 

     = normalized rotational stiffness for the built-up WT section (see Table 26),  

                                 

    = Yield stress of core plate material (assuming that neck and core are same material) 

   = Euler buckling stress given by     
       

    (see Table 26) 

 

The global elastic buckling strength of the ED fuse considering the rotational stiffness of the end 

connections,    
 , is calculated using Eq. (6.12). 

 

   
  

      

  
 

   
 

           

   
 

           
                          (Eqn. 6.12) 

 

where, 

                  = Moment of inertia of the restraining tube = 0.32 in
4
 for ED fuse specimens 

      = Total length of the ED fuse specimen (see Table 26) 

LκRg = rotational stiffness for the built-up WT section normalized by total 

          length,                  (see Table 26) 

 

Both stability checks were performed for all specimens tested and the results are presented in 

Table 27.  The first stability criterion was satisfied for all specimens, ensuring that the core plate 

will yield before the ED fuse experiences global buckling due to plastic hinge formation at the 

connection zone. Table 27 also shows that the capacity associated with the second stability 
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criterion, Nlim2, was 40% and 110% larger than that for the first stability criterion, Nlim1, for the 

ED fuse L36 and ED fuse L24 series ED fuses, respectively.   

It was also observed that the buckling capacities are much less sensitive to the core dimension 

(variations within the ED fuse L36 and L24 sets) as compared to the length of the specimen 

(primary difference between the ED fuse L36 and L24 sets).  Since ED fuses with shorter 

connection zone length ξLo and total length Lo resulted in larger expected failure axial force, Nlim1 

for the L24 series specimens it is clear that shorter connection zone length and total length is 

desirable to promote stable ED fuse behavior.  However, the smaller the axial strength of the ED 

fuse core plate, the less likely it is to undergo global buckling prior to core plate yielding (i.e. 

less likely that Ncu is less than either limit).  

 

Table 26: End stability check related parameters for ED fuse specimens 

Specimen ID Ac (in
2
) Lo (in) 

ξ Lo 

(in) 
     LκRg       (ksi) 

    

(ksi) 

ED -36-0.90 0.34 56.5 8.5 3.08 3.08 109 24 21 

ED -36-0.70 0.26 56.5 8.5 3.08 3.08 109 24 21 

ED -36-0.47 0.18 56.5 8.5 3.08 3.08 109 24 21 

ED -24-0.28 0.10 35.5 6.2 1.93 2.25 93 32 28 

ED -24-0.46 0.17 35.5 6.2 1.93 2.25 93 32 28 

 

Table 27: End stability check for ED fuse specimens 

Specimen ID 

   
  

(k) 

   
   

(k) 

  
  

(k-in) 

Ncu  

(k) 

Nlim1  

(k) 

Nlim2 

(k) 

Check 

(Nlim1>Ncu & 

Nlim2>Ncu) 

ED -36-0.90 54 17 18 27 37 52 OK 

ED -36-0.70 54 17 18 21 37 52 OK 

ED -36-0.47 54 17 18 14 37 52 OK 

ED -24-0.28 123 22 19 9 58 123 OK 

ED -24-0.46 123 22 19 14 58 123 OK 

 

6.7 Synthesis of the ED fuse component test results 

This section presents the analysis of the ED fuse component tests. The ED fuses that experienced 

premature global buckling have been excluded from the discussion. Peak response quantities 

typically used to evaluate BRBs such as the compression strength adjustment factor, β, strain 
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hardening adjustment factor, ω, cumulative inelastic axial deformation ratio, μ, and cumulative 

plastic strain,       , have been used in this section to evaluate the behavior of the ED fuses.  

In terms of the local buckling, the peak strains at which strength degradation initiated appeared 

to be related to the core plate aspect ratio (width to thickness, Wc / tc).  For example, specimens 

ED-24-0.28, ED-24-0.46(1 or 2), and ED-36-0.90 with aspect ratios of 1:0.75, 1:1.22, and 

1:2.41, respectively, experienced strength degradation during cycles with effective core plate 

strains of 0.02 in/ in, 0.03 in / in and 0.036 in / in, respectively.  Specimen ED-36-0.70 with the 

second largest aspect ratio of 1:1.87 sustained the largest strain cycles at 0.04 in / in. 

The strain hardening adjustment factor, ω, is calculated based on Eq. (6.13) and gives an 

indication of the magnitude of material strain hardening.  The maximum value of the factor for 

any cycle beyond first significant yield of the ED core plate is reported in Table 28 as the 

maximum strain hardening adjustment factor.  This is consistent with the way references such as 

AISC 341-10 require reporting of the peak value during a test rather than an average for BRBs. 

  
    

  
                                                                      Eqn. 6.13) 

where, 

Tmax = maximum tension force measured during each cycle  

Py = axial yield force of the ED fuse specimen based on measured yield area 

 

It is shown in Table 28 that the set of test specimens had an average maximum strain hardening 

adjustment factor, ω, of 1.22 and largest value of 1.26 for specimen ED-36-0.90.  This 

magnitude is similar to values reported for buckling restrained braces and as expected does not 

show large variation because it is related to material behavior.  Although the L24 series and L36 

series of specimens used different plate material, the properties were similar (see Table 21) with 

ratio of ultimate stress to yield stress of 1.29 and 1.24, respectively. 

 

The compression strength adjustment factor, β, is calculated using Eq. (6.14) as the ratio of the 

peak compressive force to the peak tension force in each cycle.  Similar to the strain hardening 

adjustment factor, the maximum value of the factor for any cycle beyond first significant yield of 

the ED fuse core plate is taken as the maximum compression strength adjustment factor and is 

reported in Table 28. 

  
    

    
                                                        ( Eqn. 6.14) 

where, 

Cmax = maximum compression force measured during each cycle 

 



87 

 

The ED fuse specimens produced maximum values of the compression strength adjustment 

factor between 1.07 and 1.28.  Unlike the strain hardening adjustment factor which is related to a 

material property, the compression strength adjustment factor is related more to the detailing and 

construction of the ED fuse.  Increased compression forces related to friction between the core 

and the restraining mechanism is sensitive to the space provided to allow Poisson’s expansion of 

the core.  AISC 341-10 includes an acceptance criterion for BRBs wherein the measured 

maximum compression strength adjustment factor shall not exceed 1.3.  It is shown in Table 28, 

that all the ED fuse specimens satisfy this criterion and therefore, it is concluded that sufficient 

space for core expansion was provided by the ED fuse detailing described previously. 

 

Based on the measured values of strain hardening adjustment factor and compression strength 

adjustment factor, a conservative estimate (using the largest values of both) for the peak forces 

that could be produced by the ED fuse would be approximately 1.6 times the yield force as 

calculated based on expected yield stress.  This is consistent with the peak forces observed in the 

ED fuse specimens (see Figure 50 and Figure 52) and gives designers an estimate of the largest 

forces that can be produced by the ED fuse for use in the design of surrounding structural 

elements. 

 

Since the ED fuses have been designed as sacrificial fuse elements to prevent damage to the 

primary structure, the deformation capacity of these elements is an important benchmark of their 

performance.  In this chapter, the measured deformation capacity of the ED fuse was quantified 

with three parameters given in Table 28.  A normalized cumulative inelastic axial deformation, 

μ, was calculated as given by Eq. (6.15). The peak core strain was calculated as the peak fuse 

deformation divided the core length. The cumulative plastic strain of the core plate,       , was 

calculated by taking twice the plastic strain accumulated in each half cycle,     and summing it 

up for a given displacement amplitude level, as given in Eq. (6.18) and Eq. (6.19) (Takeuchi et 

al. 2008).  All the resulting values are provided in Table 28. 

 

     
   
    

  

  
        

                                                  (Eqn. 6.15) 

where, 

nc = Number of cycles 

  
  = maximum tensile deformation and   

  the maximum compressive deformation in 

the core plate for the i
th

 cycle. 

   = axial deformation associated with the yield of the ED fuse core plate and was calculated 

using  Eq. (6.14) and Eq. (6.15) and reported in Table 28. 

 

   
     

  
                                                        ( Eqn. 6.16) 
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                                     ( Eqn. 6.17) 

where, 

Kc = elastic stiffness of the reduced section of the ED fuse 

KT-sec = elastic stiffness of the neck zone of the ED fuse specimen 

KWT-axial  = axial stiffness of the built-up WT-section 

KWT-bending = bending stiffness of the built-up WT section 

 

It is noted that the elastic stiffness of the reduced section of the core plate, Kc, contributed to an 

average of 85% of the effective flexibility of the whole ED fuse system including the end 

connection pieces. 

 

                
 
                                                       (Eq. 6.18) 

                       
               

 
                              (Eq. 6.19) 

where, 

N = Number of cycles per displacement amplitude level 

M = Number of displacement amplitude levels  

        and         = peak stresses in tension and compression for a displacement 

amplitude level calculated by dividing the ED fuse axial force by the measured core plate 

cross-sectional area. 

        and         = peak strains in tension and compression for a displacement 

amplitude level, calculated by dividing the ED fuse axial deformation by the core plate 

length. 

E elastic modulus of elasticity for the core plate material as tabulated in Table 21. 

Table 28: Summary of test results  

 

Specimens 
Aspect 

ratio (Wc 

/ tc) 

Yield 

Force, Py  

(kips) 

Max 

ω 

Max  

β  

δy , 

(inch) 

μ,  

(δy) 

Peak 

core 

strain 

(%) 

Cum. 

Plastic

strain, 

εcum,p 

(%) 

ED-24-0.28 0.75 7 1.21 1.07 0.061 223 3.0% 56% 

ED-24-0.46-1 1.22 11 1.21 1.22 0.064 285 4.0% 79% 

ED-24-0.46-2 1.22 11 1.18 1.07 0.064 225 3.0% 66% 

ED-36-0.47 1.25 11 1.24 1.18 0.089 181 2.8% 46% 

ED-36-0.70 1.87 18 1.22 1.28 0.095 400 4.5% 106% 

ED-36-0.90 2.41 22 1.26 1.21 0.100 267 3.8% 78% 

 

As shown in Table 28, the two specimens with the largest aspect ratios, Specimens ED-36-0.90 

with Wc/tc = 2.41 and ED-36-0.70 with Wc/tc = 1.87, produced two of the largest cumulative 
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inelastic deformation capacities equal to μ = 267 δy and μ = 400 δy, respectively.  Conversely, the 

two specimens that produced the smallest cumulative inelastic deformation capacities, μ = 181 δy 

and μ = 223 δy, had low aspect ratios: Specimens ED-36-0.47 with Wc/tc = 1.25 and ED-24-0.28 

with Wc/tc = 0.75, respectively.  Based on these observations, it appears that there is a link 

between the aspect ratio of the core and the cumulative inelastic deformation capacity of the ED 

fuses. 

There may also be a relationship between core length and cumulative deformation capacity.  

Specimen ED-36-0.47, which produced the smallest cumulative deformation capacity, μ = 181 

δy, had a similar aspect ratio as ED-24-0.46-1 and ED-24-0.46-2 but longer core length (Lc = 36 

inch vs. Lc = 24 inch).  The longer ED-36-0.47 resulted in only 64% and 80% of the cumulative 

inelastic deformation of Specimens ED-24-0.46-1 and ED-24-0.46-2, respectively.  The same 

trend can be observed in the cumulative plastic strain which was εcum,p = 46% for the longer ED-

36-0.47 as compared to εcum,p = 79% and εcum,p = 66% for the shorter ED-24-0.46-1 and ED-24-

0.46-2, respectively. 

It was found that all the specimens except ED-36-0.47 satisfied the AISC 314-10  requirement 

for BRB qualification that they achieve a cumulative inelastic axial deformation of 200 times the 

yield deformation. That suggests that the tested configurations possess substantial ductility, 

similar to conventional BRBs.  The values reported in Table 28 for cumulative inelastic 

deformation capacity, peak core strain, and cumulative plastic strain, could be useful for 

designers implementing the ED fuse in a seismic system. 

In terms of variability, it was observed that ED-24-0.46-1 and ED-24-0.46-2 specimens, which 

had identical designs, produced slightly different behavior.  ED-24-0.46-2 experienced strength 

degradation during an earlier cycle (1st cycle of 3% strain) as compared to ED-24-0.46-1 which 

reached 4% peak strain (two cycles later in the displacement protocol) before it fractured. The 

cumulative inelastic axial deformation, μ, for ED-24-0.46-1 was 37% larger than ED-24-0.46-2. 

Two possible sources of differences were identified that may explain this type of variability in 

the behavior of nominally identical ED specimens. First, the buckling of the ED fuse is expected 

to be sensitive to the initial imperfections in the core plate. It was observed that the welding of 

the wing plates at the connection regions causes some bending of the reduced section of the core 

plate due to differential cooling rates. The magnitude of this initial imperfection was observed to 

vary. Second, the compressive strength of the grout may vary depending on factors such as water 

content, air moisture content and temperature. 

After the testing was completed, the core plate was removed from the grouted restraining tube.  

As shown in Figure 55, the core plate buckled in a higher-order mode along the weak axis of the 

ED fuse core plate. The amplitude of the buckles was quite small relative to the core thickness 

over most of the core length.  However, near the ends, one or two local buckles were found to 

have increased amplitude that implies the surrounding grout was crushed at these locations.  All 

of the ED fuse specimens experienced fracture at one of the larger amplitude local buckles such 
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as shown in Figure 55 and Figure 56. In some cases, such as Specimen ED-36-0.90 shown in 

Figure 57, the local buckle of the core became large enough to cause a section of the restraining 

tube to deform outward and ultimately fracture in a punching shear mode.  The specimen shown 

in Figure 57 has the largest core and thus the largest axial yield force.  Specimens with smallest 

cores did not experience failure of the restraining tube.  Specimen ED-24-0.28 had the smallest 

core with a core width smaller than the thickness, and as expected, experienced buckling in the 

plane of the core plate. 

 

Figure 55: Buckling of ED fuse core plate in higher-order mode 

 

Location of fracture
 

 
a) Specimen ED-24-0.28 

 
b) Specimen ED-24-0.46-1 

Figure 56: Fracture of ED fuse specimens 

 

 

High Order Buckling 
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Figure 57: Failure mode ED -36-0.90 (a) Core plate buckling in the weak axis (b) magnified 

view of the fracture core end (c) fracture in the restraining tube where the core plate 

buckled 

6.8 Design Recommendations based on experimental results 

The design of the ED fuse can be tuned to produce the desired deformation capacity and 

strength. For a given axial force demand, the yield strength of the ED fuse can be adjusted by 

selecting the core plate width, thickness, and yield stress.  Special attention should be paid to 

selecting the aspect ratio.  For ED fuses with core lengths such as the tested specimens with 

Lc=24 inch, the aspect ratios of Wc / tc = 0.75 to 1.22 produced 3% peak strain and adequate 

cumulative inelastic deformation capacity to pass AISC 341-10 BRB qualification. For the 

longer ED fuses such as the tested specimens with Lc=36 inch, aspect ratios between Wc / tc = 

1.87 to 2.41 were capable of sustaining large peak strains, cumulative plastic strain, and 

cumulative inelastic deformation.  The Lc=36 inch specimen with the lower aspect ratio of Wc / tc 

= 1.25 did not perform as well and is not recommended because it was unable to pass BRB 

qualification. 

Based on the experimental results, larger aspect ratios are expected to produce more cumulative 

deformation capacity.  However, comparing cumulative deformation capacity of specimens ED-

36-0.70 and ED-36-0.90, it was observed that increasing the aspect ratio beyond a certain limit 

may not improve the performance of the ED fuse any further. Investigating a similar issue, Iwata 

et al. (2006) conducted a series of tests on BRBs with varying thickness to width aspect ratio of 

the BRB core plate. The study, which varied the aspect ratio from Wc / tc = 4 to 11, concluded that 

BRB designs with smaller aspect ratios performed better and sustained higher levels of 

deformation before failure.  Based on that study, it may be desirable to keep the ED fuse core 

aspect ratio from exceeding Wc / tc = 4.  

To provide sufficient deformation capacity, the length of the core plate reduced section can be 

adjusted.  Except for Specimen ED -36-0.47 which has a geometry not recommended above, all 

ED fuse specimens achieved a minimum of 3% peak core strain and a cumulative plastic strain 
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of 56%.  These values of strain capacity and cumulative plastic strain capacity may be useful in 

designing the length of the core plate for specific applications with defined strain demands. 

It is also important to provide sufficient insertion length, Li of the core plate inside the restraining 

cylinder. Although none of the ED fuse specimens tested experienced global buckling failure or 

instability of the connection region, previous testing and design recommendations identify 

insertion length as an important parameter.  The insertion length for the tested specimens was 

between five and ten times the width of the core plate. 

6.9  Summary and conclusions 

This subsection summarizes the component test program for ED fuses which were designed to 

act as the energy dissipation element for the SCB. 

 The ED fuses were designed similar to a typical buckling restraint brace BRB, with a 

steel core that deforms axially, while a restraining tube (filled with hydrocal cement) 

prevents in from buckling in compression. 

  Tests were performed on the ED fuses with varying fuse core width, fuse core length (24 

in. and 36 in.) while keeping the core plate thickness constant (0.375 in.). 

 ED fuses with core length of 24 in. was found to smaller than desired deformation 

capacity. Thus, ED fuses with core length of 36 in. was chosen for implementation in the 

large-scale SCB test. 

 Majority of the fuses performed well with average peak strains (before failure) of about 

3.5%. In general, fuses showed slight strength degradation at initial buckling followed by 

the fuse failure in the subsequent cycle. 

 L24 and L36 series specimens sustained an average cumulative inelastic deformation of 

244 and 282 times the axial deformation associated with core plate yield respectively. In 

terms of cumulative plastic strain, L24 and L36 series specimens underwent an average 

of 67% and 77% strain respectively before failure. In general, all the ED fuse specimens 

showed slight strength degradation at initial buckling followed by the core plate fracture 

in the same or subsequent loading cycle. Five out of six specimens were also shown to 

satisfy the acceptance criteria set by AISC 341-10 for BRB designs in terms of 

cumulative axial deformation, μ and the compression strength adjustment factor, β. 

 Design recommendations were developed based on the tested configurations.  It was 

found that the core plate aspect ratio (ratio of core width to thickness) have an influence 

on the cumulative deformation capacity of the ED fuse. Values for the aspect ratio were 

suggested based on ED fuse specimens that produced large cumulative inelastic 

deformations that satisfied BRB qualification criteria in AISC 341-10. It was decided that 

an aspect ratio of 1.7 hand higher will be adopted to promote stable hysteretic behavior of 

the fuses. 
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 In the design of the end connection pieces, the possibility of global instability in the ED 

fuses due to end connection failure was explored and two stability criteria from the 

literature were used to prevent premature failure due to global buckling of the ED fuse. It 

was shown that the stability criteria used to ensure stable behavior of the ED fuse, 

depends not only on the design parameters of the ED fuse such as the core plate cross-

section, neck zone cross-section, restraining tube design, and insertion length, but also on 

the characteristics of the pieces connected to the ED fuse such as connection zone length 

and rotational stiffness of the end connection. 
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7. DESCRIPTION OF EXPERIMENTAL PROGRAM 

 

To understand and validate the concept of SCB and obtain data necessary for calibration of 

computational models, a large-scale testing program was conducted at the Thomas M. Murray 

Structures Laboratory at Virginia Tech. This section describes the experimental program 

including test setup, post-tensioning process, implementation of the energy dissipation fuses and 

instrumentation.  

7.1 Test Setup description 

The test setup for the experimental program of the SCB-MF is shown Figure 58. The specimen 

includes one entire bay rather than just a portion of the SCB beam unlike many moment 

connection tests which include the beam from inflection point to the column  Because of the 

post-tensioned gap opening mechanism it is necessary to test a full beam instead of a portion of 

the beam. The SCB unit in the frame is highlighted in Figure 59. The total frame width between 

column centerlines is 20 ft and the height of the frame   (from the base pin of the column to the 

height of loading) is 8ft-8in. The base of the columns are connected to a true pin connection, the 

other side of which is bolted to a reaction block. Lateral load was applied at the top of the 

column by a 220 kip actuator with stroke of 20”, which corresponds to a maximum possible 9% 

story drift. A gravity load simulator, which is capable of undergoing large lateral displacements 

while keeping a secondary jack vertical, was used to apply constant gravity load to the specimen 

at one-third points. The gravity load was consistent with perpendicular gravity beams framing 

into the SC-BMF. A schematic representation of the gravity load simulator is shown in Figure 

60. 

 

The SCB was braced out-of-plane at approximately one-third points. The specimen column was 

also braced against out-of-plane movement using threaded rods. A rigid compression strut (HSS 

8x8x1/2) with pinned end connections was placed between the two specimen columns to allow 

distribution of the actuator force to both columns. The ED fuse setup shown in Figure 59 is 

described in detail in a later section. The design drawings of the SCB specimen components and 

the test setup have been added in Appendix A. 
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Figure 58: SCB-MF test setup 

 

 

Figure 59: Photograph of SCB-MF test setup 
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Figure 60: Gravity Load simulator setup 

7.2  Loading Protocol for large-scale testing 

The loading protocol used in the testing program was adopted from the cyclic Loading Sequence 

for Beam-to-Column Connections outlined in Chapter K of AISC 341-10 (AISC 2010). In 

general, after 6% drift levels, the SCB was cyclically loaded for more than 2 cycles if the PT 

strands and the ED fuses had not fractured. The loading protocol is shown graphically in Figure 

61. The rate of loading was set at 2 in/min for the first 18 cycles (0.375%, 0.5% and 0.75% drift 

cycles) and 3 in/min for the rest of the test. 
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Figure 61: Loading protocol for the testing program 

7.3 Instrumentation plan 

Instrumentation was used to monitor the behavior of each component of the SCB (post-

tensioning, ED fuses, and beam), the distribution of force in the beam, gap opening dimensions, 

and global system displacements and forces. Figure 62 shows the layout of the instrumentation 

plan. 
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Figure 62: Instrumentation used in the testing program 

Load cells were used to record the post-tensioning force in each of the four PT strands. Another 

set of four load cells were used to monitor the gravity load applied to the SCB. Linear 

potentiometers were used at the two ends of the SCB to measure the gap opening between the 

inner tube/anchorage plate and outer tube/anchorage plate as shown in Figure 62. This data was 

used to calculate the total elongation and strain of the PT strands. A total of six string 

potentiometers were used along the height of the two columns to measure the horizontal 

displacement of the columns during the cyclic loading. Two string potentiometers were used to 

record the elongation of fuses on each side of the beam. In addition to these displacement 

sensors, the SCB- W-section, inner and outer tube were strain gaged at three sections along the 

length to record the strain data in the beam. The strain gaging process in summarized in 

Appendix D.  

The arrangement and location of the strain gages used on the SCB is shown in Figure 64. This 

data was post-processed to obtain section resultant forces and moments in the SCB and the total 

fuse force. 
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Figure 63: Arrangement and location of strain gages 

Data acquisition was performed with a National Instruments SCXI data acquisition system 

running LabVIEW Signal Express software. All types and numbers of sensors used as a part of 

the instrumentation for the testing program is summarized in Table 29. 

Table 29: Types and numbers of sensors used in the testing program 

TYPE OF SENSORS NUMBER OF SENSORS 

Wire Potentiometer 10 

Linear Potentiometer 4 

Inclinometers 5 

Load cells (Post-tensioning) 4 

Load cells (Gravity Load) 4 

Strain gages (SCB) 54 

Strain gages (Compression Strut) 4 

MTS Load cell/LVDT 2 

Total Number of Channels 87 
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7.4  Post-Tensioning Procedure 

Post-tensioning strands are one of the important components in SCB design as they provide the 

restoring force necessary for the self-centering mechanism. The post-tensioning process was 

carried out while the SCB lay on the floor separate from the test setup. The post-tensioned SCB 

was then installed between the columns using conventional bolted end plate connections.  This 

process is unlike other self-centering moment frames that require post-tensioning in the field. 

The initial post-tensioning force was determined based on the design strength of the SCB to be 

tested (refer to the test matrix in Chapter 6 for total initial post-tensioning force for each SCB). 

0.5 in. and 0.6 in. strands were used in the tests depending on the SCB configuration as tabulated 

in Table 30. The measured material properties of the PT strands have been summarized in Table 

30 (Bruce, 2014). A mono-strand chuck anchorage system used for post-tensioning was similar 

to that used commercially in post-tensioned concrete applications and is shown in Figure 64. The 

strands were post-tensioned using a typical hydraulic jack used in prestressed/post-tensioned 

concrete applications as shown in Figure 65.  

 

Figure 64: Chuck anchorage system used for post-tensioning 

 

Table 30: Material properties of PT strands (Average of 5 tests for 0.5'' strands and 3 tests 

for 0.6'' strands) [from (Bruce, 2014)] 

PT strand 

diameter 

Ultimate Strength, 

FU (ksi) 

Yield Strength ( at 1% 

strain, ksi) 

Modulus of 

Elasticity, (ksi) 

0.5'' 296 257 28900 

0.6'' 291 256 28900 
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DEAD END LIVE END (JACKING END)   

  

Figure 65: Post-Tensioning procedure of SCB prior to testing 

The initial jacking force in each of the four PT strands was estimated taking into account the 

initial seating losses during the jacking process (procedure in Bruce, 2014). The seating losses 

occur as a result of the wedge displacement during the seating of the live end chuck. Initial 

seating losses are an important factor to consider during both the design and installation of PT 

strand systems for use in self-centering systems. To reach a target initial post-tensioning stress, 

initial seating losses must be taken into account during the jacking process. Designers should be 

aware of these seating losses and ensure that the jacking stress needed to reach a prescribed 

initial post-tensioning stress does not push the PT strand past its elastic limit. The seating losses 

were estimated using equations given by (Bruce, 2014). 

                
   

    
                                                  (Eqn 7.1) 

        
    

    
                                                               (Eqn 7.2) 

where, 

      is the peak stress in the PT strand during jacking 

    Post-seating wedge displacement following seating of the anchorage 

     PT strand length between anchorage 

The multiple-use chucks were seated by simply sliding the entire chuck forward until it came in 

contact with the anchorage plate. Following the seating of the live end chuck, the hydraulic 

jacking system was released and the force was transferred from the jacking chuck to the PT 

strand system. Spacers were placed between the anchorage plate and the chucks as shown in 
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Figure 65 to aid the process of removing the PT strands after the completion of a test. Load cells 

were placed at the dead end to continuously monitor the post-tensioning force in each strand. In 

most cases, the PT force achieved in each strand were within 5% of the target PT forces. 

During the initial post-tensioning phase, the PT strands must be jacked past the final design 

stress to allow for losses associated with seating. If the exact level of overshot needed to produce 

an accurate final initial post-tensioning stress coinciding with the design stress is not correctly 

determined and accounted for, the final restoring force potential in the self-centering system 

could potentially be inadequate. Table 31- Table 35 summarizes the target post-tensioning force, 

initial jacking force and the initial post-tensioning stress achieved for each test. 

Predicted jacking forces shown in the tables below are calculated based on the seating losses 

during the jacking process (given by equation 7.2). The PT strands were jacked up to slightly 

higher forces based on the first few initial trials. In majority of the cases, the chucks were seating 

only once to achieve the desired level of post-tensioning stress. Once the live end chuck has been 

seated at the end of the jacking process, the only way to adjust this restoring force potential is to 

jack the PT stand system again and re-seat the chuck wedges. This re-seating has the effect of 

potentially causing cumulative damage to the strand above that of a typical chuck that is not re-

seated and may lead to premature fracture. The effects of re-seating chuck wedges during the 

jacking process is further explored in Bruce, 2012. 

During the post-tensioning process, it was noted that the first two strands (diagonally opposite 

strands) post-tensioned looses more force (3-2% of the initial PT force) during the PT process 

than the third strand (0.6-0.8%). Based on this observation, the initial jacking force for the first 

two strands was increased to compensate for the losses in the PT force due to the shortening of 

the concentric tubes. However, in certain cases, the initial jacking force for the last two strands 

were increased as compared to the first two strands to increase the total PT force to match the 

target PT force. 

Table 31: Post-Tensioning forces for SCB-1 

 PT -1 PT-2 PT-3 PT-4 

Target PT Force (kips) 18.6 18.6 18.6 18.6 

Predicted Jacking force (kips) 20.7 20.7 20.7 20.7 

Jacking Force (kips) 23.5 23.2 22.5 22.5 

Initial PT force (kips) 18.7 19.0 19.3 19 
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Table 32: Post-Tensioning forces for SCB-2 

 PT -1 PT-2 PT-3 PT-4 

Target PT Force (kips) 42.2 42.2 42.2 42.2 

Predicted Jacking force (kips) 46.5 46.5 46.5 46.5 

Jacking Force (kips) 47.3 47.6 48.5 47.6 

Initial PT force (kips) 38.9 40.4 42.6 40.6 

 

Table 33: Post-Tensioning forces for SCB-3 

 PT -1 PT-2 PT-3 PT-4 

Target PT Force (kips) 22.3 22.3 22.3 22.3 

Predicted Jacking force (kips) 25.1 25.1 25.1 25.1 

Jacking Force (kips) 27.1 27.2 27.3 26.6 

Initial PT force (kips) 21.4 21.7 23 21.7 

 

Table 34: Post-Tensioning forces for SCB-4 

 PT -1 PT-2 PT-3 PT-4 

Target PT Force (kips) 27.3 27.3 27.3 27.3 

Predicted Jacking force (kips) 30.2 30.2 30.2 30.2 

Jacking Force (kips) 34 32.4 31.8 31.9 

Initial PT force (kips) 30 29.2 27.6 28.7 

 

Table 35: Post-Tensioning forces for SCB-5 

 PT -1 PT-2 PT-3 PT-4 

Target Force (kips) 19.3 19.3 19.3 19.3 

Predicted Jacking force (kips) 21.7 21.7 21.7 21.7 

Jacking Force (kips) 24.9 24.1 24.0 24.1 

Initial PT force (kips) 19.7 18.5 18.9 20.4 

 

7.5  Energy Dissipation (ED) fuses 

The design and fabrication process of the ED fuses (Configuration L36) has been described in 

detail in Chapter 6. The same design and fabrication procedure was used for the ED fuses that 

were implemented in the large-scale testing of the SCB-MF. Batch II-36 Steel, used in the 

component testing of ED fuses Configuration L36 (with a measured yield stress of 63 ksi) was 
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used for the fabrication of the ED fuses. The fuse dimensions and the yield strength for all the 

SCB tests has been tabulated in Table 36.  

Based on the observations made in the fuse component test, the aspect ratio (core plate width to 

thickness ratio) of all the fuses were designed to be around 1.7 and higher to promote better 

performance of the fuses. 

Table 36: Fuse dimensions and yield strength 

SCB 

Fuse core 

thickness, 

t (in.) 

Fuse core 

width, w 

(in.) 

Fuse core 

aspect ratio 

w/t 

Fuse core 

cross-sectional 

area (in
2
) 

*Calculated 

yield strength  

(kips) 

1 0.375 0.710 1.89 1.07 67 

2 0.375 0.940 2.50 1.42 89 

3 0.375 0.940 2.50 1.42 89 

4 0.375 0.740 1.97 1.12 71 

5 0.375 0.650 1.73 0.98 62 

* The yield strength was calculated based on the measured yield strength for Batch II-36 steel material with 63 ksi 

yield strength 

A total of four fuses were used in each test, two on each side of the beam. This was done to 

reduce any eccentric loading caused by the fuse end connections on the inner and outer tube. The 

ends of the fuses were welded on to steel plates with 5/16 in. fillet weld on three sides. These 

plates were in turn bolted to a wing plate on one end and a WT -section on the other as shown in 

Figure 66. All the bolts in the ED fuse setup connection were pre-tensioned using the turn of the 

nut method to prevent any slip in the bolts. 
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Figure 66: End connections of ED fuses 

The wing plate passed through the inner tube and was welded on both sides whereas the WT 

section was welded on the outer tube. Thus, the fuse was connected to the inner tube on one end 

and outer tube on the other. As described in a previous section, the telescopic movement between 

the inner and outer tube results in axial elongation/shortening of the ED fuse.  This type of bolted 

fuse connection allows relatively easy replacement of fuses after the completion of each test. A 

photogragh showing the ED fuse setup is presented in Figure 67. 

 

Figure 67: Photograph of the ED fuse setup 
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8.  QUASI-STATIC CYCLIC EXPERIMENTAL BEHAVIOR 

 

This chapter discusses the quasi-static cyclic behavior of the self-centering beam moment frame 

(SCB-MF). Five quasi-static cyclic tests were conducted and the results from those tests are 

presented in this section. Additionally, data from two tests performed on SCB-1 without ED 

fuses is also presented. The test matrix for the testing program is presented in Chapter 4. With 

approximately 92 channels recording data for each specimen, the experimental program 

produced a large amount of data for investigating the local and global response of the SCB-MF 

system and for validating the accuracy of the data through analysis of redundant measurements. 

Only plots demonstrating salient features of the experimental behavior are included in this 

chapter. Plots showing all of the raw data is included in the Appendix E.  

8.1  SCB-1 (Test without ED fuses) 

SCB-1 had a beam depth of 17 in. built with W14x61 W-section. The outer tube was HSS 

9x7x3/8 and inner tube 7x5x1/2. The fuse core plate was cut out of 3/8'' thick plate with 0.71'' 

wide reduced section. The total fuse yield area was 1.065 in2 and the  resulting design capacity 

for all the fuses was calculated to be Fy_fuse=67 kips. The post-tensioning consisted of four 12.7 

mm (½”) diameter post-tensioning strands stressed to 41 % of their ultimate strength or Fpti=70.3 

kips. This section describes the two tests that were done on SCB-1 without the ED fuses. These 

tests were conducted before the test with ED fuses. The first test without the ED fuses was 

performed with the PT strands post-tensioned to 45% of the ultimate tensile stress. The test was 

run up to 4% story drift so as to ensure that the PT strands did not yield during the test. This test 

was done to monitor the behavior of the SCB without the energy dissipation element as well as 

to ensure that all the instrumentation and the elements in the test setup were working as intended. 

The second test without the ED fuses was done with the gravity load simulator on to investigate 

the performance of the SCB under gravity load and to ensure that the gravity load simulator 

worked properly.  

Prior to these tests the SCB was post-tensioned following the process described in Chapter 7. 

The forces in the PT strands during the post-tensioning process is shown in Figure 68. The post-

tensioning of the strands was done in a set sequence such that the first two strands to be post-

tensioned were diagonally opposite in position. This was done to prevent excessive eccentric 

loading on the inner tube.  

The initial post-tensioning losses for each strand are marked in the Figure 68. As explained 

earlier, these losses include the initial seating losses that take place as a result of the wedge 

displacement during the seating of the live end chuck. Therefore, the PT strands were jacked past 

the final design stress to allow for losses associated with seating. The initial PT losses in the 

strands were approximately 13-17% of the initial jacking forces. The loss in the PT stress due to 
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initial seating varies depending on how deep the wedges were sunk into the chuck body prior to 

initiation of loading. These losses, however, also include the loss in the PT forces due to initial 

slack in the strands. 

Another observation that was made during the post-tensioning process was that as one strand was 

being stressed, the forces in the other strands of that frame are shown to reduce as the SCB 

undergo elastic shortening. The stress in any one strand could be as much as 5% different from 

the target, but the sum of the post-tension forces for each frame was within 0.5% of the target. 

 

Figure 68: Force in the PT strands during the post-tensioning process 

The global response of SCB-1 in the tests without ED fuses is shown in Figure 69(a). The global 

response is presented in terms of moment ratio (defined as the overturning moment of the SCB-

MF  normalized to the design capacity of SCB-1 and story drift%. The overturning moment was 

measured as the product of the actuator force and the story height of 104 inches. The story drift 

was calculated as the horizontal displacement of the frame (measured using WP-1 attached to the 

frame at the level of the actuator) divided by the story height. 

 It was observed, that the gravity load did not have a major influence on the global response of 

the SCB. Some energy dissipation was observed in Figure 69(a) which may be attributed to the 

friction losses in the test setup, lateral bracing for the SCB or the end connections of the SCB. 

The gap- opening occurred at around 0.4% story drift and the overturning moment at the time of 

gap- opening was recorded as 57% of the design capacity of the SCB. This agrees well with the 
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design of the SCB which had a SC ratio of 1.05 which implies that the contribution of the PT 

strands in the design moment capacity of the SCB was about 52%. As explained in Chapter 3, 

the gap- opening occurs when the overturning moment exceeds the moment associated with the 

PT strands and thus  the overturning moment at the time of gap- opening should be around 52% 

of the design moment capacity. 

The response of the PT strands for both the tests is shown in Figure 69(b). It should be noted that 

the PT strands were post-tensioned to 45% of the ultimate tensile stress. After the first test 

without fuses the PT stress dropped to 41%. This loss in the stress was solely due to seating 

losses during the cyclic loading which occurs when the wedges slide further into the chuck body 

as the strand force increase past its previous maximum value. In the second test without fuses, 

the initial PT stress is around 41%, but negligible loss in PT stress was observed (as shown in 

Figure 69(b). The seating losses did not occur in this test because the PT strands were not loaded 

beyond the stresses which they experienced in the first test. 

 
 

(a) (b) 

Figure 69: (a) Moment ratio- story drift relationship for SCB-1 (without ED fuses) (b) PT 

strand behavior for SCB-1 (without ED fuses)  

8. 2  SCB-1 

The load-deformation response for SCB-1 in terms of moment ratio and story drift% is shown in 

Figure 70. As shown in Figure 70, the specimen was tested up to 6% roof drift ratio (with 4 

cycles at 6% drift). The general behavior of SCB-1 was quite similar to the expected response. 

The flag-shaped hysteretic behavior described in Chapter 2 is evident in the experimental 

response which corresponds to the ability of the assembly to return to its original position when 

the lateral load was removed.  
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Fact

δ

Story drift %: δ*100/h

h

Mn=194.5 k-ft

 

Figure 70: Moment ratio-story drift% plot for SCB-1 

The SC ratio of the system was very close to 1 in the beginning of the test (prior to the yielding 

of the PT strands) and it was expected that the SC capacity will gradually decrease as the PT 

strands yield and the restoring force capacity of the system decreases, thereby decreasing the SC 

ratio to less than 1. The story drift at zero-force at the end of 4% drift cycle was around 0.3% and 

the story drift at zero-force at the end of 6% drift cycle was around 1.3%. This reduction in the 

self-centering capacity is due to the combined effect of reduction in the restoring force due to 

loss in post-tensioning stress in the PT strands and the increase in the energy dissipation capacity 

due to hardening of the ED fuses post-yielding.  

 

As shown in Figure 71, the loss in the PT stress was not significant (11% loss in PT stress at the 

end of the test). The PT strain in Figure 71 is measured using the change in distance between the 

anchorage plates which was calculated indirectly using the data from LP-3,4,5 and 6 placed 

between the anchorage plates and the concentric tubes at each end of the SCB. The stress in the 

PT strands was recorded as the force in the strands (recorded by the load cells) normalized to the 

nominal PT strand area.  

 

 As the post-tensioning strand is stressed to a load higher than it has previously attained, the 

wedges in the anchorage are pulled a little deeper into the mating conical hole. This additional 

seating leads to a reduction in the post-tension force commonly referred to as post-tension 

seating losses. The other source of loss in post-tensioning stress is the inelastic deformation of 

the PT strands. For SCB-1, the test ended when the PT strands were close to yielding. As 

previously mentioned in Chapter 2 , the PT strands are said to yield at 1% strand elongation. The 

PT strands in SCB-1 saw a peak strain of 0.94% and peak stress of 0.93FU (FU is the ultimate 
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tensile stress of the PT strands). Thus, the majority of loss in the post-tensioning strands for 

SCB-1 was due to the seating losses during the cyclic loading. 

 

 
 

Figure 71: PT strand behavior in SCB-1 

The gap- opening behavior at both ends of the SCB-1 (typical for 17 in deep SCB) is shown in 

Figure 72.  

 

Figure 72: Gap- opening behavior of the SCB-1 (typical for 17'' deep SCBs) 

The gap- opening was measured using two linear potentiometers placed between the inner tube 

and anchorage plate and the outer tube and anchorage plate at both ends. The plot shows that the 

gap-opening was very similar at both the ends (around 1/16
th

 inch difference). The expected gap-

opening (1.02 in, at 6% drift) to the experimental gap- opening (average of 1.01 in, at 6% drift) 
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was found to be in good agreement. The expected gap- opening is given by the story drift ratio 

multiplied by the SCB depth.  

An important characteristic of the SC systems is the initial stiffness which determines the story 

drift at which the gap-opening occurs in the system. Gap- opening is desirable because it results 

in  stiffness reduction which is desirable because it helps to limit the forces that can develop in 

the lateral force resisting system. In SCB-1, the gap-opening first occurred at around 0.52% drift 

followed by the softening of the system which is evident from the decrease in stiffness as shown 

in Figure 73. SCB-1 reached its moment capacity (or the point where the yielding of the ED 

fuses first took place) occurred at 0.64% story drift. 

Stiffness before 

gap-opening

Stiffness after 

gap-opening

 

Figure 73: Initial stiffness and post gap- opening stiffness of SCB 

Gap-opening also is an important quantity as it governs the behavior of the PT strands and the 

ED fuses in the SCB. The behavior of the ED fuses with respect to the gap-opening ratio is 

shown in Figure 74. The strain gage data from the inner tube was used to calculate the fuse force 

and will be presented in the next chapter. The ED fuse force is normalized to the expected yield 

force of the fuse (measured yield stress of the fuse is 63 ksi). The gap-opening ratio is the gap-

opening normalized by the SCB depth, dSCB. The fuse force is also plotted against the fuse 

deformation normalized to the ED fuse core length (36 in.). 
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Figure 74: ED fuse behavior in SCB-1 

The response of the ED fuse in the SCB was quite similar to that seen in the component tests 

(Chapter 7). The end connections were designed to be rotationally rigid to prevent premature 

global buckling on the ED fuses due to instability in the end connection zone (refer Chapter 7) 

and thus, the fuses displayed very stable and full hysteretic behavior. The aspect ratio of the fuse 

core plate was designed as 1.89 based on the observations made after the component testing of 

the ED fuses to ensure enhanced performance of the ED fuses. 

The ED fuses displayed full hysteretic behavior up to 6% story drift except for minor slip 

observed in the ED fuse behavior at zero fuse force. In the 4th cycle of 6% drift, the fuse 

behavior experienced a slight strength degradation while load reversal, indicating the initiation of 

buckling in one or more of the ED fuses. Following the initial buckling, one or more of the ED 

fuse(s) fractured causing a 20% drop in the ED fuse force. Assuming that all the fuses experience 

similar fuse deformation, the peak normalized deformation (or effective strain ) observed in the 

fuses before fracture of the first fuse was 2.5%.  

Although the fuse force-deformation behavior was used to identify if a fuse is experiencing a 

strength degrading limit state, it was difficult to visually identify which fuse was the culprit 

during the test. Therefore, the test was stopped after the completion of this cycle in which fuse 

degradation was observed to prevent any potential instability in the test setup that could occur if 

the fuses fractured.  

8.3 SCB-2 

SCB-2 was built identical to SCB-1. The fuse core plate was cut out of 3/8'' thick plate with 

0.95'' wide reduced section. The total fuse yield area was 1.42 in
2
 and the  resulting total design 

capacity for all the ED fuses was calculated to be Fy_fuse=89.4 kips. The post-tensioning consisted 

of four 15.24 mm (0.6”) diameter post-tensioning strands stressed to 69 % of their ultimate 
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strength or Fpti=162.4 kips. The self-centering ratio of beam was 1.82. The design moment 

capacity (Mn) of the beam was 357 k-ft. 

Figure 75 shows the global behavior of SCB-2 in terms of moment ratio and percent story drift. 

As shown in Figure 75, the SCB was tested up to a story drift of 6%. Due to slip in the actuator 

reaction frame, the SCB underwent story drifts slightly less than 6% drift in the positive 

direction.  

The SCB started with a very high self-centering ratio of 1.82. Therefore, the story drift at zero 

force is much lower as compared to SCB-1. SCB-2 had a story drift of around 0.15% at zero-

force at the end of 4% drift cycle and 0.4% story drift at the end of the test. Although, it was 

anticipated that SCB-1 and 2 with identical beam sections will have similar initial stiffness, it 

was found that the initial stiffness of SCB-2 was higher than that of SCB-1. The gap- opening 

first occurred at 0.4% drift and the beam experienced ED fuse yielding for the first time at 0.52% 

story drift.  

 

 

Figure 75: Moment Ratio- Story drift plot for SCB-2 

Unlike SCB-1, this SCB was post-tensioned to a much higher stress level (69% of GUTS). Due 

to high initial strain levels in the PT strands, the PT strands yielded much earlier in the 

displacement history as compared to the strands in SCB-1 (1% total strain at 5% story drift) as 

shown in Figure 76. Since the PT strands were loaded much beyond yielding, the loss in the PT 

stress was significantly larger (32% loss in PT stress) as compared to SCB-1 due to higher level 

of inelasticity.  The peak strain experienced by the PT strands was around 1.2%. The loss in the 

PT stress was counter-balanced by the high initial PT stress and thus, SCB-2 ended up with good 

self-centering capacity at the end of 6% drift cycle with  only 0.4% story drift at zero force at the 

end of the test. 
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Figure 76: PT strand behavior in  SCB-2 

  

The ED fuse in SCB-2 had a much higher aspect ratio of 2.52 as compared to SCB-2 while 

having the same core plate thickness. Thus, SCB-2 had a higher ED fuse capacity. The fuse 

behavior of SCB-2 in terms of normalized fuse force (calculated using the measured yield stress, 

63 ksi and measured cross-sectional area of the fuse core plate) and deformation is shown in 

Figure 77. The fuses performed well and did not fracture or experience any strength degradation 

at the end of 6% drift cycle. The ED fuse setup, however, did experience a lot of slip in the bolts 

and thus, the fuse elongation was much smaller than expected. The test was stopped to tighten all 

the bolts of the fuse setup again, but the slip in the connection continued. The peak effective 

strain (normalized fuse deformation) experienced by the fuse was about 2.2% in tension and 

1.6% in tension while the expected peak deformation in the fuse (based on the gap-opening at 

6% story drift) was calculated as 2.7%.  

 

Figure 77: ED fuse behavior of SCB-2 
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The ED fuse saw significant hardening in the compression as compared to tension. This is 

because of increased friction between the hydrocal cement and steel core due to Poisson's effect 

experienced by the steel core plate during compression.  

8.4  SCB-3 

SCB-3 was built with W21x101 W-section. The outer tube was HSS 9x7x3/8 and inner tube HSS 

7x5x3/8. The fuse core plate was cut out of 3/8'' thick plate with 0.95'' wide reduced section. The 

total fuse yield area was 1.42 in
2
 and the  resulting design capacity for all the fuses was 

calculated to be Fy_fuse=89.4 kips. The post-tensioning consisted of four 15.24 mm (0.6”) 

diameter post-tensioning strands stressed to 38 % of their ultimate strength or Fpti=89 kips. The 

self-centering ratio of beam was 1.00. The design moment capacity (Mn) of the beam was 364.5 

k-ft. 

Figure 78 shows the global behavior of SCB-2 in terms of moment ratio and story drift. As 

shown in Figure 78, the SCB was also tested up to a story drift of 6%. The test was stopped when 

a significant drop in the ED fuse capacity was observed due to buckling/fracture of one or more 

of the fuses. Due to large actuator forces in this test, the slip in the actuator reaction frame 

persisted resulting in slightly lower displacement levels of the SCB-MF as compared to the 

actuator displacements. This is reflected in Figure 78, which shows slightly lower story drift as 

compared to the loading protocol (for example, SCB experienced a 5.4% drift when subjected to 

a target story drift of 6% based on the actuator displacement equal to the specimen 

displacement). As expected, the initial stiffness of SCB-3 was higher than SCB-1 and 2. The 

gap-opening in the SCB first occurred at around 0.32% drift and the beam achieved its moment 

capacity ( ED fuse yielding occurred for the first time) at 0.4% story drift. 

Not unlike SCB-1, SCB-3 had  SC ratio near unity which resulted in non-zero drifts at zero 

force. SCB-3 had a story drift of around 0.35% at zero-force for 4% drift cycle and 1.7% story 

drift at the end of the test. This shows that the SCB-3 lost substantial SC capacity after 4% drift 

cycle. This can be attributed to the fact the PT strands in SC-3 yielded in the 6% drift cycle and 

lost around 50% of its initial post-tensioning stress during the test due to the combined effect of 

post-tensioning seating losses and yielding of the strands. The peak strain and stress seen the PT 

strands at the end of the test was 1.05% and 0.93GUTS as shown in Figure 79. It should be noted 

that since SCB-3 is a deeper beam (24.5 in depth), same levels of story drift will result in larger 

gap-opening as compared to SCB-1 and 2. This is the reason why SCB-1 which was post-

tensioned to a slightly higher initial PT stress (41% of GUTS) did not yield but SCB-3 with 

lower initial stress level (38%) yielded at the end of 6% drift cycle. 
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Figure 78: Moment ratio-story drift plot for SCB-3 

  

Figure 79: PT strand behavior of SCB-3 

Figure 80 shows the gap-opening behavior of SCB-3 at both the ends of the beam. As expected 

the gap-opening levels for SCB-3 was higher that SCB 1 and 2. The plot shows that the gap-

opening was very similar at both the ends (around 3/32
th
 inch difference). The expected gap-

opening (1.29 in, at 5.4% drift) was found to be slightly higher than the experimental gap 

opening (average of 1.19 in, at 5.4% drift). This may be due to several factors such as elastic 

deformation in the SCB, slip in end pin connections and uneven bearing of the anchorage plates 

on the tubes. 
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Figure 80: Gap- opening in SCB-3 (typical of 24.5 in deep SCBs) 

The ED fuse behavior of SCB-3 is shown in Figure 81. The fuse performed as expected with full 

and stable hysteretic behavior. The slip in the fuse end connections were observed (during the 

compression of ED fuses) that resulted in smaller fuse deformation than expected. The peak 

effective strain (normalized fuse deformation) experienced by the fuse was about 2.9% in 

compression and 3.5% in tension while the expected peak deformation in the fuse (based on the 

gap-opening at 5.4% story drift) was calculated as 3.6%.  

Sudden drop in the fuse 

force due to fracture in a 

fuse

Last cycle of the test ( 2nd 

cycle of 6% drift) 

 

Figure 81: ED fuse behavior in SCB-3 
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Although, no visible damage occurred in the ED fuses, the force-deformation behavior of the 

fuses saw a sudden drop in the ED fuse force of 25% at the beginning of the 2nd cycle of 6% 

drift. This resulted in the drop in the peak ED fuse force as well as the amount of energy 

dissipation in the last cycle of the loading protocol. This was an unexpected behavior from the 

fuses, since there was no strength degradation prior to this sudden fracture of the ED fuse.  

8.5  SCB-4 

SCB-4 was built identical to SCB-3. The fuse core plate was cut out of 3/8'' thick plate with 

0.75'' wide reduced section. The total fuse yield area was 1.12 in
2
 and the  resulting design 

capacity for all the fuses was calculated to be Fy_fuse=70.5 kips. The post-tensioning consisted of 

four 12.7 mm (0.5”) diameter post-tensioning strands stressed to 69 % of their ultimate strength 

or Fpti=114 kips. The self-centering ratio of beam was 1.62. The design moment capacity (Mn) of 

the beam was 377 k-ft. 

The load-deformation response for SCB-4 in terms of moment ratio and story drift% is shown in 

Figure 82. As shown in Figure 82, the specimen was tested up to 5% roof drift after which the 

test had to be stopped due to the fracture of three fuses and two PT strand wires. The initial 

stiffness of SCB-4 was comparable to the stiffness of SCB-3. The gap-opening in the SCB first 

occurred at around 0.40% drift and the beam achieved its moment capacity (the point at which 

the ED fuses yield) at 0.45% story drift. 

 

Figure 82: Moment Ratio- story drift plot for SCB-4 

SCB-3 had a high SC ratio of 1.62 at the beginning of the test. The story drift at zero-force at the 

end of 4% drift cycle was around 0.7% and 1.52% at the end of first cycle of 5% drift cycle and 

less than 0.2% at the end of the test (2nd cycle of 5% story drift). The high story drift at zero-

force can be attributed to the significant loss in the PT stress due to high levels and inelasticity 
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and fracture of the PT strand wires. The PT strands were initially stressed to 69% of the ultimate 

tensile stress of the strands in the beginning of the test. At the peak displacement in the 4% drift 

cycle, one of the wires of PT-1 fractured at a peak strain of 1.13% and peak stress of 0.996 

GUTS (as shown in Figure 83). This led to a drop of around 5% in the total PT stress (refer to 

Figure 84). 

 

 

Figure 83: PT stress strain plots for individual strands 

Based on the past research (Bruce, 2014), 1.13% strain was found to be quite low to cause 

fracture in the PT strands. The early fracture of the PT strands may be due to the re-seating of the 

chucks at the same location during the post-tensioning process. As described earlier, re-seating 

of chucks may potentially cause cumulative damage and lead to premature fracture of the PT 

strands.  

Following the fracture of PT-1 in 4% drift cycle, another strand  (PT-2) wire fractured in the first 

cycle 5% drift cycle. At the time of fracture, PT-2 had a peak strain of 1.19% and peak stress of 

0.94 GUTS as shown in Figure 83. This led to a drop of another 5% in the total PT stress as 

shown in Figure 84. As expected the fracture of strands was found to be at the location of chucks 

as indicated by the teeth marks formed by the chuck wedges near the fracture location as shown 
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in Figure 85. Due to the yielding of all the strands and fracture in two strand wires, the total loss 

in PT stress was about 56% which explains the severe loss in the SC capability of the SCB 

leading to high story drifts at zero-force towards the end of the test. 

 

 
 

(a) (b) 

Figure 84: (a) Combined Stress-strain behavior of the PT strands (b) PT stress- story drift 

plot 

  

(a) (b) 

Figure 85: Fractured PT strands (a) PT-1 (b) PT-2 

 

The ED fuses in SCB-4 performed as expected with full and stable hysteretic behavior up to the 

first cycle of 5% drift as shown in. During load reversal in the 2nd cycle of the 5% story drift, 

strength degradation in the ED fuse behavior was observed indicating the initiation of buckling 
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in one or more fuses. Towards the peak compression in the same cycle, one of the ED fuses 

buckled and fractured the restraining tube. Towards the end of this cycle, two more fuses 

buckled and fractured the restraining tube as shown in Figure 87. The test was stopped after the 

end of 2 cycles at 5% drift to avoid any damage to the fuse setup. Visible damage occurred to the 

ED fuses as shown in Figure 87, where the ED fuse core fractured the restraining tube. 

 

Figure 86: ED fuse behavior in SCB-4 

 

Figure 87: Buckling and fracture of ED fuses 
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Assuming  that the deformation in all the ED fuses was same, the peak effective strain attained 

by the ED fuses was 2.8% in tension and 3.1% in compression. At the end of the test, the ED 

fuse strength had degraded to 50 % of its yield capacity. Due to this reduction in the energy 

dissipation component of the SCB in the 2nd cycle of the 5% drift, the SC capacity of the SCB 

improved, which explains the very low story drift at zero-force at the end of the test, as pointed 

out earlier in the section. 

8.6  SCB-5 

SCB-5 was built identical to SCB-3. The fuse core plate was cut out of 3/8'' thick plate with 

0.65'' wide reduced section. The total fuse yield area was 0.98 in
2
 and the  resulting design 

capacity for all the ED fuses was calculated to be Fy_fuse=61.7 kips. The post-tensioning consisted 

of four 15.24 mm (0.6”) diameter post-tensioning strands stressed to 69 % of their ultimate 

strength or Fpti=77.34 kips. The self-centering ratio of beam was 1.25. The design moment 

capacity (Mn) of the beam was 284 k-ft. 

Figure 88 shows the moment ratio and story drift relationship for SCB-5. As shown in Figure 88, 

the SCB was also tested up to a story drift of 5%. The test was stopped when a significant drop 

in the ED fuse capacity was observed due to the visible failure of three out of the four ED fuses 

which is also reflected in the global behavior of SCB-3 in Figure 88. As expected, the initial 

stiffness of SCB-5 was comparable to the stiffness of SCB-3 and SCB-4. The gap-opening in the 

SCB first occurred at around 0.34% drift and the beam achieved its moment capacity at 0.40% 

story drift. The story drift at zero-force at the end of 4% drift cycle was around 0.7% and 0.93% 

at the end of first cycle of 5% drift cycle.  

 

Figure 88: Moment Ratio-Story drift for SCB-5 
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The behavior of the post-tensioning strands is shown in Figure 89. The strands were post-

tensioned to the lowest level of initial stress (33%) out of all the SCB specimens tested. The peak 

effective strain and the peak PT stress in the strands was recorded as 0.95% and 0.87GUTS 

respectively, indicating that the PT strands did not yield during the test. The loss in the PT stress 

at the end of the test was 38% of the initial post-tensioning stress. Since, the PT strands did not 

yield, a majority of this loss is expected to be due to seating losses due the wedge sliding in the 

chuck  body. 

 
 

Figure 89: Behavior of PT strands in SCB-5 

Figure 90 shows the response of the ED fuses for SCB-5 in terms of normalized fuse force and 

deformation is shown in Figure 90. The performance of these fuses was very similar to the ED 

fuses in SCB-4. The design ED fuse yield capacity for SCB-5 specimen was the lowest. 

 

Figure 90: ED fuse behavior in SCB-5 
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The ED fuses performed well till the first cycle of the 5% drift. In the 2nd cycle of the 5% drift, 

strength degradation was observed at load reversal (similar to the fuse behavior in SCB-4) 

indicating the initiation of buckling in one or more fuses. Note that the aspect ratio for the two 

fuses were very close (1.97 for SCB-4 and 1.76 for SCB-5) and the deformation experienced by 

the fuses in the two SCBs were very similar. This explains the similar behavior of the two sets of 

fuses. 

Towards the peak compression in the same cycle, one of the ED fuses buckled and formed a 

visible dent in the restraining tube as shown in Figure 91. Towards the end of this cycle, two 

more fuses buckled and fractured the restraining tube as shown in Figure 91. The test was 

stopped after the end of 2 cycles at 5% drift to avoid any damage to the fuse setup. At this point 

the ED fuse force had dropped to 47% of the ED fuse yield force. Assuming  that the 

deformation in all the ED fuses was same, the peak effective strain attained by the ED fuses was 

2.9% in tension and 3.2% in compression which was very similar to the fuses in SCB-4.  

  

 

Figure 91: ED fuse buckling in SCB-5 
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9.  ANALYSIS OF EXPERIMENTAL RESULTS 

 

There were numerous aspects of global and local response of self-centering beam  that were 

investigated as part of the experimental program. This chapter synthesizes the data from all of 

the specimens tested in the experimental program to draw conclusions about the salient features 

of the experimental response as the system parameters are varied. Behavior of the experimental 

specimens is divided up into global system response, post tensioning response, fuse response and 

the gap- opening mechanism. Further, the data collected from the displacement sensors, 

inclinometers and strain gages were used to explore various aspects of the SCB behavior and the 

analysis is presented in this chapter. 

9.1  Global force-deformation behavior 

The global behavior of the SCBs is presented in Figure 92 in the form of moment ratio vs story 

drift ratio plots. The moment ratio of the SCB is defined as the ratio of overturning moment of 

the SCB (Fact*h) to the design moment capacity of the SCB as defined in equation 3.11 in 

Chapter 3.  

It is evident from the plots shown in Figure 92 that SCB-2 with the highest SC ratio has a more 

defined flag-shaped hysteretic behavior force as compared to SCB-1 which means that even after 

loss in self-centering capacity at higher drifts due to inelasticity developed in PT strands, SCB-2 

displays negligible story drifts at zero force.  

SCB-1 had a near 1.0 self-centering ratio in the beginning of the test. Due to the combined effect 

of loss in post-tensioning stress in the PT strands and fuse hardening, the SC ratio of these beams 

eventually became less than 1.0. This SCB  did not have full self-centering and exhibited small 

drifts at zero force. For example, SCB-1 and SCB-3 displayed 0.3% and 0.35 % drift at zero 

force, respectively at the end of 4% drift cycle. For SC systems with this type of hysteretic 

behavior, with less than full self-centering, previous studies (e.g. Eatherton and Hajjar 2011) 

have found that residual drifts after earthquake ground motions are negligible. Even though the 

drift at zero force is non-negligible, the restoring force in the SC systems leads to an increased 

probability that the system will experience inelastic deformations in the direction toward zero 

displacement rather than away from zero displacement which leads to self-centering with 

negligible residual drifts.  

The story drifts at zero-force at the end of 2%, 4% story drift and the end of the test for all the 

SCB specimens along with their SC ratio is tabulated in Table 37. 
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Table 37: Story drifts at zero force 

SCB SC Ratio Drift at zero force 

(end of 2% cycle) 

Drift at zero force 

(end of 4% cycle) 

Drift at zero force 

(end of the test) 

1 1.05 0.1% 0.3% 1.3% 

2 1.82 0.005% 0.15% 0.4% 

3 1.00 0.25% 0.35% 1.7% 

4 1.62 0.13% 0.7% 1.52% 

5 1.38 0.018% 0.7% 0.93% 

 

SC Ratio : 1.05

Pti Ratio : 0.41

DesignMoment Capacity : 194 k-ft

SC Ratio : 1.82

Pti Ratio : 0.69

Design Moment Capacity : 357 k-ft

Fact

h

δ

Story drift: δ*100/h

SCB-1

SCB-2

SC Ratio : 1.62

Pti Ratio : 0.69

Design Moment Capacity : 284 k-ft

SCB-4

SC Ratio : 1.25

Pti Ratio : 0.33

Design Moment Capacity : 284 k-ft

SCB-5

 

Figure 92: Moment ratio vs. story drift ratio for SCBs 

All the SCBs displayed adequate initial stiffness. The percent story drift  at which the gap- 

opening occurred for the first time  and the story drift associated with the fuse yielding for the 

first time is summarized in Table 38. The story drift at fuse yield reflects the drift at which the 

system achieves its design moment capacity. The drift at gap opening is also an important 

response quantity because it marks the beginning of the softening in the force deformation 

behavior of the system which is desirable because it limits the force and moments in the beam, 

columns and other frame elements. 
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Table 38 also summarizes the measured initial stiffness and post-gap opening stiffness of each 

SCB specimen. As expected, SCB-3,4, and 5 with larger W-section (W21x101) and beam depth, 

dSCB were on an average approximately 100% stiffer as compared to SCB-1 and 2 (W14x61). 

The post gap-opening stiffness is expected to predominantly depend on the elastic axial stiffness 

of the PT strands, ED fuses and the SCB depth, dSCB. The dependence of the post-gap opening 

stiffness on the SCB depth is quite evident from Table 38 where, SCB-3,4, and 5 with a depth of 

24.5 in was approximately 150% stiffer as compared to SCB- 1and 2 with a depth of 17 in. 

Table 39 also reports the story drift  at which the PT strands yielding (assuming the strands 

yielded at 1% strain). PT strands in SCB-1 and SCB-5, did not yield and therefore their slots are 

left blank in the table. All the SCBs were designed to not experience PT strand yield before 2% 

story drift and therefore the earliest PT strand yield was observed in SCB-4 where the strands 

yielded at 3.1% story drift. 

Table 38: Story drift at gap- opening, fuse yield and PT yield 

SCB 
Initial 

Stiffness 

(kip/in) 

Post gap-

opening 

stiffness (kip/in) 

Story drift 

at gap- 

opening 

Story drift at 

fuse yield 

Story drift at 

PT yield 

1 31 10 0.49% 0.64% - 

2 48 10 0.4% 0.71% 4.6% 

3 78 26 0.32% 0.40% 5.1% 

4 79 25 0.4% 0.45% 3.1% 

5 64 25 0.34% 0.40% - 

 

The strength equation presented in Chapter 3 (refer equation 3.11) was found to predict the 

moment capacity (overturning moment at which the ED fuses yield) of the SCB specimens 

reasonably well with an average difference of less than 5%. Table 39 presents a comparison 

between the predicted and experimental moment capacity of the SCBs. In general, the equation 

predicted a lower value of Mn as compared to the experimental results. This can be attributed to 

the fact that the equation was developed as the sum of the moments associated with the yielding 

of the ED fuse and the initial post-tensioning force. In reality, the force in the PT strands 

increases marginally by the time the ED fuses yield, due to additional PT strain after gap-

opening. The predicted moment capacity of the SCB-MF system is therefore slightly lower. 

In order to calculate the moment capacity of each SCB specimen from the experimental data, the 

intersection point of two lines representing the primary slope and secondary slope of the force-

deformation behavior was computed. An example showing the points selected on the force-

deformation curve to form the two lines and the resulting  intersection point for SCB-4 is shown 

in Figure 93.  



128 

 

It should be noted that the load-deformation behavior does not follow the two intersecting lines 

in the initial loading cycles. The primary slope in the initial cycles is slightly smaller (as 

compared to the later cycles) and the secondary slope corresponds to the stiffness of the system 

just after gap-opening. However, after these initial cycles, when the ED fuses yield (and the 

system achieves its design moment capacity) the primary slope increases slightly and the 

secondary slope is associated with the post fuse-yielding stiffness of the system (which is, as 

expected, smaller that the post gap-opening stiffness of the system). Since, the quantity of 

interest is the moment capacity of the system, the primary and secondary slopes in the initial 

cycles are ignored because the system has not reached its design moment capacity yet. 

Table 39: Comparison of moment capacity 

SCB 

Predicted 

moment 

capacity (k-ft) 

Experimental 

moment 

capacity (k-ft) 

Ratio of Experimental to 

predicted moment capacity 

1 195 219 1.12 

2 357 352 0.99 

3 364 366 1.00 

4 377 393 1.04 

5 284 302 1.06 

 

 

Figure 93: Evaluation of Moment Capacity from experimental data 
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The SCB-MF also displayed a high deformation capacity. All the SCBs were subjected to 5-6% 

story drift without causing any observable damage to the SCB, columns or beam-end 

connections. The peak stresses in the SCB elements were computed using strain gage data 

showing very low levels of stresses which is presented in a later section. Inelastic damages were 

limited to only ED fuses and PT strands.  

9.2   SCB end moments 

As discussed in Chapter 3, the end moments at both the ends in a SCB are developed because of 

the horizontal force couple formed between the two end pin connections. The moment capacity 

of the SCB at any stage of loading is the summation of the two end moments. The moment 

capacities of the two ends of the SCB are not independent. These end moments act together and 

equations can be derived to relate the sum of end moments to gap- opening moment capacity and 

fuse yield moment capacity of the SCB.  

These end moments for each of the tested specimens was calculated using two approaches. The 

first approach involved computing the end moments indirectly by calculating the overturning 

moment (product of the applied lateral force and the story height, 8.67 ft) of the SCB-MF. This 

approach includes the contribution of the columns and the other members of the frame. The 

second approach involves the computation of SCB end moments utilizing the sectional moments 

in the SCB calculated using the strain gage data. This approach excluded the effect of columns, 

end connection pins, other elements of the test frame and the associated friction losses on the 

force-deformation behavior of the SCB. The process used to calculate the SCB end moments 

using the strain gage data is summarized in the following paragraphs. 

9.2.1 Calculation of SCB end moments 

As described in Chapter 7, the SCB body was strain gaged at three sections to obtain the strain 

data for the beam during the cyclic loading. This strain data was post-processed to obtain 

resultant forces and moments at the strain gaged sections.  Figure 94 shows an example of the 

plane fitted to the strain data cloud obtained from the strain gage data placed on specific sections 

of the SCB body. The strain data used for this plot is the data obtained for SCB-1 after the 

completion of initial post-tensioning before the beam was mounted on the test frame.  

The fitted plane was used to calculate the curvature of the beam excluding the inner tube (W-

section and outer tube) in strong and weak axis as shown in Figure 94. The curvature was then 

converted to the sectional moments (in weak and strong axis) using the SCB material and 

sectional properties. Using the same fitted plane, the section resultant axial force was also 

calculated as the strain at the centroid of the W-section/outer tube assembly multiplied by the 

cross-section area, AOT/W-section  and modulus of elasticity, E.  

For the inner tube, it was verified that the resultant forces are primarily axial and the bending 

moments were negligible. The axial force in the inner tube was calculated as the average of the 
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longitudinal strains (from total of 8 strain gages on one section, refer the strain gage placement in 

Chapter 7) multiplied by the modulus of elasticity and the nominal area of the inner tube. The 

calculation is given in equation 9.1, where AIT  is the cross-sectional area of the inner tube and E 

is the modulus of elasticity of the beam (taken as 29000 ksi). 

    
   
 
   

 
                                                                    (Eqn. 9.1) 

This process of calculation of the sectional forces and moments were validated for a simple case 

using the strain gage data for SCB-1 after the application of the post-tensioning forces (total 77 

kips). Since there are no other axial forces/moments acting along the length of the SCB, the 

sectional forces and moments were expected to be equal at the two sections. The axial forces in 

the inner tube and outer tube/W-section assembly were calculated assuming that the PT force 

distribution occurred directly proportional to the axial stiffness of the two elements (neglecting 

the contribution of  flexural deformation in the outer tube/W-section). The strong axis moment 

was calculated as the product of the applied post-tensioning force and the eccentricity of the 

applied force from the centroidal axis of the outer tube/W-section assembly. The strain gage data 

was used to obtain the resultant forces and moments at every time step during the test to 

calculate the external forces on the SCB such as the horizontal force couples and end vertical 

shear forces. The process and equations that were used to calculate these quantities is presented 

in the next paragraph. 

The quantities obtained from the fitted plane was found to be very close to the calculated values 

as shown in  Table 40. 

Table 40: Sectional forces and moments derived from strain gage data compared to hand 

calculated values 

Quantity 
Strain gage data 

Calculated 
Section A Section B 

Axial force (inner tube), kips 22.4 20.3 22 

Axial force (W-section/outer 

tube), kips 
54 57.5 54 

Strong axis moment (W-

section/outer tube), kips-in 
316 300 313 
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Figure 94: Fitting a plane through the strain data cloud  

From the free body diagram of the W-section/outer tube to the left of Section B as shown in 

Figure 95. 

                                                           (Eqn. 9.2) 

                                                        (Eqn. 9.3) 

 

Setting the total moment about the centroid as zero, 

 

                                                     (Eqn 9.4) 

 

The known variables in the equation are: 

   which can be calculated based on the location of strain gaged section on the SCB and the 

shear tab connection 

   distance between the centroidal axis of the W-section and outer tube and the centerline of the 

top flange of the W-section 

  ,    can be calculated by fitting a plane through the strain data cloud obtained from the strain 

gage data at Section B  (see previous section) 

 

Thus, the quantities that can be calculated based on the above equations are the horizontal force 

couple,     and vertical shear, VL. 

 

From the free body diagram of the W-section/outer tube to the right of Section A, 

                                                              (Eqn 9.5) 

                                                          (Eqn 9.6) 
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Setting the total moment about the centroid as zero, 

 

                                                     (Eqn 9.7) 

 

The known variables in the equation are: 

   which can be calculated based on the location of strain gaged section on the SCB and the 

shear tab connection 

    distance between the centroidal axis of the W-section and outer tube and the centerline of the 

top flange of the W-section 

   distance between the centroidal axis of the W-section and outer tube and the centroid axis of 

the concentric tubes 

  ,    can be calculated by fitting a plane through the strain data cloud obtained from the strain 

gage data at Section A (see previous section) 

    can be calculated based on the PT strands load cell data 

 

Thus, the quantities that can be calculated based on the above equations are the horizontal force 

couple,     and vertical shear, V2 

 

From the free body diagram of the inner tube to the left of Section B and using the strain data 

from the inner tube at Section B (assuming the forces in the inner tube is mostly axial with 

negligible moments), 

 

                                                              (Eqn 9.8) 

 

Similarly, from the free body diagram of the inner tube to the right of Section A, using the strain 

data from the inner tube at Section A, horizontal force FIR can be calculated as follows, 

 

                                                             (Eqn 9.9) 

The horizontal force couples, FTR, FTL, FIR, FIL was used to investigate the relative distribution of 

end moments in the SCB during lateral loading. This issue is further explored in a later section. 

Using equation 9.8 and 9.9, the force in the ED fuse at any time during the test was calculated as 

follows, (refer the free body diagram of the inner tube in Figure 95) 

                                                       (Eqn 9.10) 

The sectional moments in the weak axis of the SCB were also calculated and found to be 

significantly smaller than the moments in the strong axis as shown in Figure 96. Hence, they 

were neglected in the calculation of the total end moments in the SCB. As shown in Figure 96, 

the moment in the strong axis at the beginning of the test is 321 kip-in due to the applied post-
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tensioning while the moment in the weak axis is only about 50 kip-in. The maximum observed in 

the weak axis was 185 kip-in towards the end of the test.  
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Figure 95: Free Body Diagram of the SCB 
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Figure 96: Strong and weak axis sectional moments in SCB-1 (Section A) 

Once the sectional moments and axial forces were calculated in the SCB components, the end 

moments, MLo and MRo were evaluated using the following procedure. The free body diagram of 

the SCB that was used for this process is shown in Figure 97. 
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Figure 97: Calculation of sectional forces and moments of SCB specimens using strain gage 

data 
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For section B, the sectional moment of the SCB, MB was first calculated using the sectional 

moments and axial forces in the outer tube/W-section assembly (acting at the centroidal axis of 

the outer tube/W-section unit),              and              , axial force in the inner tube, 

     and the PT strand force,     (acting at the centroidal axis of the inner/outer tube) as follow, 

                                                             (Eqn 9.11) 

where, 

e is the distance between the centroidal axis of the inner/outer tube and the SCB  

e1 is the distance between the centroidal axis of the Outer tube/W-section assembly  and 

the SCB  

 

The sectional moment of the SCB at section A was computed similarly. Assuming the end 

moments in the SCB were equal and opposite (beam in double curvature), the SCB moment was 

evaluated as follows, 

 

                    
 

      
                          (Eqn 9.12) 

 

where,  

 

  is the width of the SCB-MF, taken as 240 in.  Note that in equation 9.12, the width was 

taken as the bay width of the frame measured between the centerline of the two columns 

and  not WSCB shown in Figure 97. This was done to obtain SCB moment which could be  

compared to the externally applied moment.  Thus, the moments were projected to the 

centerline of the columns. 

       is the distance between the line of application of strain gages in Section A and B , 

taken as 106.5 in. 

    and     are the end moments in the SCB on the left and right end respectively 

While using the strain gage data for each SCB specimen to calculate the end moments, it was 

found that some strain gages were not working properly during the test. The data from these 

strain gages were completely excluded for the calculation of the sectional forces and moments to 

avoid excessive noise and erroneous results.  

9.2.2  Results and Discussion on SCB end moments 

Figure 98 shows the variation of SCB sectional moments, MA , MB and total SCB moment, MSCB 

with time for SCB-1 (with a moment capacity of 195 k-ft). As expected the SCB sectional 

moments are close to zero since the beam is in equilibrium after the application of post-

tensioning forces. The total SCB moment is also close to zero (≈12 k-ft) prior to the beginning of 
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the test. Due to the application of gravity load, the SCB experience positive bending which is 

evident by the increase in the SCB sectional moments, MA and MB in the opposite direction. The 

total SCB moment, however remains the close to zero because the opposite end moments cancel 

each other out. The symmetric application of the gravity load, therefore do not have any effect 

significant effect of the total SCB moment. 

 

Figure 98: Variation of the end moments and total SCB moment with time 

Figure 99 shows the force deformation behavior of SCB-1 in terms of moment ratio and story 

drift. The end moments of the SCB calculated using the strain gage data and applied actuator 

load is compared for the rest of the specimens in Figure 100. As explained previously, the total 

SCB moment, MSCB excludes the contribution of friction in the pinned connections of the column 

and the compression strut which contribute to lateral load resistance and therefore to the external 

applied moment of the frame. 

As shown in Figure 99(a), the is internal SCB moments (calculated suing the strain gage data) vs. 

externally applied moments force of the SCB. Specifically, the initial stiffness displayed by the 

SCB and the SCB-MF (as shown in Figure 99(b) ) was found to be very close to each other 

implying the frame elements were fairly rigid and did not contribute significantly to the 

flexibility of the system.  A similar trend was observed in the rest of the SCB specimens 
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confirming that the stiffness of the SCB-MF at any loading stage was dominated by the 

mechanisms occurring internally in the SCB. 

The force-deformation behavior including the effect of test frame elements, however, show some 

friction losses as evident from the area under the curve as expected. As shown in Figure 99(b), 

the area under the externally applied force-deformation curve is larger as compared to the 

internal force-deformation curve calculated using the strain gage data. This is expected to be due 

to the friction in the pinned connections in the SCB , column bases and compression strut ends. 

As shown in Figure 100, for the rest of the specimens, both the force-deformation behaviors very 

quite similar to each other in terms of peak forces and loading and unloading stiffness. 

  

(a) (b) 

Figure 99: (a) Force-deformation behavior of SCB-1 from the strain gage data and the 

applied moment (b) Behavior of SCB-1 for the initial cycles  
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SCB-2 SCB-3 

  
SCB-4 SCB-5 

Figure 100: Force-deformation behavior of SCB-2,3,4 and 5 from the strain gage data and 

the applied moment  

As mentioned previously, the horizontal force couples at the two ends of the SCB specimens 

(caused by the top and bottom pinned connections) were evaluated using the strain gage data to 

investigate the relative distribution of moments at both the ends of the SCB. This is an important 

issue because, theoretically, it was assumed that the distribution of the end moments in the SCB 

would be the same. However, in an imperfect system , with unequal force distribution in the 

frame columns and other unsymmetrical boundary conditions this may not be the case. This 

would influence the design of end connections and estimation of peak forces in the elements of 

SCB during the design process. It is therefore, essential to get a sense of how much the end 

moments and related force couples vary from side to side.   



139 

 

Figure 101 shows the variation of force couple computed at the two ends of the SCB with respect 

to the story drift. As shown in the figure, the relative distribution of moments at the two ends of 

the SCB at peak forces was around was in the ratio 0.6:0.4 instead of the assumed ratio of 

0.5:0.5. It was also observed that at the beginning of the loading, prior to gap- opening and at 

around zero displacement, the relative distribution of moments in the SCB-MF is highly 

unbalanced, however the forces in the system at those points are relatively quite low to have any 

effect on the design process. Hence, importance was only given to the distribution of moments at 

peak story drifts when the system is resisting highest forces.   

Relative 

distribution of 

the moments 

40%-60%Relative 

distribution of 

the moments 

38%-62%

 

Figure 101: Force couples at the two ends of SCB-1 

9.3 Peak Stresses and forces in the SCB  

This section discusses the peak stresses in the SCB elements - inner tube, outer tube/ W-section 

assembly. The SCB specimen sections were designed to remain elastic while concentrating all 

the inelastic deformation in the ED fuses and PT strands. Visibly there was no damage to the 

SCB elements in any test. This section corroborates this observation and shows that the stresses 

in the SCB sections were very low. 

9.3.1 Inner Tube  

The inner tube may experience high axial forces depending on the initial post-tensioning forces 

and ED fuse capacity. It is therefore important to design the inner tube to resisting these loads 

without yielding or buckling. The axial stress changes in the inner tube during the lateral loading 

(recorded at Section A and B) for SCB-4 is presented in Figure 102. As mentioned previously, 

the bending moment in the inner tube has been neglected since the PT strands were coaxial to the 
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inner tube. As shown in Figure 102, the axial stress in the inner tube in the beginning of the test 

is compressive in nature due to the applied initial post-tensioning of 114 kips. As expected, the 

axial stress at both the sections are about the same (6.4 ksi in Section A and 6.1 ksi in Section B) 

implying uniform compression in the inner tube with near zero force in the ED fuses. The peak 

compressive stresses observed in the inner tube for SCB-4 was about 15 ksi. Note that the inner 

tube was designed to have non-slender section to prevent reduction in the axial capacity due to 

local buckling.  

 

Figure 102: Axial Stress in the Inner tube for SCB-4 (using strain gage data) 

It can also be observed from Figure 102, that during near-zero displacement when the anchorage 

plate bears on the inner tube at both ends, the axial stress experiences a sudden jump. Beyond 

this point, the stress at one end ( the end where the gap formation begins between the anchorage 

plate and the inner tube) begins to increases as the horizontal force applied by the bottom chord 

pinned connection compresses the inner tube and the stress at the other end (the end where the 

anchorage plate bears on the inner tube) begins to decrease as the post-tensioning force begins to 

cancel out the horizontal force applied by the bottom chord pinned connection. 

Another observation that was made about the axial stress in the inner tube was that the 

application of the gravity load decreases the stress marginally by 1 ksi. This may be due to the 

re-distribution of the post-tensioning forces in the SCB due to flexural deformation of the outer 

tube/W-section upon the application of gravity load.  
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9.3.2 Outer tube 

The fitted strain data cloud (such as that shown in Figure 94) was also used to compute the peak 

stresses in the W-section/outer tube assembly. The stress at the top and bottom fiber of the 

section in SCB-4 is shown in Figure 103. The bottom fiber of the section shows a compressive 

stress of about 4 ksi due to the initial post-tensioning force while the top fiber has close to zero 

stresses. As expected, on application of the gravity load, the compressive stresses in the top fiber 

increases and the compressive stresses in the bottom fiber decreases.  

In general, the peak stresses in the outer tube/W-section assembly was limited to about 7 ksi in 

compression and 5 ksi in tension. Thus, the peak stresses in the outer tube/W-section assembly 

due to combined flexural and compressive loads were quite low as expected. Similar to the inner 

tube, the outer tube was also designed to have non-slender section. Additionally, the W-section 

was designed to have compact section to prevent flange local buckling and the SCB was 

appropriately braced to prevent lateral torsional buckling limit states 

 

Figure 103: Peak Stress in the Outer Tube/W-section assembly for SCB-4 

9.4  Restoring-force mechanism 

The restoring force in the SCB is provided by the PT strands which are post-tensioned to a 

specific stress level before a test. As described earlier in the paper, the decompression of the PT 

strands result in the formation of gap- opening between the concentric tubes and the anchorage 

plate as shown in Figure 104. The restoring force from the PT strands act to close this gap and 

bring the SCB back to centre. 
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Figure 104: Gap- opening in SCB during the cyclic loading 

As previously described in Chapter 7, the four strands ( 0.5 in for SCB-1 and SCB-4 and 0.6 in 

diameter for others) were post-tensioned using a typical hydraulic jack used in prestressed/post-

tensioned concrete applications. A reusable mono-strand chuck anchorage system (wedge and 

barrel) was used. The PT force was continuously measured using load cells for each of the four 

strands while the gap- opening was measured using Linear Potentiometers (LP) attached between 

the concentric tubes and  the anchorage plate at both ends of the beam.  

Figure 105 shows the moment vs. gap- opening response of the SCB excluding the response of 

the ED fuses to investigate the nonlinear elastic behaviour provided by the PT force alone. The 

gap- opening ratio is defined as the ratio of the gap opening (Δgap) to the depth of the SCB (dSCB). 

As evident from Figure 105, gap formation in a SCB occurs when the overturning moment 

exceeds MPT (refer equation 3.7 in Chapter 3). The gap- opening moment (MPT) calculated using 

equation 3.7 is compared to the experimental data and the results are tabulated in Table 41. On 

average, the experiment produced 7% larger moment capacity at gap- opening than predicted by 

the equations. 

The post gap-opening stiffness contribution of the post-tensioning strands was calculated from 

Figure 105 and compared with the predicted stiffness (refer to Table 41). Equation 3.14 was used 

to calculate the predicted stiffness contribution of the PT strands KPT . The measured post gap-

stiffness was on average, 6%, greater than the predicted value. 
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Figure 105: Moment vs. gap-opening relationship of SCB with PT bars only 
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Table 41: Comparison of predicted and experimental Mgap and KPT of SCB 

SCB 

Predicted 

MPTi 

 kip-ft 

Experimental 

MPTi 

 kip-ft 

Ratio 

Predicted 

KPT 

 kip-in/rad 

Experimental 

KPT,exp 

 kip-in/rad 

Ratio 

1 99 107 1.08 26600 27800 1.04 

2 230  234 1.02  37000 39400 1.06 

3 182 198 1.09  77300 81800 1.06 

4 233 250 1.07 55200 62900 1.14 

5 158 174 1.10 77300 81800 1.06 

 

Figure 106 shows the plot of gap-opening ratio (at each end of the concentric tubes) with respect 

to the story drift for SCB-1. As shown in the plot, the gap- opening starts occurring in a SCB-MF 

after a certain story drift. The story drift at which the gap-opening occurs is governed by the 

initial stiffness of the SCB-MF system and is an important parameter because it marks the 

initiation of softening in the system response which is desirable because it limits the forces 

applied to the rest of the system. Due to the nature of the ED fuse attachment, the energy 

dissipation in the SCB also begins only after the gap-opening occurs. In the tests performed on 

SCB specimens, the story drift at gap-opening ranged from 0.3%-0.5% as shown in Table 38. 

As expected, the slope of the curve shown in Figure 106, after gap- opening was marginally 

lower than 1. If all the elements in the SCB-MF are rigid, this slope must to equal to 1, however, 

in reality SCB-MF experiences elastic deformations in the columns and the concentric tubes. 

Therefore, the lateral displacement applied to the moment frame do not completely translate into 

the gap- opening. Another important observation made from the plot shown in Figure 106, is that 

one end of the SCB starts to experience gap- opening right from the beginning of the loading. 

This is evident from a small slope of 0.18 in the initial leg of the gap-opening vs. story drift ratio 

curve. The gap-opening on the other end of the SCB was negligibly small. This may be due to 

unequal length of the concentric tubes or uneven bearing at the face of the tubes causing the gap 

to open right away. This issue is particularly of importance because, it is hypothesized that this 

"partial" gap- opening may have a significant softening effect on the initial force-deformation 

behavior of the SCB-MF. This idea is further explored in the next chapter.  
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Figure 106: Gap- opening vs. story drift for SCB-1 

9.5  Fuse force-deformation behavior 

As the gap--opening occurs in a SCB-MF, the ED fuses undergo axial inelastic deformation to 

dissipate seismic energy during an earthquake. The force-deformation behavior of the ED fuses 

in four of the five tests conducted is shown in Figure 107. As explained in the earlier chapters, 

the ED fuses were designed such that one end was connected to the inner tube and the other was 

connected to the outer tube. The relative movement of the tubes after gap-opening was exploited 

to induce inelastic axial deformation of the ED fuses. The bolted end connections of these fuses 

were designed such that they could be easily replaced after getting damaged. 

The total fuse force in the SCB was calculated indirectly using the data from strain gages 

attached to the inner tube. The strains on each face of the tube were averaged and used to 

calculate axial force in the inner tube. The difference in axial force on either side of the fuse was 

assumed equal to the fuse force. This procedure is also discussed in Section 9.2 (refer Equation 

9.10). The fuse deformation was measured using a string potentiometer connected to the two fuse 

end plates on each side of the SCB. 

In all the tests, the fuses displayed stable and full hysteretic behavior. The behavior was very 

similar to the ED fuses in the component tests (refer Chapter 7). SCB-1 and 2 were smaller 

beams (17 in. depth) and thus the deformation in the fuse were smaller for similar story drift as 

compared to SCB-3,4 and 5 (24.5 in. depth). Out of all the tests, fuses in SCB-2 were the only set 

of fuses which did not experience strength deterioration associated with local buckling till the 

end of the test.  For all the other SCBs, one or more ED fuses experience buckling and fracture 

of the restraining tube. For example, fuse strength in SCB-3 saw 25% drop in strength at the 
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beginning of the second cycle of 6% drift. Similarly, the fuse strength in SCB-1 experienced 

strength degradation in the 4th cycle of 6% drift  indicative of fuse buckling or fracture initiation.  

Although the fuse force-deformation behavior can be used to identify if a fuse is experiencing a 

strength degrading limit state, in some cases it is difficult to visually identify which fuse is the 

culprit during the test. In such cases, the tests were stopped after the completion of the cycle in 

which fuse degradation was observed to prevent any potential instability in the test setup that 

could occur if the fuses fractured. In other cases, buckling in the fuse core would result in the 

fracture or formation of dent in the restraining tube which would visually confirm the failure of 

the fuse. 

SCB 2

Calculated Fuse yield strength: 

89.4 kips

Design yield strength: 

67 kips

SCB 1

Design yield strength: 

89.5 kips

SCB 3

Design yield strength: 

70 kips

SCB 4
Design yield strength: 

62 kips

SCB 5

 

Figure 107: Fuse force Vs deformation behavior 

Table 42 tabulates the peak normalized fuse deformation before the fuse failure took place along 

with other results associated with the fuse behavior in the SCB tests. As shown in the table, all 

the fuses were designed to have a core plate thickness to width ratio of about 1:1.7 and higher to 

promote global stability of the ED fuse during the compression cycles. The peak strain 

experienced by the ED fuses during the test before one or more ED fuse failed ranged from 

2.5%-3.5%. Note that none of the ED fuses in SCB-2 fractured, so the peak strain of 2.2% is not 
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the strain at which ED fuses failed so it is not included in the range given in the previous 

sentence. The SCB-MF was subjected to the pre-defined 6% story drift level and the test ended 

before the ED fuses could experience any local buckling or failure.  

In general, the ED fuses used in the SCB display 20-35% higher peak strength in compression as 

compared to tension cycles. This is common in BRBs and is because of increased friction 

between the hydrocal cement and steel core due to Poisson's effect experienced by the steel core 

plate during compression.  

Table 42 Summary of ED fuse behavior 

SCB 

Design fuse 

yield strength 

(kips) 

Aspect 

ratio 

Peak 

normalized 

fuse strain 

Peak force 

in tension 

(kips) 

Peak force in 

compression 

(kips) 

1 67 1.89 2.5% 86 86 

2 89.4 2.5 2.2%  117 140 

3 89.4 2.5 3.5% 106 138 

4 70.5 1.97 3.1% 86 100 

5 61.7 1.73 3.2% 87 87 

 

9.6  Post-Tensioning strands stress-strain behavior 

The post-tensioning strands are the restoring force elements of the SCB. Thus, it was crucial to 

monitor the behavior of PT strands during the test. The stress in the PT strands was calculated 

using the load cell data and nominal strand area. The elongation of the PT strands calculated 

based on the gap- opening dimensions was normalized to the length of the PT strands (185 in. ) 

to calculate the effective strain in the strands. The ultimate stress of the PT strands (FU) used to 

define the PT stress ratio in Figure 108 was taken as 270 ksi.  

During the cyclic loading of the SCB, the PT strands tend to lose certain percentage of the initial 

stress. This loss in PT stress during the test contributes to the decrease in self-centering capacity 

of the SCB and is therefore an important quantity to record. For example, SCB-1 was post-

tensioned to 41% of the ultimate tensile strength of the PT strands (0.5'' diameter strand). The 

strands did not yield during the test. Since, the level of inelasticity was negligible  in the PT 

strands with the peak strains around 0.93%, the major portion of the loss in the PT stress during 

the test was due to seating losses. Seating losses occur during cyclic loading when the wedges 

slide further into the chuck body as the strand force increase past its previous maximum value. 

Post-tensioning strands in SCB-2, which were post-tensioned to a higher level of initial PT 

stress, yielded during an earlier cycle as compared to SCB-1 (see Figure 108). Due to higher 

inelastic deformations in the PT strands, the loss of PT stress was much more significant in SCB-
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2. Quantitatively, the loss in the PT stress was about 32% in SCB-2 as compared to a mere 11% 

in SCB-1.  

Subjecting the PT strands to large inelastic strains may also result in fracture of individual wires 

of PT strands which results in sudden ,albeit small, drop in the restoring force. It should be noted 

that each PT strand is made up of seven separate wires and the wires typically fracture one at a 

time. Figure 108 also shows the PT stress-strain behavior of SCB-4 for which a single wire 

fracture occurred in two of the four seven wire strands.   

SCB-1

PTi = 0.41
SCB-2

PTi = 0.69

SCB-4

PTi = 0.69

SCB-5

PTi = 0.33

Loss in PT stress: 11% Loss in PT stress: 32%

Loss in PT stress: 56%

Loss in PT stress: 38%

 

Figure 108: PT stress- strain behavior 

The PT strands were stressed to 69% of the ultimate tensile stress of the strands before testing. 

At the peak displacement in the 4% story drift cycle, one of the wires in one of the strands 

fractured at a strain of 1.13% and peak stress of 0.996 Fu,PT. This led to a drop of approximately 

5% in the total PT stress. Following this fracture, another wire fractured in the first cycle of 5% 

drift cycle. At the time of fracture, the PT strand was subjected to a total of 1.19% strain and 

peak stress of 0.94 Fu,PT. This lead to a another 5% drop in the total PT stress. As expected, the 

wire fractures were found to occur at the location of chucks as indicated by the teeth marks 

formed by the chuck wedges near the fracture location . Due to the yielding of all the strands and 
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fracture of a wire in two strands, the total loss in PT stress was approximately 56% which 

resulted in severe loss in the SC capability of the SCB leading to larger story drifts of 1.5% at 

zero-force towards the end of the test. None of the strands in the rest of the tests fractured. It 

should be noted that the peak PT strain in SCB-2 exceeded 1.2% effective strain without any 

fracture.  

9.7  SCB rotations and column displacement 

The SCB end rotations were calculated using the inclinometers attached to the SCB body. The 

position of the inclinometers is shown in Chapter 7 . One inclinometer was placed on each of the 

SCB-MF columns between the two pinned connection to measure the rotation of the columns 

during the lateral loading. Three inclinometers were placed on the SCB: one on each end of the 

SCB near the shear tab and one at the mid-length of the SCB. This measurement of the SCB 

rotations was essential to differentiate between the deformations experienced by the SCB without 

the contribution of the column flexural deformations, slack in the end connection pins and 

relative rotation of the end plates with respect to the column face. The inclinometers used on the 

two test frame columns were used to calculate the rotation of the two columns and the rotations 

were compared. The inclinometer calibration factor used was 0.011721 degrees / count which 

was then converted to radians.  

The rotations recorded by the inclinometers on SCB-1 are presented in Figure 109. The figure 

also shows the relative position of the three inclinometers on the SCB body. As expected, 

inclinometer 3 which was placed at the mid-length of the SCB did not show any change in 

rotation on the application of gravity loads while, inclinometer-2 and 4 placed at the ends of the 

SCB displayed rotations in the opposite direction. To separate out the effect of gravity, SCB 

rotation recorded using inclinometer 3,       was used for the back calculation of column 

rotations for comparison purpose,         . 
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IN-2 IN-3 IN-4

 

Figure 109: Rotations recorded by the inclinometers on SCB-1 

 

The rotation of the SCB-MF were plotted using the data from three sources for comparison as 

shown in Figure 110. First, the frame rotation back calculated from the SCB inclinometer 

rotation (         θcal-col was plotted. The expression showing the calculation of the frame rotation 

using the inclinometer 3 readings is shown in equation 9.13. This expression assumes that the 

columns do not undergo any elastic deformation and the end connections do not experience any 

slip or slack. The second measure of the frame rotation was the rotation of the columns recorded 

from the inclinometer, θcol attached to the frame columns. The third quantity on the plot shown 

in Figure 110 is the story drift computed using the relative horizontal displacement of the SCB-

MF at the level of the two pinned connections using the wire-potentiometer readings (divided by 

the depth of the SCB). 

         
               

       
                                       (Eqn. 9.13) 

where, 

           is the pin-to-pin width of the SCB (221.5 in) 

       is the length of the end connection pieces on both ends measured from the 

centerline of the columns to the center of the pinned connection (14 in). Note that all the 

pinned connection pieces joining the columns to the SCB were of equal length to prevent 

the relative rotation between the inner tube and the W-section/outer tube assembly during 

the lateral displacement of the frame. 
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From Figure 110, it was noted that the rotation of the columns calculated using all the three 

approaches were very close to each other, indicating minimal elastic deformations in the end 

connection pieces and rotation of the end plates with respect to the column faces. It was also 

observed that at lower story drifts ( less than 1%) the rotation of the columns directly calculated 

using the column inclinometers and back calculated from the SCB inclinometer was slightly 

higher than the story drift (or the global frame rotation about the base pins). However, at higher 

story drifts, all the quantities were very close to each other. 

 

Figure 110: Comparison of SCB-MF rotation 

 

The rotations calculated from the inclinometers placed on the frame columns were also used to 

compare the relative rotations of the two frame columns. The rotation of the two columns was 

found to be very close to each other in comparison (as shown in Figure 111) indicating that 

columns moved together without significant relative displacement. As described in Chapter 3, 

one of the main advantages associated with the SCB-MF design is that  the gap-opening 

associated with restoring force mechanism is internal and therefore there is no effective 

expansion of the moment frame which eliminates the need for special detailing to allow for floor 

expansion. In other words, the distance between the frame columns remain constant. This theory 

was put to test by plotting the relative horizontal displacement of the two frame columns at the 

height of the bottom chord pinned connection, 80 inches from the floor (see the placement of 

WP-3 and WP-4 in Chapter 7). The variation of the relative horizontal displacement of the two 

columns with respect to the story drift for SCB-1 and 5 is shown in Figure 112. 
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(a) (b) 

Figure 111: Rotation of the SCB-MF columns 

 
 

SCB-1 SCB-5 

Figure 112: Relative horizontal displacement of SCB-MF 
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It was found that for SCB-1 during the positive lateral displacement (actuator pushing on the 

SCB-MF), the difference in the horizontal displacement of the two columns was as small as 

1/40th of an inch at 6% story drifts. However, during the negative leg of the lateral displacement, 

the difference increases to slightly less than 1/4th of an inch. In SCB-5, however, the distribution 

of relative displacement was symmetric in the negative and positive legs of the lateral loading. It 

was shown that the maximum relative displacement between the two columns was slightly over 

1/8th of an inch. Thus, while designing floor diaphragm for SCB-MF, special detailing may not 

be required to account for frame expansion. 

Even though, SCB-MF is expected to not cause any damage to the floor slab by preventing an 

effective expansion of the moment frame, the effect of the slab needs to be considered while 

designing it. The slab is expected to have a positive effect on the SCB-MF due to its bracing 

effect which would minimize the possibility of lateral instability of the SCB. However, the 

negative effect of the composite slab on the performance of the SCB such as increased strain 

demand at the bottom chord of the SCB due to shifting of the neutral axis needs to be further 

explored via experimental of computational means. 
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10.  DEVELOPMENT OF A COMPUTATIONAL MODEL AND 

DISCUSSION ON SCB-MF INITIAL STIFFNESS 

 

This Chapter discusses the development of a 2-D computational model using Opensees as the 

modeling tool to simulate the global and local behavior of the SCB-MF. All the features of the 

model are described in detail and the material model of the PT strands and ED fuses are 

calibrated to match the experimental response of the SCB-MF. The computational model will be 

used in the later chapters to conduct non-linear history analysis on a set of archetype buildings 

with these moment frames to study their behavior and evaluate the performance in multi-story 

structures. 

Based on the 2-D computational model developed in Opensees, it was found that the 

experimental initial stiffness displayed by the SCB-MF systems was less than that predicted by 

the computational models. The next section of this chapter, therefore investigates the expected 

causes of this deviation of the experimental and computational initial stiffness and develops a 

numerical method of predicted the true initial stiffness of the SCB-MF systems and an effective 

moment of inertia of the SCBs.  

10.1 Modeling Description 

A two-dimensional computational model was created using OpenSees software (Mazzoni et al. 

2009) as shown in Figure 113. The purpose of this model is to provide an experimentally 

verified, computationally inexpensive model that can be used to capture the global behavior of 

the SCB-MF as well as the component behavior of the PT strands, ED fuses, end connections, 

etc. 

The columns, SCB W-section top flange, and concentric tubes were created using elastic beam-

column elements with rotational degrees of freedom included to simulate fully welded 

connections. Corotational transformation was used to incorporate geometric non-linearity in the 

system. All the elements were assigned appropriate section area and moment of inertia based on 

the sections used in SCB specimens (tested in the large scale experiments) and are summarized 

in Table 43. The web of the specimen beam was modeled using four node quad elements with 

elastic isotropic material properties and thickness corresponding to the web thickness of the W-

section of the SCB specimen. Quad elements were used to include shear deformations in the web 

of the SCB. A quick convergence study was performed to identify the mesh size for the quad 

elements for the W-section web. Alternatively, the web of the SCB W-section can be modeled as  

Vierendeel  truss with elastic Timoshenko beam column elements to account for the effect of 

shear deformations in the web. Since the web of the W-section is designed to be elastic, using 

Timoshenko beam column elements is not expected to reduce the computational cost of the 

model dramatically, but may be less complex to model. 
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The top flange of the beam and the outer tube has been tied to the web of the beam specimen 

using multi-point constraints between the nodes to simulate the welded connection between the 

web and the outer tube and rigid connection between the top flange and web 
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Figure 113: Computational model of SCB-MF 

Table 43: SCB specimen sections used in the computational model  

ELEMENTS SECTIONS 

Reaction Frame Columns W12x170 

Inner Tube 
17''  deep SCB HSS 7x5x1/2 
24.5'' deep SCB HSS 7x8x3/8 

Outer Tube HSS 9x7x3/8 

SCB W-section 
17''  deep SCB W14x61 

24.5'' deep SCB W21x101 

The PT strands utilized a tri-linear constitutive relationship to account for seating losses and 

yielding of the post-tensioning strands. As discussed in Chapter 7, seating losses occur in the PT 

strands during the cyclic loading when the wedges slide further into the chuck body as the strand 

force increase past its previous maximum value. The displacement of the wedge in the chuck 

body results in the loss of the PT strand stress. The losses in PT stress during the cyclic loading 

result in the reduction of the self-centering capability of the SCB. Thus, it is important to capture 

these losses in the computational model to better simulate the global behavior of a SCB.  



156 

 

The parameters of the tri-linear constitutive relationship were calibrated to the experimental 

response of the PT strands in the large-scale testing of the SCB. The trilinear constitutive 

relationship is denoted in Figure 114 as Material 3 which is the combination of two other 

constitutive relationships in parallel. First, an elastic-perfectly plastic material, denoted Material 

1 in  is created with an initial stress, σ0, equal to the target initial stress in the post-tensioning 

strands, modulus of elasticity is given by E1, and yield stress, σy, as given in Equation (10.5). The 

second component, denoted Material 2 in  is a hardening material with stiffnesses, E2 and E3 as 

defined in Equation (10.1) and Equation (10.3) respectively and yield stress, 1, as given in 

Equation (10.6). 

                                                            (Eqn 10.1) 

                                                            (Eqn 10.2) 

                                                          (Eqn 10.3) 

   
        

   
                                                   (Eqn 10.4) 

                                                           (Eqn 10.5) 

                                                          (Eqn 10.6) 

 

Where: 

E1, E2, E3, and ε1 are defined in the paragraph above and  

EPT  is modulus of elasticity from material tests of PT strands= 28500 ksi 

β1 is calibrated ratio for seating losses =0.80 

β2 is calibrated kinematic hardening ratio = 0.3 

σprev is the previous maximum strand stress 

σ0 is the initial stress in the post-tension strand 

σy is yield stress taken as 243 ksi 

 

By combining Material 1 and Material 2 in parallel, a third constitutive relationship is created 

which is denoted Material 3 in Figure 114. This material approximates the behavior of the post 

tension strands. The initial stress, σ0, is set to the initial pretension stress, and then elastic loading 

occurs with a modulus of elasticity equal to EPT. At the previous maximum stress, σprev, the 

stiffness changes to a secondary slope, E2, which is calibrated based on experimental results. 

When the yield stress, σy is attained, the material starts to yield in a kinematic hardening regime. 

Upon unloading from any point along the backbone, the unloading stiffness will follow the initial 

modulus of elasticity, EPT. Figure 115 gives an example of the material constitutive that was used 

for one of the SCB specimens. 
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Figure 114: Material model for PT strands. 
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Figure 115: Schematic Example of PT constitutive relationship 

To simulate the gap- opening between the anchorage plates and the concentric tubes, gap 

elements that are extremely stiff in compression (100 times the stiffness of the outer tube, KOT ), 

but have near zero stiffness in tension (1/100th of the stiffness of the PT strands KPT ) were 

placed between the ends of the bottom chord tubes and the ends of the post-tensioning element to 

simulate the behavior of the free floating anchorage plates. The material model for the modeling 

the gap elements is shown in Figure 116.  
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Figure 116: Material model for the gap elements 

The energy dissipation (ED) fuses  were simulated using two-link node element with uniaxial 

Steel02 (Giuffré-Menegotto-Pinto Model with Isotropic Strain Hardening) material with 

appropriate isotropic strain hardening parameters.  reports the material parameters used for the 

Steel02 material. The yield stress σy  was obtained from the coupon tests performed on the fuse 

plate material presented in Chapter 6 and was taken as 63 ksi. The measured cross-sectional area 

of the fuse core, AED is presented in Chapter 7 and the length of the ED fuse core plate,  Lc, was 

taken as 36 inch. 

Table 44: Material modeling parameters for ED fuses 

Material Parameters Values 

Yield strength Fy AED*σy 

Initial Elastic tangent Eo AED* EED/Lc 

Strain Hardening Ratio b  0.01 

Parameters to control the transition from elastic to plastic branches 
Ro 20 
cR

1 

0.93 

cR

2 

0.10 

Isotropic hardening parameter  increase of compression yield envelope as 

proportion of yield strength after a plastic strain of a2*(Fy/E0). 

a1 0.25 

(see explanation for a1) a2 20 

isotropic hardening parameter, increase of tension yield envelope as 

proportion of yield strength after a plastic strain of a4*(Fy/E0). 

a3 0.25 

(see explanation for a3) a4 20 

For calibration of the material constitutive model for the ED fuse, a simple truss element fixed at 

one end and free to translate in the x-direction at the other end was modeled. The node free to 

translate in the x-direction was subjected to cyclic displacements similar to the ED fuse in the 

SCB test. Figure 117 shows the ED fuse material model calibration in terms of force-

deformation behavior and cumulative absorbed energy with respect to the cumulative 
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deformation. The material parameters were calibrated such that the cumulative energy with 

respect to the cumulative deformation from the experimental data matched the model response. 

 
 

(a) (b) 

Figure 117: ED fuse material model calibration (a) Force-deformation response (b) 

Cumulative absorbed energy w.r.t. cumulative deformation 

The boundary conditions representing the top finger connection, beam web shear tab connection 

and bottom chord-inner tube single pin connection has been modeled as is shown in Figure 113. 

The end connections (finger connection, shear tab connection and bottom chord single pin 

connection) were modeled in such a way that all the pinned connections were kept in a line to 

allow the equal rotation of the SCB body and inner tube so as to avoid conflict between the inner 

and outer tube. The length of the end connection pieces measured from the centerline of the 

column to the center of the pin was taken as 14 in. 

The modeling was conducted in stages to simulate the sequence of construction for the beam 

from fabrication, to post-tensioning, and finally installation. Initially, the SCB specimen are 

detached from the columns and was given a simply supported boundary condition. This stage 

simulated the boundary conditions when the SCB was laid on the floor for the post-tensioning 

process. The post-tensioning force was then allowed to equilibrate through the system.  Finally, 

the simply-supported boundary condition was removed from the SCB specimen and new 

boundary conditions were imposed to represent the boundary conditions of the system after the 

beam is installed between the columns. These boundary conditions include the end pinned 

connections. The specimen was then subjected to the gravity load in ten steps, followed by cyclic 

horizontal displacement based on the loading protocol presented in Chapter 7. While applying 

the loading protocol, the peak story drifts for each specimen was modified based on the story 

drifts achieved by the SCB-MF specimens  during the test to better match the experimental 

behavior. Note that due to slip in the reaction frame bolts and the bolts connecting the actuator to 
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the SCB-MF the peak drifts in the test were slightly lower than the target story drifts at each 

displacement level. 

 

10.2  Brief summary of the computational modeling results 

The computational model described in the previous section was used to predict the behavior of 

each test specimen when subjected to cyclic loading. Each model was subjected to story drift 

corresponding the SCB specimen in the large-scale test and the results are presented in the 

following section. The computational and experimental global behavior of the SCBs is presented 

in  and in the form of moment ratio vs. story drift ratio plots. The moment ratio of the SCB is 

defined as the ratio of overturning moment of the SCB (Fact*h) to the design moment capacity of 

the SCB as defined in equation 3.11 in Chapter 3.  

  

SCB-1 SCB-2 

  

SCB-3 SCB-4 

Figure 118: Comparison of computational and experimental response for SCB-1 through 4 
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It was observed that the computational model displayed a higher initial stiffness as compared to 

the experimental model. To quantify this observation,  summarizes the story drift% at which the 

SCB reaches its moment capacity and gap-opening occurs. 

 

 

Figure 119: Comparison of computational and experimental response for SCB-5 

Table 45: Comparison of experimental and computational initial stiffness for the SCBs 

SCB 
Story drift at SCB moment capacity Story drift at gap- opening 

Computational Experimental Computational Experimental 

1 0.25% 0.64% 0.2% 0.52% 

2 0.46% 0.52% 0.41% 0.4% 

3 0.18% 0.40% 0.14% 0.32% 

4 0.18% 0.45% 0.15% 0.4% 

5 0.15% 0.40% 0.1% 0.34% 

This issue is further highlighted in Figure 120 using the moment-ratio and story drift% plot for 

SCB-3. The computational model predicted 200-300% higher initial stiffness than the 

experimental response. 
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Figure 120: Difference in the computational and experimental initial stiffness of the SCB 

It is anticipated that the small initial stiffness in the beginning of the test is because of the partial 

gap-opening in the beginning of the test which occurs due to rotation of the anchorage plate on 

the uneven bearing surface of the inner/outer tube and W-section bottom flange. The reason why 

the computational model does not capture this phenomenon is because of the fact that the model 

does not allow for this "partial gap- opening" due to the misalignment of the anchorage plate on 

the uneven bearing surface. This behavior of the SCB is shown in Figure 121, where the gap-

opening at the actuator end started as soon as the loading began. This "partial gap-opening" 

created a softening in the system which resulted in lower than anticipated initial stiffness of the 

SCB. 
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Figure 121: Initial gap-opening behavior of the SCB 

There are a few examples in the literature which highlight similar issues experienced by self-

centering systems. In the research conducted by Clayton (2013) on self-centering steel plate 

shear walls, it was observed that the numerical model overestimated the initial stiffness of the 

system by an approximately 296%. A similar issue was also observed in the experimental and 

computational study conducted on controlled rocking systems in UIUC (Eatherton, 2010).  

In order to develop a computational model which simulates the initial stiffness of the SCB-MF 

well, it was necessary to first develop analytical tools to predict the initial stiffness of the SCB-

MF. The next section describes the formulation of a numerical model to predict the initial 

behavior of the SCB-MF. This model will then to used to inform the existing computational 

model and improve it so that it better matches the experimental behavior. 

10.3 Numerical Model for the estimation of SCB-MF initial stiffness 

This section describes the numerical model used for the estimation of initial stiffness of the SCB-

MF. Castiglinao's second theorem for linearly elastic system was used to compute the initial 

stiffness of the SCB-MF system. Castigliano's Second Theorem states that the displacement at a 

point in a body is equal to the first partial derivative of the strain energy in the structure with 

respect to a forced acting at the point, in the direction of the displacement. The strain energy 

contribution due to the axial and flexural deformation of all the major elements of the system- 

columns, inner and outer tube, W-section, PT strands and ED fuse was accounted for to 

determine the initial stiffness of the SCB-MF.  

Since it was hypothesized that "partial gap-opening occurs" in the SCB-MF prior to the full gap-

opening, the initial stiffness of the system was assumed to be bounded by the theoretical initial 
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stiffness, Kt-ini (upper bound) and gap-opening stiffness, Kt-go (lower bound). The ratio of 

difference between the experimental stiffness and the lower bound to the bound width, χ was 

found to be directly proportional to the initial post-tensioning force, FPTi. Thus, to predict the 

initial stiffness of the SCB-MF systems, experimental initial stiffness was used to fit a curve to 

the  χ  and FPTi to obtain the relationship between theoretical stiffnesses and  actual system 

stiffness. Figure 122 summarizes the overall idea behind the development of this numerical 

model.  

The next two subsections describe the process used for the calculation of theoretical upper and 

lower bound solutions for the SCB-MF stiffness. The detailed derivation of the upper and lower 

bound solutions is presented in Appendix F. 

 

Figure 122: Numerical model for the estimation of SCB-MF initial stiffness  

10.3.1  Lower Bound Stiffness (Post gap- opening) 

The analytical post gap-opening stiffness was computed using Castigliano's second theorem just 

after the gap-opening occurs in the SCB system.  

The computation of strain energy associated with the flexural/axial deformation of the main 

elements of the SCB is presented in Appendix F. The derivative of the total strain energy with 

respect to the applied lateral force was taken to yield the lateral horizontal displacement of the 

SCB-MF. Finally, the ratio of the applied lateral force to the horizontal displacement was taken 

to calculate the post gap-opening stiffness, Kt,go as shown in equation 10.7. 
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 (Eqn 10.7) 

 

where,  

h is the story height 

  (or dSCB) is the depth of the SCB (measured from the centerline of the top flange to the 

centroidal axis of the concentric tubes) 

w is the bay width of the SCB-MF 

     is the moment of inertia of the SCB (including the W-section, inner and outer tube) 

     is the moment of inertia of the columns  

n and m are the elastic axial stiffness of the PT strands and ED fuses given by, 

  
      
   

 

 

  
      
   

 

AED, APT  are total area of the ED fuses and PT strands, respectively 

LED, LPT  are length of the ED fuses and PT strands, respectively 

        is the cross-sectional area of the inner tube 

       is the length of the inner tube 

           is the cross-sectional area of the W-section/outer tube assembly 

    is the length of the outer tube (identical to the inner tube) 

 

10.3.2 Upper Bound Calculation (Theoretical Initial stiffness of the SCB-MF) 

This subsection presents the formulation of the analytical initial stiffness of the SCB-MF, Kt-ini 

which was also done using Castigliano's second theorem.  The detailed derivation of the upper 

bound solution is described in Appendix F. As explained in the beginning of this section, Kt-ini is 

going to form the upper bound solution for the prediction of the actual initial stiffness of the 

SCB-MF system. To derive an expression for the upper bound, a lateral force, F was applied to 

the system and the strain energy due to the flexural deformation of the SCB and columns and 

axial deformation of the inner and outer tube was calculated. Since the ED fuses and PT strands 

are theoretically not expected to undergo any axial deformation prior to gap- opening, the strain 
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energy contribution of these elements were not included in the formulation of the theoretical 

initial stiffness,  Kt-ini. 

        
 

 
   

       
 

  

       
 

         
  

            
  

         
  

               
  
             (Eqn 10.8) 

where, 

   is the fraction of the initial post-tensioning forces which is resisted by the inner tube 

The process of calculation of the theoretical initial and gap-opening stiffness of the SCB-MF and 

all the relevant dimensions have been tabulated in Appendix F. The resulting values of the upper 

bound and lower bound stiffnesses for each SCB specimen is presented in Table 47. 

Table 46: Upper and Lower bound stiffness for each SCB specimen 

SCB specimen 
      ,  

k/in 

      

(k/in) 

1 167 19 

2 167 23 

3 328 47 

4 328 39 

5 328 37 

 

10.3.3 Estimation of SCB-MF initial stiffness 

This section describe how the upper and lower bound solution for the initial stiffness of the SCB-

MF was used to derive the actual stiffness of the moment frame. Figure 123 shows the 

comparison of the upper and lower bound stiffness to the experimental stiffness of the SCB-MF 

stiffness. It was observed that the experimental stiffness was much closer to the gap-opening 

stiffness, Kt-go than the theoretical initial stiffness of the system, Kt-ini. In general, the theoretical 

gap- opening stiffness was about 50-60% of the actual initial stiffness, while the theoretical 

initial stiffness  was about 400-500% of the actual initial stiffness, KSCB. 

Another observation that was made while analyzing the theoretical and experimental initial  

stiffness  of the system,      was that the ratio of difference between the experimental stiffness 

and the lower bound to the bound width was found to be directly proportional to the initial post-

tensioning force, FPTi. This ratio, χ is given by the equation 10.9. The linear relationship between 

the ratio χ and the initial post-tensioning force,  FPTi. is shown in Figure 124.  

  
            

              
                                          (Eqn 10.9) 
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Figure 123: Comparison of the upper/lower bound stiffness and the experimental stiffness 

of the SCB-MF 

The relationship obtained from the fitted curve, shown in Figure 124 has been proposed to be 

used as to tool to estimate the initial stiffness of the SCB-MF system. Equation 10.10 gives the 

relationship between χ and FPTi while, equation 10.11 gives the expression that can be used to 

calculate the initial stiffness of the SCB-MF for a given level of initial post-tensioning force 

                                                     (Eqn 10.10) 

                                                      (Eqn 10.11) 

 

Table 47 summarizes the process of estimation of the initial stiffness using the experimental 

data. Since the correlation between χ and FPTi was strong (refer Figure 124), the error between 

the calculated and actual initial stiffness of the SCB specimens was very less as expected.  
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Figure 124: Curve fitting done to develop a relationship between χ and FPTi 

 

Table 47: Estimation of the initial stiffness of the SCB-MF 

                  FPTi   
            

              
          

Error 

% 

167 19 31 70 0.08338 32 1.89 

167 23 48 163 0.17565 48 0.85 

328 47 78 89 0.11126 77 -1.91 

328 39 79 114 0.13692 77 -2.35 

328 37 64 77 0.09164 65 1.18 

 

For the calculation of the χ, the experimental stiffness of the SCB was taken as the average 

secant slope of the positive and negative leg of the displacement protocol of the line joining the 

beginning of the loading to the point where a clear gap-opening was first observed (marked by a 

significant softening in the system force-deformation  behavior) as shown in Figure 125. As the 

loading begins, the system shows a low initial stiffness which may be attributed to the slack in 

the end connections. The stiffness then increases as the SCB undergoes deformation. The secant 

stiffness was therefore used in order to account for the effective stiffness of the system including 

the low initial stiffness due to slack in the end connections and imperfect bearing surfaces which 

can never be completely discarded in practice. 
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Figure 125: Calculation of initial stiffness recorded from the experimental data 

10.3.4 Calculation of effective moment of inertia 

In order to design moment frames with self-centering beams, it is important to evaluate the 

effective moment of inertia of the SCBs which would govern the end rotations of the SCB when 

it is subjected to a moment.  To calculate the effective moment of inertia of the SCB, the upper 

and lower bound stiffness formulation was used in terms of moment-rotations (instead of force-

displacement). The contribution from the flexural deformation of the columns were also 

deducted from the total upper and lower bound stiffness so as to account for the stiffness of the 

SCB alone. 

         
  

 
   

       
 
         

  
          

 
         

  
          

 
 

(Eqn 10.12) 

 

        
  

    
       

 
  
 
 
 
 

      
 

  
 
 
 
 

      
 

        
          

 
        
          

 

 
(Eqn 10.13) 

 

As an approximation, the relationship between χ and FPTi (as shown in Figure 124) was used to 

estimate the rotational stiffness of the SCB as shown in the equation 10.14. 

                                                               (Eqn 10.14) 
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The estimated rotational stiffness of the SCB is then equated to the stiffness of a typical beam in 

double curvature subjected to moment, M/2 at both ends to obtain the effective moment of inertia 

of the SCB comparable to a typical beam in a moment frame. 

The rotational stiffness of beam in double curvature subjected to moment, M/2 at both ends was 

computed using virtual work method by applying a virtual moment of 1/2  at each end of the 

beam as follows, 

   
  

      

 

 
     

 

 

 

 
   

  

 
 
 

      

   

 
   

  

        
                  (Eqn 10.15) 

         
        

 
                                    (Eqn 10.16) 

Equating the two rotational stiffnesses together, 

        
        

 
                                             (Eqn 10.17) 

                                    
 

   
                       (Eqn 10.18) 

Table 48 summarizes the equivalent moment of inertia of each SCB specimen tested. As 

expected, the equivalent moment of inertia, Iequi, for each SCB was comparable to a relatively 

smaller W-section. For example, Iequi  of SCB-1 ( constructed using W14x61 and HSS 9x7x3/8 

outer tube and HSS 7x5x1/2 inner tube) is comparable to W14x26. However, if a higher initial 

post-tensioning force is used while designing a SCB, a higher effective moment of inertia can be 

achieved. For example, SCB-2 which was built with identical sections as SCB-1, displayed a 

higher Iequi, comparable to W14x43. 

Table 48: Equivalent moment of inertia of SCB specimens 

SCB 

specimen 

Initial PT 

force (kips) 
  

         

(kip-in/rad) 

        

(kip-in/rad) 

           

(kip-in/rad) 

      

(in
4
) 

1 70 0.095 2140000 207000 375000 258 

2 163 0.217 2140000 254000 590000 407 

3 89 0.120 5240000 529000 1034000 713 

4 114 0.153 5240000 444000 1080000 745 

5 77 0.104 5240000 419000 875000 603 
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11.  VALIDATION OF THE FINAL COMPUTATIONAL MODEL 

 

As described in the previous chapter, a two-dimensional computational model was created using 

OpenSees software (Mazzoni et al. 2009). The purpose of this model is to provide an 

experimentally verified, computationally inexpensive model that can be used to capture the 

global behavior of the SCB-MF as well as the component behavior of the PT strands, ED fuses, 

end connections, etc. This model was however, shown to over-estimate the initial stiffness of the 

SCB-MF by about 200-300%. Overestimating the initial stiffness implies, that the computational 

model would predict the gap- opening and fuse yielding to occur relatively much earlier than in 

reality. When implemented in a set of archetype buildings, this model would estimate a much 

lower time period of the structure, interstory and roof drifts. Thus, it was essential to modify the 

preliminary computational model to predict the initial stiffness of the SCB-MF with a reasonable 

accuracy.  

The previous chapter also described the development of an analytical model for the prediction of 

the initial stiffness of the SCB-MF. The process used to modify the existing model by employing 

the analytical model has been described in this chapter. The validation of the model was also 

conducted by comparing the important response quantities such as global force-deformation 

behavior, ED fuse and PT strand behavior and gap- opening obtained from the computational 

model to the experimental response of the system. 

11.1 Final computational model 

Based on the observations made in the previous chapter regarding the over-estimation of the 

initial stiffness of the SCB-MF, some modifications were made in the preliminary computational 

model developed.  

In order to soften the initial force-deformation behavior of the system, a rotational spring 

element (with a stiffness, Kend-θ) was introduced at the SCB ends in addition to the boundary 

conditions that simulated the end connections of the SCB. The nodes of the end connection 

pieces were tied to a rigid element which was then connected to the frame columns through 

rotational spring elements as shown in Figure 127. This spring was introduced to create an 

artificial softening in the computational model to capture the imperfections in the SCB 

associated with the misalignment of the anchorage plate on the uneven bearing surfaces. This 

issue has been discussed in detail in Chapter 10. It is hypothesized that the uneven bearing 

surface causes partial gap-opening in the SCB right from the beginning of the cyclic loading, 

resulting in smaller initial stiffness than anticipated. The following paragraph describes the 

process used to calculate Kend-θ for each test specimen.  

The rotational springs modeled at the SCB connection zone were assumed to work in series with 

the rotational stiffness of the SCB unit in flexural,  KSCB-flex-θ  to achieve the effective SCB 
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rotational stiffness, KSCB-eff, θ  calculated using equation 11.1, following the procedure described 

in Chapter 10 (refer Figure 126). The shear stiffness of the SCB body was assumed to be very 

large and therefore, its contribution in the stiffness post gap-opening was neglected.  

 

          
 

 

           
 

 

       
                                 (Eq 11.1) 

 

where, 

             
       

 
  (refer Chapter 10) 

 

Equation 11.1 was rearranged to obtain the expression for the stiffness of the end rotational 

springs which is given by equation 11.2. 

 

        
 

  
 

          
 

 

           
 

                             (Eq 11.2) 

Table 49 summarizes the rotational stiffness of the end connection springs used in the 

computational model of each SCB specimen. The force-deformation behavior of the SCB-MF 

model with the rotational springs is compared to the experimental response in Section 11.2 

Table 49: End rotational spring stiffness of the SCB specimens used in the computational 

model 

Specimen            

(kip-in/rad) 

            

(kip-in/rad) 

       

(kip-in/rad) 

SCB-1 375000 2270000 224000 

SCB-2 590000 2270000 399000 

SCB-3 1030000 6120000 622000 

SCB-4 1080000 6120000 655000 

SCB-5 875000 6120000 510000 

 

Rest of the parameters were kept identical to the preliminary computational model (described in 

the last chapter) and the stages in which the analysis was conducted in a similar fashion to that 

described in Section 10.1 of the previous chapter. 
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Figure 126: Calculation of end rotational spring stiffness 
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Figure 127: Final computational model of SC-BMF 

11.2 Computational Modeling Results 

The final computational model described in this  section was used to predict the behavior of each 

test specimen when subjected to cyclic loading. Each model was subjected to story drift 

corresponding the SCB specimen in the large-scale test and the results are presented in the 

following section. A comparison of the experimental and computational response of the SCB, 

ED fuses and PT strands and the gap-opening behavior of the SCB-MF has been presented.  

11.2.1  SCB global response 

As described in the last section, rotational springs were used at the ends of the SCBs to simulate 

the softening the force-deformation behavior due to "partial gap-opening" occurring in the 

system prior to the full gap -opening. It was observed that the computational model with near 

infinite rotational spring stiffness (which theoretically implies  rigid connection of the SCB end 
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connection pieces to the SCB-MF columns) displayed approximately 2.5 times higher initial 

stiffness as compared to the experimental model. On the other hand, the computational model 

with the end rotational springs with stiffness, Kend,θ was found to capture the initial stiffness of 

the SCB-MF very well. This idea is summarized in Figure 128.  The moment ratio of the SCB is 

defined as the ratio of overturning moment of the SCB (Fact*h) to the design moment capacity of 

the SCB as defined in equation 3.11 in Chapter 3.  

Test begins with a smaller than 

anticipated stiffness due to 

uneven bearing and 

misalignment of the anchorage 

plate leading to partial gap-

opening 

Full Gap opening

Computational model with 

near infinite rotational 

spring stiffness predicts 

approximately 2.5 times 

higher initial stiffness 

Kend,θ 

 

Figure 128: Difference in the computational and experimental initial stiffness of the SCB 

The computational and experimental global behavior of the SCBs is presented in Figure 129 and 

Figure 130 in the form of moment ratio vs. story drift ratio plots. As shown in Figure 129  and 

Figure 130, the computational model (with the rotational springs) captures the backbone curve of 

the experimental response and the unloading behavior of the SCB well. It was however observed 

that the computational model for SCB-4 do not capture the experimental behavior of the SCB-

MF as well as the other specimens beyond the 4% drift cycle. This can be attributed to the fact 

the SCB-4, experienced strength degradation due to single-wire fracture in two strands at 4% 

cycle. This resulted in some loss in the self-centering capacity of the system which evident from 

relatively higher drifts at zero force in the 5% drift cycles. The fracture behavior of the PT 

strands  is not captured by the computational model and hence the deviation in the behavior from 

the experimental behavior. 
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SCB-1 SCB-2 

  

SCB-3 SCB-4 

Figure 129: Comparison of computational and experimental response for SCB-1 through 4 
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SCB-5 

Figure 130: Comparison of computational and experimental response for SCB-5 

 

Table 50 summarizes the story drift% at which the SCB reaches its moment capacity and gap-

opening occurs. Table 51 summarizes the initial stiffness and post gap-opening stiffness of the 

SCB computational models as compared to the experimental results. It can be noted that the 

computational model with end rotational spring captures initial stiffness of the SCB-MF very 

well with a mean difference between the two values less than 8%. It was observed however, that 

the model overestimates the post gap-opening stiffness of the SCB-MF. It is hypothesized that 

this is due to the unavoidable slack in the system due to tolerance in the connections, uneven 

bearing of the anchorage plate on the tubes, unequal length of the tubes, etc which are not 

captured by the computational model since it simulates a system with rigid connections and 

perfect geometry of all the components. 

Table 50: Comparison of story drifts at gap-opening and fuse yielding 

SCB 
Story drift at SCB moment capacity Story drift at gap- opening 
Computational Experimental Computational Experimental 

1 0.69% 0.64% 0.47% 0.49% 

2 0.81% 0.71% 0.49% 0.4% 

3 0.53% 0.40% 0.37% 0.32% 

4 0.58% 0.45% 0.47% 0.4% 

5 0.46% 0.40% 0.34% 0.34% 
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Table 51: Comparison of experimental and computational initial and gap-opening stiffness 

for the SCBs 

SCB 
Initial Stiffness (k/in) Post gap-opening stiffness (k/in) 

Computational Experimental Computational Experimental 

1 32 31 14 10 

2 51 48 18 10 

3 86 78 41 26 

4 84 79 38 25 

5 72 64 37 25 

 

Table 52  summarizes the analytical (using equation 3.11), computational and experimental 

moment capacities of each SCB specimen tested. The computational and experimental moment 

capacity of the SCBs was also found to be in good agreement with a mean difference of about 

5%.  

Table 52: Comparison of experimental and computational moment capacity for the SCBs 

SCB 
SCB moment capacity (k-ft) % difference 

(exp. and comp.) Analytical Computational Experimental 

1 195 224 219 2% 

2 356 385 352 9.5% 

3 364 384 366 5% 

4 376 399 393 1.5% 

5 284 322 302 6% 

11.2.2  ED Fuse Response 

The computational and experimental ED fuse behavior of the SCBs is presented in Figure 131 

and Figure 132  in the form of normalized fuse force vs. gap-opening ratio plots. The normalized 

fuse force has been defined as the ratio of the ED fuse force to the fuse yield force (for 63 ksi 

yield stress). The hardening model calibrated to the ED fuse behavior of SCB-1 ( as described in 

the previous section) was used to model the material behavior.  

The computational model captures the ED fuse behavior reasonably well. In the majority of the 

specimens, the computational model captured the peak forces in tension and compression as well 

as the overall backbone cure of the ED fuse force-deformation behavior well. 

The minor deviation of the computational model from the experimental behavior of the ED fuses 

may be attributed to the elastic deformation of the end connection as well as any slip that may 

occur in the connections due to slip in the end connection bolts. These slips and elastic 
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deformation of the end connection prices were not incorporated in the model and hence the 

computational behavior of the ED fuse display higher stiffness in loading and unloading as 

compared to the experimental force-deformation behavior. 

  

SCB-1 SCB-2 

  

SCB-3 SCB-4 

Figure 131: ED fuse response for SCB-1 through 4 
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SCB-5 

Figure 132: ED fuse response for SCB-5 

11.2.3  Post-Tensioning System Response 

The computational and experimental PT strand behavior of the SCBs is presented in Figure 133-

Figure 137 in the form of PT stress vs. story drift ratio and PT stress strain plots. The PT stress 

ratio has been defined as the ratio of the PT force to the ultimate tensile strength of the PT strand 

material. PT strain is the effective elongation of the PT strands normalized to the length of the 

strands taken as 185 in. 

Comparing the computational and experimental response of the PT strand system, it was 

observed that the computational model predicts amount of PT stress losses due to yielding and 

seating losses very well. The secondary slope of the stress strain behavior due to seating losses 

and the post-yielding behavior of the PT strands are very well captured by the model. It is 

important for the computational model to capture the loss in PT stress well so as to account for 

the loss in the self-centering capacity of the SCB-MF system well. The fracture behavior of the 

PT strands was however not incorporated in the model and hence, the computational stress-strain 

behavior of SCB-4 did not match well with the model.   

In the PT stress vs. the story drift plot, it was noted that the PT stress level at a given story drift 

was lower in the models as compared to the experimental behavior. This may be attributed to the 

fact that the SCB end rotational springs caused the SCB to undergo lower rotations for a given 

story drift level. Due to this, the PT strands experienced  lower than expected elongation ( and 

hence lower stress level) for a given story drift. 
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Figure 133: PT strand behavior for SCB-1 

  

Figure 134: PT strand behavior for SCB-2 
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Figure 135: PT strand behavior for SCB-3 

  

Figure 136: PT strand behavior for SCB-4 
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Figure 137: PT strand behavior for SCB-5 

11.2.4  Gap-Opening Behavior 

Another important quantity that was recorded and plotted to compare the computational and 

experimental behavior of the SCB-MF is the gap-opening ratio (as shown in Figure 138 and 

Figure 139). Gap-opening ratio is defined as the gap-opening between the concentric tubes and 

anchorage plate normalized to the SCB depth, dSCB .  

  
SCB-1 SCB-2 

Figure 138: Gap- opening behavior of SCB 1-2 
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SCB-3 SCB-4 

 

 
SCB-5 

Figure 139: Gap- opening behavior of SCB 3,4,5 

In general, the gap-opening behavior of the OpenSees model matched very well with the 

experimental results. The computational model did predict lower gap-opening ratios for a given 

level of story drift which was hypothesized to be due to the end rotational spring elements which 

cause the SCB to undergo lower rotations (and hence smaller than expected gap-opening) at any 

given level of story drift. In conclusion, the final model developed in this chapter was shown to 

capture the global and local behavior of the SCB-MF reasonably well. This model was further 

modified slightly and used in the non-linear dynamic analysis of a set of archetype buildings to 

investigate the behavior of SCB-MFs in multi-story structure as discussed in Chapter 12 and 13. 
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12. DESIGN OF ARCHETYPE BUILDINGS USING SCB-MF 

 

The experimental program validated that the SCB-MF can satisfy the stated performance goals 

of eliminating residual drifts and concentrating structural damage in the energy dissipations (ED) 

fuses. The experimental results were used to inform the development and validation of a 

computational model which was capable of capturing the salient features of the SCB-MF 

response on global and component level as described in Chapter 10 and 11. This computational 

model was used to study the behavior and limit states of the SCB-MF in a multi-story building 

with varying parameters. This chapter describes the design of a set of archetype buildings using 

the self-centering beam moment frame (SCB-MF) using FEMA P-695 methodology. A set of 3 

archetype buildings used in NIST report (NIST GCR 10-917-8) for the application of the FEMA 

P-695 Methodology on special steel moment frame (special SMF) structures were used for this 

study. This chapter describes and evaluates the process used in the design of the SMF elements 

in the archetype buildings presented in the NIST report, followed by a detailed description of 

process adopted for proportioning the components and designing the elements of the SCB-MF. 

The objectives of the non-linear response history analysis conducted on a set of archetype 

buildings are listed below.  

 Further validate SCB-MF system performance by showing the ability to control residual 

drifts and concentrate structural damage in ED fuses in a multi-story building 

configuration. 

 Demonstrate the effect of restoring force mechanism by comparing the response of a 

SCB-MF to a SMF with comparable design and stiffness. 

 Investigate the effects of building height on system behavior  

 Investigate the effect of varying self-centering ratios on a building for a given number of 

storys.  

 Investigate the ability of assumed design rules to create expected seismic performance. 

12.1 Description of the archetype buildings 

A rectangular plan configuration consisting of a three-bay perimeter frame on each side was 

selected for investigation of SCB-MF over a range of building heights (4, 12 and 20 story) for 

Seismic Design Category Dmax using Response Spectrum Analysis (RSA). The representative 

building plan, which was the same for all story archetype buildings, is shown in Figure 140. In 

the design process it was assumed that the moment frames resist all the seismic loading, but only 

receive tributary gravity loads as indicated in the shaded portion of Figure 140. The height of the 

first story was assumed to be 15 feet, and height for all other stories was 13 feet. The bay width 

(centerline dimension between columns) was taken as 20 feet and the bases of all the SMF 

columns were assumed to be fixed. 
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Members in the archetype building SMF, were designed using ASTM A992 steel, and Fy = 50 

ksi. The dead load was 90 psf uniformly distributed over each floor. A cladding load was applied 

as a perimeter load of 25 psf. Unreduced live load was 50 psf on all floors and 20 psf on the roof. 

Wind loads were not considered in the design of the archetype building members. Whenever 

applicable, the system design requirements of ASCE/SEI 7-05, including minimum base shear 

and story drift limits, were used as the basis for design, with the exception that Cd was taken 

equal to R, as specified in the FEMA P-695 Methodology. The value of R for special SMF 

systems was taken as 8. SCB-MF was assumed to have similar ductility as a SMRF, so an R  

value of 8 was used.  

 

Figure 140: Plan View for SCB-MF archetype building  

 

Archetype buildings of 4, 12 and 20 story (presented in the NIST report for performance group 

PG-1RSA SDC Dmax ) were modeled in STAADPro V8i. The archetype buildings in this 

performance group were modeled based on Response Spectrum Analysis (RSA). Equivalent 

Lateral Force (ELF) analysis was also performed to scale the forces and moments, if the 

combined response of the modal base shear was less than 0.85 times the calculated base shear 

using ELF procedure (section 12.9.4.1 ASCE 7-10). The sections used for the beams, interior 

and exterior columns used in NIST report is tabulated in Appendix G.  
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12.2 Verification of the SMF design 

The preliminary modeling of the archetype buildings was done to verify the design of the SMF 

sections. Step-wise description of the process used to model the archetype buildings and verify 

the design of the SMF sections is presented in this section. 

12.2.1 Seismic Weight Calculation 

The seismic weight of the building was calculated based on the dead loads (dead load + cladding 

load) reported in the previous section. An example of this calculation for the 4-story archetype 

building is presented in Table 53. The seismic weight of the building was applied as horizontal 

force to each story of the SMF in STAADpro. 

Table 53: Seismic Weight calculation of 4-story archetype building 

Floor Description 
Load 

(psf) 
Area 

Area 

(Ft
2
) 

Total 

Weight 

(kips) 

Weight/moment 

frame (kips) 

2nd 

floor 

Dead Load 90 100'x140' 14000 1260 
 

Cladding 25 14'x480' 6720 168 
 

    
1428 714 

3rd/4th 

Dead Load 90 100'x140' 14000 1260 
 

Cladding 25 13'x480' 6240 156 
 

    
1416 708 

Roof 

Dead Load 90 100'x140' 14000 1260 
 

Cladding 25 6.5'x480' 3120 78 
 

    
1338 669 

   

Total seismic 

weight  
5598 2799 

 

12.2.2 Base Shear Calculation using ELF procedure 

Equivalent lateral Force (ELF) procedure was followed to calculate base shear of each archetype 

building. The process is shown for the 4-story archetype building in the following paragraphs. 

The same process was used for 12 and 20- story buildings. Since the NIST report used ASCE 7-

05 for the design of the archetype buildings, the same version of the ASCE design code was used 

to verify the design. 

A value of R = 8 (ASCE 7-05) was used for the special moment frame. Design spectral 

accelerations were calculated for an arbitrary location in Los Angeles, California (Site class D).  
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 SS = 150% g  

 S1 = 60% g  

 Fa = 1.0  

 Fv = 1.5  

 

 SMS = Fa SS = 1.0 x 1.50 = 1.50g  

 SM1 = Fv S1 = 1.5 x 0.60= 0.90g  

 

 gSS MSDS 00.150.1
3

2

3

2
   

 gSS MD 60.090.0
3

2

3

2
11    

 

SDS = 1.00g SD1 = 0.60g 

The approximate initial fundamental building period using was determined using Section 

12.8.2.1 (ASCE 7-05) with Ct = 0.02 and x = 0.75 for a steel moment-resisting frame: 

sec.. .
680540280

80 
x

nta hCT  

After the first iteration of modeling, it was found that the time period of the model was 1.66 

seconds which exceeded CuTa. Thus, CuTa was used as the time period.  

sec..*. 95068041  aa CuTT   

The response coefficient and resulting design base shear was then calculated using Equations 

12.8-1 through 12.8-6 (ASCE 7-05) to be: 
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The total base shear is then determined as follows, 

 kipsWCV s 44155980780  .  Eq 12.8-1 

V = 441 kips 

12.2.3 Response Spectrum Analysis 

Using the seismic weight of the building and response spectrum parameters, the archetype 

building was then analyzed using the response spectrum analysis. The spectral accelerations 

were divided by a factor of (R*Ie)to obtain the response spectrum data (shown in Figure 141) 

 

Figure 141: Response Spectrum used for RSA of the SMF archetype building 

12.2.4 Story drift Check 

The interstory drifts obtained from RSA was tabulated in Table 54 and checked to ensure that 

they did not exceed the drift limit (0.025 hsx for 4 story buildings and 0.02 hsx for more that 4 

story buildings). Because the FEMA Methodology specifies the use of Cd = R, archetypes that 

were drift controlled were stronger than would be required by present code design. The interstory 

drifts were found to be very close to the drift limits indicating efficient design. 

Table 54: Story drifts of 4-story SMF archetype building 

Story 
Height 

(in.) 

Story 

height, 

hsx (in) 

Deflection 

Inter-

story 

drift, Δ 

limit 

(in), Δa 

Check 

(Δ/ Δa) 

1 167 167 12 0.39 0.52 0.75 
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2 323 156 0.83 0.44 0.49 0.91 

3 479 156 1.29 0.45 0.49 0.93 

4 635 156 1.60 0.32 0.49 0.65 

 

12.2.5 P-delta Considerations 

Apart from the story drifts, P-delta effects were also investigated while designing the SMF 

elements. Because of the flexibility of special SMFs, P-Delta considerations often controlled 

member sizes in the lower stories of tall frames. ASCE/SEI 7-05 requires explicit consideration 

of P-Delta effects for each story in which the elastic stability coefficient θ = (PΔ)/(VhCd) exceeds 

0.1 (Equation 12.8.7). In this equation, Δ is the “design story drift,” which means it contains the 

deflection amplification factor Cd, i.e., Δ = ΔeCd. This implies that the elastic stability coefficient 

can be computed under any level of lateral load, provided that the structure remains elastic and 

that Δe and V come from the same lateral load condition. The load, P, is the total vertical design 

load, including the load tributary to gravity framing. Equation 12.8-17 in ASCE/SEI 7-05 places 

an upper limit of θmax = 0.5 / (β Cd) ≤ 0.25 on the permissible stability coefficient, where β is the 

ratio of shear demand to shear capacity for the story under consideration. When computer 

analyses are used to predict elastic design forces and drifts, P-Delta effects are usually accounted 

for automatically. The ASCE/SEI 7-05 upper limit on θ, however, is not automatically 

considered in such analyses and was found to control member sizes in the lower stories of tall 

SMF archetypes. 

 

Shear demand is the story design shear force for strength design, and shear capacity is the 

maximum shear force that can be resisted by the story. This shear capacity cannot be uniquely 

defined because the capacity in one story depends on the load pattern applied to the full 

structure. An estimate of the story shear capacity can be obtained by dividing the average of the  

“floor moment” capacities of the two floors by the story height. The “floor moment” capacity is 

the sum of the maximum beam or column moments that can be developed at the intersection of 

all beam-to-column centerlines at the floor level. For connections at which the strong column–

weak beam concept is followed, this amounts to the quantity ∑Mpb employed in AISC 341-05   

divided by 1.1 to eliminate the strain hardening effect. For connections with weak columns the 

quantity ∑Mpc (AISC 341-05) should be used. In several cases, calculated β led to θmax lower than 

0.25. 

 

The process used to check the P-delta effect is presented in the following paragraph for 4-story 

building. All connections were reduced beam section (RBS) connections, designed in accordance 

with AISC 358-05, using a = 0.625bf, b = 0.75db, and c = 0.250bf. It was verified that the sum of 

the moments in the columns above and below at an intersection was greater than sum of the 

moments in the beams (∑Mpb < ∑Mpc ) to satisfy the strong column weak beam criteria. Thus, 



190 

 

∑Mpb  for each floor (at the internal and external intersection) was used in order to calculate the 

θmax.  

 

                                                      (Eqn 12.1) 

where,     is probable maximum moment at plastic hinge and is given by equation 12.2 

                                                           (Eqn 12.2) 

          
 

 
 
  

 
                                         (Eqn 12.3) 

where,  

     
    

  
                                                    (Eqn 12.4) 

                                                       (Eqn 12.5) 

 

a = 0.625bf, b = 0.75db, and c = 0.250bf 

    is the width of the moment frame (distance between the centerline of the columns) 

   depth of the column 

    is factor to account for the peak connection strength, including strain hardening, 

local restraint, additional reinforcement, and other connection conditions and was taken 

as 1.1 

   is the Actual Yield Strength Factor taken as 1.1 

   yield stress taken as 50 ksi 

 

                                                         (Eqn 12.6) 

 

           
                   

      
                              (Eqn 12.7) 

 

  
             

          
                                             (Eqn 12.8) 

 

     
   

  
                                                  (Eqn 12.9) 

 

  
  

      
                                             (Eqn 12.10) 
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It is hypothesized that while designing the archetype buildings, the θ factor for each story was 

kept less than or close to 0.1 to limit the amplification of the drifts and forces in the SMF due to  

P-delta effect on the archetype buildings. Table 55 and Table 56 tabulates the process which 

calculates the stability factor,   and checks it against the max stability factor,     . As shown 

in Table 56, the      was less than 0.25 for three of the four floors and was found to be a 

significant factor in the design of the sections for higher story structures. 

Table 55: P-delta check for 4-story archetype building (Part-1) 

Story 

Story 

height 

(in) 

Beam z bf tfb a b c 
Depth, 

db 
Zrbs 

1 167 W21x73 172 8.3 0.74 5.1875 15.9 2.075 21.2 109 

2 156 W21x73 172 8.3 0.74 5.1875 15.9 2.075 21.2 109 

3 156 W21x57 129 6.56 0.65 4.1 15.825 1.64 21.1 85 

4 156 W21x57 129 6.56 0.65 4.1 15.825 1.64 21.1 85 

 

Table 56: P-delta check for 4-story archetype building (Part-2) 

Mpr 

(k-in) 

L' 

(in) 

Vrbs 

(k) 

Mv 

(k-in) 

Mpb-ext 

(k-in) 

Mpb-int 

(k-in) 

Total 

(k-in) 

Story 

shear 

capacity 

Story 

shear 

demand 

β θmax θ 

6605 189 70 1772 8377 8377 45692 274 114 0.415 0.151 0.067 

6605 189 70 1772 8377 8377 45692 293 96 0.329 0.190 0.071 

5167 192 54 1282 6449 6449 35177 259 79 0.303 0.206 0.058 

5167 192 54 1282 6449 6449 35177 225 55 0.242 0.258 0.027 

 

For the 4-story archetype building, the design was found to be governed by the story drifts with 

drifts in two stories about 90% of the drift limit. As shown in Table 55 and Table 56, the θ factor 

was found to be lower than 0.1 showing that the P-delta effect was not significant enough to be 

considered in the modeling. For 12 and 20 story buildings, the θ factor was found to be close to 

0.1 and in some cases exceeded 0.1 by a marginal amount. In these cases, the P-delta effect were 

included in the 2-D model by adding leaning columns which were loaded with a vertical load at 

each floor level representing half of the total system gravity load (taken as 1.05D + 0.25L) that 

was not directly tributary to the column elements of the frame. In these archetype buildings, the 

design of the lower storys were found to be governed by the P-delta effect. The story drift values 

and θ factors for each story in 12 and 20 story buildings are presented in the Appendix G. Other 

considerations that governed the design of the beam/columns (as stated in the NIST report ) are 

listed below. 

 Preference was given to W24 column sections unless economic or constructability 

constraints demanded a different nominal depth. 



192 

 

 The seismic non-compactness of several light W14 and W24 sections sometimes resulted 

in considerable changes in section size. 

 Sizes of interior columns were usually controlled by beam sizes because of strong 

column-weak beam considerations. Sizes of end columns were often controlled by P-M 

interaction or by over-strength considerations. 

 Because of the inherent flexibility of special SMF systems, P-Delta considerations often 

controlled member sizes in the lower stories of tall archetypes. 

 

Following conclusions were made about the design of the archetype buildings, 

 Most beam sizes were controlled by stiffness considerations (either story drift limitation 

or P-Delta design requirements) rather than strength criteria. Because of the inherent 

flexibility of special SMF systems, P-Delta considerations often controlled member sizes 

in the lower stories of tall archetypes. In this section, the design of the archetype 

buildings is verified considering  the story drift limit and P-delta requirements.  

 Since archetype designs were based on Cd = R, a value of Cd = 8.0, rather than the code 

required 5.5, was used. Because drift considerations controlled many of the member 

sizes, the archetypes were often stiffer and stronger than required by ASCE/SEI 7-05 

design requirements. 

 

12.3 Design Procedure for SCB-MF 

After verifying  the design process for the 4,12 and 20 story buildings, the archetype buildings 

were designed using SCB-MF. Each archetype building (4,12 and 20 story) were designed with a 

range of self-centering ratios (0.5, 1.0, 2.0). The SCBs for each story were designed to satisfy the 

beam end moment demands in the SMF designed in the previous section. The process used in the 

proportioning of SCB elements and the design of the SCB-MF is described in detail in this 

section. 

 

Step 1. The moment demands on both end of the beams (   and     on each floor of the SMF 

were recorded for each archetype building (after the verifying that they satisfied the story drift 

and stability factor requirements). The moment demands were then multiplied by a factor equal 

to 0.85Vt/V where, Vt is the base shear calculated using the ELF procedure and V is combined 

response of the modal base shear. It should be noted that the moment capacity of the SCB-MF is 

defined as the sum of the moments at  both the ends. Thus, the design moment capacity of the 

SCB at the ith  floor,      was given by, 

     
        

   
                                              (Eqn 12.11) 

where, 
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                                                   (Eqn 12.12) 

   and    are the positive and negative moments at the two ends of the beam in the 

SMF. 

Step 2. In addition to the moment capacity, the SC ratio of the SCB beams for the archetype 

building was decided. For the purpose of investigating the SCB-MF behavior with respect to a 

large range of SC ratios,  each archetype building (4, 12 and 20 storys) were designed for three 

SC ratios- 0.5, 1 2. The moment of inertia of each beam and column of the SMF on every floor 

was recorded as a starting point for the design of the archetype buildings with SCB-MF. 

Step 3. Using the moment capacity and the SC ratio, the design moments associated with the 

initial post-tensioning of the PT strands and yielding of the ED fuses, MPT and MED respectively 

were calculated using equation 12.13 and 12.14. 

    
  

    
                                                 (Eqn 12.13) 

                                                      (Eqn 12.14) 

Step 4. A trial section was chosen for the SCB W-section, inner and outer tubes to obtain an 

effective moment of inertia comparable to the moment of inertia of the beams in SMF. The 

method used to calculate the effective moment of inertia is presented in the Chapter 10.  

Step 5. Using the sectional properties of the trial sections, the depth of the SCB was calculated 

as the distance between the mid-height of the top flange of the W-section to the centroidal axis of 

the inner/outer tubes. 

                                                      (Eqn 12.15) 

Step 6. While designing the PT strands area, the maximum allowable PTi ratio was calculated, in 

order to ensure that the yielding of the PT strands take place after 3% story drift. This was done 

to control early yielding and fracture of the PT strands. 

                  
        

   
 
   

     
                         (Eqn 12.16) 

where, 

   is the strain at PT yield taken as 0.01 (specified in ASTM standards) 

    is the length of the PT strands taken as 185 in. 

    is the elastic modulus of the PT strands taken as 29000 ksi 

      is the ultimate tensile stress of low relaxation PT strands taken as 270 ksi. 
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Step 7. The number of strands and area of strands were chosen such that PTi was less than the 

allowable limit calculated using equation 12.16. Due to the design of the inner tube (bottom 

chord) end connection (refer Chapter 5), the number of strands were chosen as a multiple of four. 

0.5 in or 0.6 in diameter strands were chosen for the design of PT strands.  Additionally, the total 

area of the ED fuses were calculated using the following equation, 

 

    
   

      
                                                     (Eqn 12.17) 

 

where,  

   is yield stress of the ED fuse material taken as 63 ksi 

 

Step 8. Once a geometrically viable preliminary design of the SCB was achieved, the force and 

moment capacity of the sections were checked to see if the all sections were adequate. To check 

the adequacy of the sections, the force and moment demand and capacities were calculated for 

each element of the SCB. 

a. axial forces in the inner tube 

The axial force demand in the inner tube was calculated at the point where the SCB-MF reaches 

its  ultimate moment capacity. The ultimate moment capacity of the SCB-MF is computed when 

the PT strands reach their ultimate tensile stress and the ED fuse steel core plate hardens.  In 

order to compute the horizontal force couple at each end of the SCB, the distribution of the SCB 

end moments, Mend,u (as calculated in equation 12.18) were assumed to be equal. It should be 

noted that the moment capacity of the SCB at any stage of loading is the summation of the two 

end moments. However, a safety factor of 1.2 was used in the calculation of end moments to 

account for the uncertainty in the distribution of end moments in a SCB-MF. 

       
             

 
                                   (Eqn 12.18) 

where,       and       are the moments associated with PT strands and ED fuses after 

hardening 

                                                    (Eqn 12.19) 

and  

                                                    (Eqn 12.20) 
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The ultimate force demand in the inner tube at a section on each side of the ED fuse connection 

was calculated to determine the maximum axial force in the inner tube. (refer to the free body 

diagram of inner tube in Chapter 4). 

                                                     (Eqn 12.21) 

where, 

F1 and F2 are the horizontal force couples formed at the ends of the SCB due to the 

pinned connections, assumed equal for simplification and are given by, 

      
      

     
                                      (Eqn 12.22) 

The axial capacity of the inner tube was determined based on the limit state of flexural buckling 

about weak axis (after ensuring that the inner tube was not slender in compression) using section 

E3 (AISCM). While calculating the slenderness ratio, the inner tube was assumed to have 

pinned-pinned end condition ( with K=1.0),  and the tube was assumed to be braced at one-third 

points due to the continuous bracing provided by the outer tube along the length of the inner 

tube. The inner tube was designed to be non-slender under compression to prevent reduction in 

the axial capacity due to local buckling as the axial force demands on the inner tube were found 

to be quite high in all the archetype buildings.  

b. axial forces in the Outer Tube/W-section 

The axial force demand in the outer tube/W-section was also calculated using equation 12.21 

since the axial force distribution in the inner tube and outer tube/W-section is symmetric about 

the point of connection of the ED fuse (see Figure 26 in Chapter 4). The axial capacity of the 

outer tube/W-section was determined based on the limit state of flexural buckling (taking into 

account reduction in strength due to any slender elements) using section E7. While calculating 

the slenderness ratio, the outer tube/W-section was assumed to have pinned-pinned end condition 

( with K=1.0) and full unbraced length was used. In most cases, the web of the W-section was 

slender, so the reduction factor for slender stiffened elements, Qa was appropriately computed to 

estimate the axial capacity of the outer tube/W-section built-up section. 

c. Bending Moment in the Tube/W-section 

The bending moment demand in the outer tube/W-section assembly was calculated using the 

maximum end moments experienced by the SCB, Mend,u (computed at the ultimate moment 

capacity of the SCB). 

First, the ultimate bending moment at section-A,          was calculated assuming reverse 

curvature bending in the SCB with equal end moments. Thus,  
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                            (Eqn 12.23) 

 

All the notations for eccentricities, forces and moments are shown in Figure 142. Using the 

ultimate resultant moment of the SCB at section A and the forces in the inner tube, PT strands 

and outer tube/W-section at the ultimate moment capacity of the SCB, the bending moment in 

the outer tube/W-section assembly, MOT/W-sec,u ,was calculated as follows, 

 

            
                                          

        (Eqn 12.24) 

 

As mentioned previously as factor of safety of 1.2 was used in equation 12.24 to account for the 

unbalanced distribution of the end moments in reality. A expression similar  to the one given by 

equation 12.24 at Section A was evaluated at Section B of the SCB to get the bending moment 

demand in the outer tube/w-section assembly,  

 

                      
 

                  
      

    
                    

      

    
               

         
      

    
            

      

    
                                                              (Eqn 12.25)        
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Figure 142: Calculation of bending moment demands in outer tube/W-section assembly 

The bending moment capacity of the outer tube/W-section was determined based on the limit 

states of yielding, Lateral torsional buckling, Compression Flange Local Buckling, Tension 

Flange yielding (section F4). 

 

 

d. Combined flexural and compression in Outer tube/W-section.  

The interaction of flexure (about the major axis only) and compression in singly symmetric 

Outer tube/W-section assembly was evaluated using Section H1.1 to check if the designed 

sections were adequate. The axial and moment demands and capacities computed (as described 

in the previous two subsections) were used to perform this check. 

Step 9. Once all the members of the SCB were checked to make sure that they have adequate 

capacity, the SCB-MF were modeled in STAAD and response spectrum analysis was performed 

using the response spectrum parameters used for SMF model (see  Figure 141). The interstory 

drifts were checked to make sure that they are within the limit. The stability factor, θ was also 

calculated for each story to determine if the P-delta effect was dominant. If the stability factor for 

a given story, θ was less than 0.1, the P-delta effect was ignored in that story. If θ was greater 

than 0.1, the RSA analysis was performed again including P-delta effect by modeling leaning 

columns with half the gravity load of the building (excluding the gravity load tributary to the 
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moment frame). The story drifts were checked again to ensure that the interstory drift limit 

(including P-delta effect) was not exceeded. 

 In all cases, it was ensured that the stability factor θ did not exceed θmax  which was calculated 

using the process similar to the one described in the previous section. While calculating θmax, ( 

see section 12.2.5  for the procedure used to calculate θmax ) for SCB-MF at each floor, the only 

difference was in the computation of Mpr  in equation 12.2. Instead of using Zrbs , Mpr  was 

calculated as the ultimate bending moment of the SCB at one end, Mend,u which is given by 

equation 12.23 . 

Step 10. The last check that was performed on the archetype buildings with SCB-MF was to 

ensure that each beam-column joint satisfied the strong column weak beam requirement (AISC 

341-05). The calculation for      was calculated using equation 12.1. The only difference was 

in the computation of Mpr  ( see equation 12.2) where instead of using reduced beam section 

plastic modulus, Zrbs , Mpr  was calculated as the ultimate bending moment of the SCB at one 

end, Mend,u which is given by equation 12.23. The calculation for      was conducted in 

accordance with AISC 341-05.  

  

This check was satisfied for the internal and external beam-column joints on each floor except 

the roof (allowed by AISC 341-05 section 9.6). The columns were designed in such a way that 

the ratio of the sum of the moments of the columns to the beams at an intersection was close to 1 

while the SCB-MF still satisfies the story drift limit. It was hypothesized that this would produce 

the most economical design.  The columns were designed to be large enough for SCB, but not 

over-designed. All the column sections were also checked to ensure that they satisfied seismic 

compactness criteria. 

 

A flowchart showing the process used for the design of archetype buildings with SCB-MF is 

shown in Figure 143. Spreadsheets presenting the design process of the SCBs for all the 

archetype buildings is documented in Appendix G. 
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Figure 143: flowchart showing the process used for the design of archetype buildings with 

SCB-MF 
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12. 4 Configurations used in the Response History Analysis  

 

As mentioned in the beginning of the Chapter, three building heights were included in the 

response history analysis study: four, twelve, and twenty-story buildings. Each of the three 

archetype buildings was designed for three levels of self-centering ratio. Thus, a total of nine 

configurations were analyzed as a part of this study. This section describes the final system 

parameters for each configuration designed for this study. These parameters include- design 

moment capacity, self-centering ratio, PT strand and ED fuse design, SCB and column sections. 

 

Each archetype building was designed with three SC ratios-0.5, 1.0 and 2.0 in order to 

understand its effect on the self-centering capacity of the SCB-MF system, energy dissipation 

capacity and permanent residual drifts at the end of the test. As described in Chapter 3, Self-

centering ratio is the ratio of the initial post-tensioning moment to the fuse yield moment.  This 

value describes the ability of the system to fully self-center. Self-centering ratios greater than 1.0 

indicate that the initial post-tensioning force is able to create sufficient moment to cause the fuse 

to yield toward zero displacement, even if external forces are removed slowly. Values less than 

1.0 indicate that the post-tensioning alone may not be able to overcome the fuse force and create 

the desired self-centering behavior. The self-centering ratio also has a significant influence on 

the amount of energy dissipation that the system can provide when compared to a theoretical 

system with a full hysteresis that fully encompasses the flag hysteresis of the SCB-MF. Larger 

self-centering ratios cause the flag shape hysteresis to tighten up and become smaller, reducing 

the energy dissipation that is retained. 

Tables presented below tabulates the design parameters of the 9 configurations tested as a part of 

the response history analysis study. The SCBs in all the bays of a given story had identical 

design parameters.  The design moment capacity (overturning moment associated with the fuse 

yielding) for ach story was taken as the moment demand in the beams of the SMF taken from the 

NIST report.  

 

Table 57 through Table 65 also present the ED fuse and PT strand design for each configuration. 

The ED fuse area, AED was calculated assuming the yield stress of the ED fuse core material of 

63 ksi. The ED fuse material was assumed to be identical to the material used in the large-scale 

experiment. The PT strands were also assumed to be 270 ksi low-relaxation strands with 0.5'' or 

0.6 '' diameter. The number of strands to be used for each SCB was decided such that the PT 

strands do not yield before 3% story drift to prevent early yielding and fracture of PT strands. 

Due to this imposed design criteria, the PTi ratio was limited about 0.2-0.5 in majority of the 

SCBs.  
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Table 57: Design Parameters for 4-story Archetype building SC Ratio 1.0 

Story 
SC 

ratio 
Moment 

Capacity, kip-ft 
ED Fuse Yield 

Capacity, kips 

ED Fuse 

Area, AED, 

(in
2
) 

Initial PT 

force, kips 

PT area, 

APT 

(in
2
) 

PTi 

Ratio 

1 
1.0 

 

687 164 2.601 164 1.736 0.35 

2 699 167 2.645 167 1.736 0.36 

3 491 122 1.930 122 0.868 0.52 

4 299 74 1.174 74 0.868 0.32 

 

Table 58: Design Parameters for 4-story Archetype building SC Ratio 0.5 

Story SC 

ratio 
Moment 

Capacity, kip-ft 
ED Fuse Yield 

Capacity, kips 
ED Fuse 

Area, AED 

(in
2
) 

Initial PT 

force, kips 
PT area, 

APT 

(in
2
) 

PTi 

Ratio 

1 
0.5 

 

687 219 3.469 109 0.868 0.47 

2 699 222 3.527 111 0.868 0.47 

3 491 162 2.573 81 0.868 0.35 

4 299 99 1.565 49 0.868 0.21 

 

Table 59: Design Parameters for 4-story Archetype building SC Ratio 2.0 

Story SC 

ratio 
Moment 

Capacity, kip-ft 
ED Fuse Yield 

Capacity, kips 
ED Fuse 

Area, AED 

(in
2
) 

Initial PT 

force, kips 
PT area, 

APT 

(in
2
) 

PTi 

Ratio 

1 
2.0 

 

687 109 1.734 219 1.736 0.47 

2 699 111 1.763 222 1.736 0.47 

3 491 81 1.286 162 1.736 0.35 

4 299 49 0.782 99 0.868 0.42 
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Table 60: Design Parameters for 12-story Archetype building SC Ratio 1.0 

Story SC 

ratio 
Moment 

Capacity, kip-ft 
ED Fuse Yield 

Capacity, kips 
ED Fuse 

Area, AED 

(in
2
) 

Initial PT 

force, kips 
PT area, 

APT 

(in
2
) 

PTi 

Ratio 

1 

1.0 
 

1148 220 3.485 220 1.736 0.47 

2 1202 230 3.649 230 1.736 0.49 

3 1112 213 3.376 213 1.736 0.45 

4 1052 201 3.195 201 1.736 0.43 

5 946 183 2.899 183 1.736 0.39 

6 887 171 2.719 171 1.736 0.37 

7 807 192 3.053 192 1.736 0.41 

8 757 180 2.863 180 1.736 0.38 

9 611 146 2.311 146 0.868 0.62 

10 555 132 2.099 132 0.868 0.56 

11 375 93 1.480 93 0.868 0.40 

12 194 48 0.765 48 0.868 0.21 

 

Table 61: Design Parameters for 12-story Archetype building SC Ratio 0.5 

Story SC 

ratio 
Moment 

Capacity, kip-ft 
ED Fuse Yield 

Capacity, kips 
ED Fuse 

Area, AED 

(in
2
) 

Initial PT 

force, kips 
PT area, 

APT 

(in
2
) 

PTi 

Ratio 

1 

0.5 

 

1148 295 4.676 147 1.736 0.31 

2 1202 308 4.897 154 1.736 0.33 

3 1112 285 4.531 143 1.736 0.30 

4 1052 270 4.287 135 1.736 0.29 

5 946 241 3.828 121 1.736 0.26 

6 887 226 3.590 113 1.736 0.24 

7 807 256 4.071 128 1.736 0.27 

8 757 241 3.818 120 1.736 0.26 

9 611 194 3.081 97 1.736 0.21 

10 555 176 2.799 88 1.736 0.19 

11 375 130 2.058 65 0.868 0.28 

12 194 67 1.064 34 0.868 0.14 
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Table 62: Design Parameters for 12-story Archetype building SC Ratio 2.0 

Story SC 

ratio 
Moment 

Capacity, kip-ft 
ED Fuse Yield 

Capacity, kips 
ED Fuse 

Area, AED 

(in
2
) 

Initial PT 

force, kips 
PT area, 

APT 

(in
2
) 

PTi 

Ratio 

1 

2.0 
 

1148 148 2.346 296 2.604 0.42 

2 1202 155 2.456 309 2.604 0.44 

3 1112 143 2.273 286 2.604 0.41 

4 1052 135 2.150 271 2.604 0.39 

5 946 122 1.932 243 1.736 0.52 

6 887 114 1.812 228 1.736 0.49 

7 807 128 2.035 256 1.736 0.55 

8 757 120 1.909 241 1.736 0.51 

9 611 97 1.540 194 1.736 0.41 

10 555 88 1.399 176 1.736 0.38 

11 375 62 0.986 124 0.868 0.53 

12 194 32 0.510 64 0.868 0.27 

 

Table 63: Design Parameters for 20-story Archetype building SC Ratio 1.0 

Story SC 

ratio 
Moment 

Capacity, kip-ft 
ED Fuse Yield 

Capacity, kips 
ED Fuse 

Area, AED 

(in
2
) 

Initial PT 

force, kips 
PT area, 

APT 

(in
2
) 

PTi 

Ratio 

1 

1.0 
 

1963 278 4.415 278 3.472 0.30 

2 2042 289 4.591 289 3.472 0.31 

3 1979 280 4.450 280 3.472 0.30 

4 1896 269 4.264 269 3.472 0.29 

5 1818 258 4.089 258 3.472 0.27 

6 1745 247 3.925 247 3.472 0.26 

7 1670 237 3.755 237 3.472 0.25 

8 1635 232 3.677 232 3.472 0.25 

9 1512 217 3.441 217 2.604 0.31 

10 1488 213 3.386 213 2.604 0.30 

11 1424 204 3.241 204 2.604 0.29 

12 1279 183 2.911 183 2.604 0.26 

13 1151 163 2.589 163 2.604 0.23 

14 1114 158 2.505 158 2.604 0.22 

15 970 155 2.460 155 1.736 0.33 

16 1093 175 2.770 175 1.736 0.37 

17 783 125 1.986 125 1.736 0.27 

18 722 115 1.830 115 1.736 0.25 

19 433 97 1.537 97 0.868 0.41 

20 249 56 0.883 56 0.868 0.24 
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Table 64: Design Parameters for 20-story Archetype building SC Ratio 0.5 

Story SC 

ratio 
Moment 

Capacity, kip-ft 
ED Fuse Yield 

Capacity, kips 
ED Fuse 

Area, AED 

(in
2
) 

Initial PT 

force, kips 
PT area, 

APT 

(in
2
) 

PTi 

Ratio 

1 

0.5 
 

1963 344 5.462 172 2.604 0.24 

2 2042 358 5.679 179 2.604 0.25 

3 1979 347 5.505 173 2.604 0.25 

4 1896 332 5.274 166 2.604 0.24 

5 1818 319 5.058 159 2.604 0.23 

6 1745 306 4.855 153 2.604 0.22 

7 1670 310 4.925 155 2.604 0.22 

8 1635 304 4.823 152 1.736 0.32 

9 1512 281 4.459 140 1.736 0.30 

10 1488 276 4.388 138 1.736 0.29 

11 1424 265 4.201 132 1.736 0.28 

12 1279 238 3.773 119 1.736 0.25 

13 1151 214 3.396 107 1.736 0.23 

14 1114 207 3.286 103 1.736 0.22 

15 970 207 3.280 103 1.736 0.22 

16 1093 233 3.693 116 1.736 0.25 

17 783 228 3.621 114 0.868 0.49 

18 722 210 3.338 105 0.868 0.45 

19 433 129 2.050 65 0.868 0.28 

20 249 74 1.178 37 0.868 0.16 
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Table 65: Design Parameters for 12-story Archetype building SC Ratio 2.0 

Story SC 

ratio 
Moment 

Capacity, kip-ft 
ED Fuse Yield 

Capacity, kips 
ED Fuse 

Area, AED 

(in
2
) 

Initial PT 

force, kips 
PT area, 

APT 

(in
2
) 

PTi 

Ratio 

1 

2.0 
 

1963 182 2.897 365 4.34 0.31 

2 2042 190 3.012 380 4.34 0.32 

3 1979 184 2.920 368 4.34 0.31 

4 1896 176 2.797 352 4.34 0.30 

5 1818 169 2.683 338 4.34 0.29 

6 1745 162 2.575 324 4.34 0.28 

7 1670 160 2.533 319 3.472 0.34 

8 1635 156 2.481 313 3.472 0.33 

9 1512 145 2.294 289 3.472 0.31 

10 1488 142 2.257 284 3.472 0.30 

11 1424 136 2.161 272 3.472 0.29 

12 1279 122 1.941 245 3.472 0.26 

13 1151 110 1.746 220 2.604 0.31 

14 1114 106 1.690 213 2.604 0.30 

15 970 100 1.582 199 2.604 0.28 

16 1093 112 1.781 224 2.604 0.32 

17 783 85 1.342 169 1.736 0.36 

18 722 78 1.237 156 1.736 0.33 

19 433 65 1.025 129 0.868 0.55 

20 249 37 0.589 74 0.868 0.32 

 

Table 66 through Table 68 summarizes the SCB and column sections used in the 4, 12 and 20 

story respectively. Note that depending on the SC ratio, there were minor changes in the SCB W-

section or the columns which are not tabulated in the tables. Since the stiffness of the SCB-MF 

was shown to depend of the initial PT force, SCBs with lower SC ratio (implying lower initial 

PT force) displayed lower initial stiffness. hence, the SCB or columns section had to be 

increased slightly in certain stories to satisfy the drift limit. The material cost of archetype 

buildings including the SCB and columns sections for the SCB-MF was compared to the 

corresponding design for the SMF. It was observed that the 4-story archetype building with 

SCB-MF was on an average 28% higher than 4-story SMF buildings. For 12 and 20 story 

buildings these numbers were 36% and 23%. It is expected, that the marginally higher material 

cost of the SCB-MF may be offset by the reduced costs associated with little or no need for 

doubler and continuity plates on the columns due to lower demands on the frame columns caused 

by reduced moment capacities of the SCB as compared to a beam in a typical SMF with 

comparable stiffness. 
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As expected , another observation from the cost analysis was that the material cost for the SCB-

MF with SC ratio 0.5 was slightly higher as compared to its higher SC ratios counterparts. Also, 

given the fact that SCB-MFs with SC ratios lower than 1 are expected to display higher 

permanent residual drifts, SCBs with a SC ratio of 0.5 may not be the most economic design 

option.  

Table 66: SCB and column sections designed for 4-story building  

SCB dSCB (in) W-section Outer Tube Inner Tube Int. Col Ext Col. 
1 25.2 W21x101 HSS10x8x1/4 HSS9x7x1/2 W24x84 W21x50 
2 25.2 W21x101 HSS10x8x1/4 HSS9x7x1/2 W24x84 W21x50 
3 24.3 W21x57 HSS9x7x3/8 HSS7x5x3/8 W24x76 W21x44 
4 24.3 W21x57 HSS9x7x3/8 HSS7x5x3/8 W24x76 W21x44 

 

Table 67: SCB and column sections designed for 12-story building  

SCB dSCB (in) W-section Outer Tube Inner Tube Int. Col Ext Col. 
1 31.4 W27x129 HSS10x8x1/4 HSS9x7x1/2 W24x162 W24x162 
2 31.4 W27x129 HSS10x8x1/4 HSS9x7x1/2 W24x162 W24x162 
3 31.4 W27x129 HSS10x8x1/4 HSS9x7x1/2 W24x162 W24x162 
4 31.4 W27x129 HSS10x8x1/4 HSS9x7x1/2 W24x162 W24x162 
5 31.1 W27x114 HSS10x8x1/4 HSS9x7x1/2 W24x146 W24x146 
6 31.1 W27x114 HSS10x8x1/4 HSS9x7x1/2 W24x146 W24x146 
7 25.2 W21x101 HSS10x8x1/4 HSS9x7x1/2 W24x146 W24x146 
8 25.2 W21x101 HSS10x8x1/4 HSS9x7x1/2 W24x146 W24x146 
9 25.2 W21x101 HSS10x8x1/4 HSS9x7x1/2 W24x131 W24x131 

10 25.2 W21x101 HSS10x8x1/4 HSS7x5x1/2 W24x131 W24x131 
11 24.2 W21x62 HSS9x7x3/8 HSS7x5x3/8 W24x84 W24x84 
12 24.2 W21x62 HSS9x7x3/8 HSS7x5x3/8 W24x84 W24x84 
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Table 68: SCB and column sections designed for 20-story building  

SCB dSCB (in) W-section Outer Tube Inner Tube Int. Col Ext Col. 
1 42.4 W36x210 HSS12x12x3/8 HSS10x10x5/8 W24x335 W14x257 
2 42.4 W36x210 HSS12x12x3/8 HSS10x10x5/8 W24x335 W14x257 
3 42.4 W36x210 HSS12x12x3/8 HSS10x10x5/8 W24x335 W14x257 
4 42.4 W36x210 HSS12x12x3/8 HSS10x10x5/8 W24x335 W14x257 
5 42.4 W36x210 HSS12x12x3/8 HSS10x10x5/8 W24x335 W14x257 
6 42.4 W36x210 HSS12x12x3/8 HSS10x10x5/8 W24x335 W14x257 
7 42.4 W36x210 HSS12x12x3/8 HSS10x10x5/8 W24x335 W14x257 
8 42.4 W36x210 HSS12x12x3/8 HSS10x10x5/8 W24x335 W14x257 
9 41.9 W36x170 HSS12x12x3/8 HSS10x10x5/8 W24x207 W14x211 
10 41.9 W36x170 HSS12x12x3/8 HSS10x10x5/8 W24x207 W14x211 
11 41.9 W36x170 HSS12x12x3/8 HSS10x10x5/8 W24x207 W14x211 
12 41.9 W36x170 HSS12x12x3/8 HSS10x10x5/8 W24x207 W14x211 
13 42.4 W36x210 HSS12x12x3/8 HSS10x10x5/8 W24x207 W14x211 
14 42.4 W36x210 HSS12x12x3/8 HSS10x10x5/8 W24x207 W14x211 
15 37.6 W33x169 HSS10x8x1/4 HSS9x7x1/2 W24x103 W14x132 

16 37.6 W33x169 HSS10x8x1/4 HSS9x7x1/2 W24x103 W14x132 

17 37.6 W33x169 HSS10x8x1/4 HSS9x7x1/2 W24x103 W14x132 

18 37.6 W33x169 HSS10x8x1/4 HSS9x7x1/2 W24x103 W14x132 

19 26.9 W24x62 HSS9x7x3/8 HSS7x5x3/8 W21x57 W14x132 

20 26.9 W24x62 HSS9x7x3/8 HSS7x5x3/8 W21x57 W14x132 
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13. NON-LINEAR RESPONSE HISTORY ANALYSIS OF A SET OF 

ARCHETYPE BUILDINGS  

 

The experimental program validated that the SCB-MF can satisfy the stated performance goals 

of eliminating residual drifts and concentrating structural damage in ED fuse elements. The 

experimental results were used to inform the development of a computational model (discussed 

in Chapter 11) which was shown to capture the salient features of the system response as well as 

the component behavior. To investigate the behavior of the SCB-MF when implemented in 

multistory structures, a set of archetype structures were designed with a range of design 

parameters such as the building height and SC ratio. This Chapter begins by briefly describing 

the development of computational models for the non-linear dynamic analysis of the set of 

archetype buildings, the set of ground motions used and the seismic hazard levels. Lastly, the 

chapter investigates the behavior of the SCB-MF with respect to the parameters such as story 

height, SC ratio, seismic hazard levels. A number of response indices were examined to assist in 

understanding the response of SCB-MF in the archetype buildings. Median and standard 

deviation were calculated for each response index for the set of 44 ground motions at a given 

hazard level. Response measures include: 

 Peak roof drift and interstory drift ratios 

 Peak gap- opening ratio  

 Peak base shear 

 Peak strain in the ED fuses 

 Peak post-tensioning strain 

 Residual roof drift and residual interstory drifts 

 Peak SCB Moment for each story 

 

Additionally, the probability of the system reaching specific limit states such as PT yield and ED 

fuses is reported to further help in understanding the performance of the system. 

13.1 Description of the models 

 

The computational model developed and described in Chapter 11 was used with some 

modifications. A schematic diagram of the three bay model developed in Opensees for the non-

linear response history analysis is shown in Figure 144. The following paragraphs highlight the 

minor changes made in the validated model for this study. 

First, the columns were modeled using force beam-column elements using fiber section instead 

of elastic beam-column elements. Since the models used for response-history analysis were fixed 

at the based (as opposed to pinned in the single-bay single story validated computational model)  

inelastic elements were used to simulate possible yielding in the base of the columns. Two 
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leaning columns were modeled on each side of the SCB-MF to include the P-delta effect which 

becomes significant for higher story structures. These leaning column was loaded with a vertical 

load at each floor level representing half of the total system gravity load (taken as 1.05D + 

0.25L) that was not directly tributary to the column elements of the frame. These columns were 

modeled as elastic beam-column elements with moments of inertia and areas about two orders of 

magnitude larger than the frame columns in order to represent aggregate effect of all the gravity 

columns (Aleaning column = 1,000 in
2
 and Ileaning column = 100000 in

4
). The columns were connected to 

the beam-column joint by zeroLength rotational spring elements with very small stiffness values 

so that the columns do not attract significant moments. Truss elements were used to link the 

SCB-MF columns and leaning columns and transfer the P-Delta effect. The trusses were 

modeled with areas about two orders of magnitude larger than the frame beams in order to 

represent aggregate effect of all the gravity beams (Atruss = 1,000 in
2
) and were assumed to be 

axially rigid. The seismic mass (corresponding to half the building) was assigned at the beam-

column joints of the frame, and each floor mass is distributed among the frame nodes (leaning 

and SCB-MF columns) as shown in Table 69.  

Table 69: Seismic Mass for  the archetype buildings 

Floor 

Total weight 

on Leaning 

columns 

(kips) 

Total 

weight on 

ext. cols 

(kips) 

Total 

weight on 

int. cols 

(kips) 

Seismic 

mass/Leanin

g column     

(kips-sec
2
/in) 

Seismic 

mass/Ext 

column   

(kips-sec
2
/in) 

Seismic 

mass/Int. 

column      

(kips-sec
2
/in) 

1st 495.5 127.5 85 0.645 0.166 0.111 
2nd- 501.5 127.5 85 0.653 0.166 0.111 

Roof 472.75 117.75 78.5 0.616 0.153 0.102 

 

To incorporate the softening in the initial force-deformation behavior of the SCB-MF due to 

uneven bearing rotational springs were modeled at the end connection zone in each bay as shown 

in Figure 144. The rotational spring stiffness was calculated using the process described in 

Chapter 11.  

Similar to the validated computational model described in Chapter 11, the modeling was done in 

stages to simulate the simulate the sequence of construction for the beam from fabrication, to 

post-tensioning, and finally installation. The first stage of the analysis included subjecting each 

SCB to a simply supported boundary condition and the post-tensioning force corresponding to 

each story was then allowed to equilibrate through the system.  Due to elastic deformation of the 

inner tube and outer tube/W-section assembly, the post-tensioning force achieved after the 

equilibration was always less than the target initial PT force.  Thus, a loop was programmed to 

apply a marginally higher initial PT strain such that the post-tensioning force in each SCB (after 

equilibration) was within 5% of the target PT force. This stage was conducted in 10 steps using 

load control integrator. Once the post-tensioning forces in each SCB was within the predefined 

tolerance, the simply-supported boundary condition was removed from each SCB and new 
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boundary conditions were imposed to represent the boundary conditions of the system after the 

beam is installed between the columns.   

In the second stage, the structure was subjected to gravity loads before the dynamic analysis was 

conducted. The gravity loads ((corresponding to half the building) were applied to the leaning 

columns and moment frame columns as tabulated in Table 70. These loads were applied using a 

load-controlled static analysis with 10 steps, so that the gravity loads remain on the structure for 

all subsequent analysis steps. The loadConst command was used after the gravity analysis is 

completed. This command is used to set the gravity loads constant throughout the rest of the 

analysis in addition to resetting the time to zero so that the dynamic analysis starts from time 

zero. 
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Figure 144: Computational model for the SCB-MF dynamic analysis 

Table 70: Gravity loads for  the archetype buildings 

 

Total Load (kips) Load / Column (kips) 

 

Gravity Load 

(Half Building), 

kips 

Leaning 

cols 

External 

cols 

Internal 

Cols 

Leaning 

cols 

External 

cols 

Internal 

Cols 

Floor 831 583 149 99 291 74 50 

Roof 737 506 139 92 253 69 46 

 

In the final stage of the analysis, the archetype buildings were subjected to a set of ground 

motions with two hazard levels. The ground motions used in this study were the 44 far field 

ground motions from FEMA P695 (FEMA 2009) scaled such that their median response 

spectrum matched the spectral acceleration of the design spectrum at 1 second period. A list of 
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these ground motions is presented in Table 71. Two design spectra were considered: 10% 

probability of occurrence in 50 years and 2% probability of occurrence in 50 years associated 

with a high seismic site in California.  The 10% in 50 design spectra was anchored with values of 

SDS=1.0 and SD1=0.6 which is equivalent to the Dmax hazard definition in FEMA P695 (FEMA 

2009).  Scaling was conducted in accordance with the FEMA P695 procedures (FEMA 2009).  

The response spectra for each of the 44 ground motions along with their median spectrum and 

the design spectrum are shown in Figure 145. 

Table 71: Ground Motions used for Response history analysis 

  

EQ ID 

Ground Earthquake Recording Station 

No. 

Motion 

ID 
M Year Name Name Owner 

1 12011 120111 6.7 1994 Northridge Beverly Hills - Mulhol USC 

2   120112           

3 12012 120121 6.7 1994 Northridge Canyon Country-WLC USC 

4   120122           

5 12041 120411 7.1 1999 Duzce, Turkey Bolu ERD 

6   120412           

7 12052 120521 7.1 1999 Hector Mine Hector SCSN 

8   120522           

9 12061 120611 6.5 1979 Imperial Valley Delta UNAMUCSD 

10   120612           

11 12062 120621 6.5 1979 Imperial Valley El Centro Array #11 USGS 

12   120622           

13 12071 120711 6.9 1995 Kobe, Japan Nishi-Akashi CUE 

14   120712           

15 12072 120721 6.9 1995 Kobe, Japan Shin-Osaka CUE 

16   120722           

17 12081 120811 7.5 1999 Kocaeli, Turkey Duzce ERD 

18   120812           

19 12082 120821 7.5 1999 Kocaeli, Turkey Arcelik KOERI 

20   120822           

21 12091 120911 7.3 1992 Landers Yermo Fire Station CDMG 

22   120912           

23 12092 120921 7.3 1992 Landers Coolwater SCE 

24   120922           

25 12101 121011 6.9 1989 Loma Prieta Capitola CDMG 

26   121012           

27 12102 121021 6.9 1989 Loma Prieta Gilroy Array #3 CDMG 

28   121022           

29 12111 121111 7.4 1990 Manjil, Iran Abbar BHRC 

30   121112           

31 12121 121211 6.5 1987 Superstition Hills El Centro Imp. Co. CDMG 
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32   121212           

33 12122 121221 6.5 1987 Superstition Hills Poe Road (temp) USGS 

34   121222           

35 12132 121321 7.0 1992 Cape Mendocino Rio Dell Overpass CDMG 

36   121322           

37 12141 121411 7.6 1999 Chi-Chi, Taiwan CHY101 CWB 

38   121412           

39 12142 121421 7.6 1999 Chi-Chi, Taiwan TCU045 CWB 

40   121422           

41 12151 121511 6.6 1971 San Fernando LA - Hollywood Stor CDMG 

42   121512           

43 12171 121711 6.5 1976 Friuli, Italy Tolmezzo -- 

44   121712           

 

  
           (a) 10% Probability of Exceedance in 50 

Years    
(b) 2% Probability of Exceedance in 50 Years 

Figure 145: Response Spectra for the Set of Scaled Ground Motions 

To apply the ground motion to the structure, the uniform excitation pattern was used. The name 

of the file containing the acceleration record, timestep of the ground motion, scale factor applied 

to the ground motion, and the direction in which the motion is to be applied were specified as 

part of the uniform excitation pattern command. Newmark integrator scheme (average 

acceleration method with γ= 0.5 and β=0.25) was used for the dynamic analysis. 

The model used rayleigh damping which formulates the damping matrix as a linear combination 

of the mass matrix and stiffness matrix: c = a0*m + a1*k, where a0 is the mass proportional 

damping coefficient and a1 is the stiffness proportional damping coefficient. A damping ratio of 

2%, which is a typical value for steel buildings, is assigned to the first two modes of the 
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structure. The time period for the first two nodes was computed through eigen value analysis 

conducted prior to the dynamic time history analysis and are presented in Table 72 for the three 

sets for archetype buildings. The rayleigh command allows the user to specify whether the initial, 

current, or last committed stiffness matrix is used in the damping matrix formulation. In this 

study, only the initial stiffness matrix was used, which was accomplished by assigning values of 

0.0 to the other stiffness matrix coefficients. While using Rayleigh method to represent inherent 

damping in structure, it is recommended not to provide initial stiffness proportional damping to 

elements that yield because that may lead to artificial damping in the lower modes resulting in 

substantially high effective damping (Charney, 2008). In the computational model, elements 

which are expected to experience significant yielding  (like ED fuses and PT strands) are 

modeled using two-node link elements or truss elements. By default, Opensees do not assign 

rayleigh damping to these elements. 

Table 72: First and second mode time periods for the archetype buildings 

Archetype 

Building 

Time period (1st 

mode), secs 

Time period (2nd 

mode), secs 

4- story 1.74 0.60 

12-story 4.2 1.48 

20-story 4.98 1.86 

 

13.2 Response History Analysis Results 

This sections investigates the behavior of SCB-MF when implemented in multi-story structures 

with respect to various response quantities mentioned in the introduction of this chapter.  

Conclusions will be made about the effectiveness and performance of the this newly proposed 

system based on the probabilities of exceedance of code-based limit states.  

13.2.1  Example Response History Analysis Results 

This section describes the global and component behavior of the 4, 12 and 20 story archetype 

buildings when subjected to one ground motion and to examine if the overall response of the 

SCBs is as expected.  

Figure 146 shows the roof story drift and interstory drift of a 4 story model with SC=1.0 

subjected to Northridge at Beverly Hills- Mullholland Ground Motion scaled to the 2% in 50 

hazard level. The peak roof story drift was slightly less than 3.5% ( recorded at about 8.7 secs) 

while the peak interstory drift was found to be over 4%.  In general, it was found that the top two 

storys experienced a higher interstory drifts of about 4.3% as compared to the bottom two storys 

which saw a peak interstory drift of about 2.9%. The drift response of the model demonstrates 

that the residual drift was zero as the roof drift and interstory drifts oscillates around zero during 

the last 5 seconds of the simulation for which the ground acceleration is zero.  



214 

 

 
(a) 

  
(b) (c) 

Figure 146: (a) Ground Motion 120111 (b) Roof drift of 4 story SC=1.0 archetype building 

subjected to GM 120111 (c) Interstory drift of 4 story SC=1.0 archetype building subjected 

to GM 120111 

The gap- opening ratio to associated with the each story of the 4-story model is shown in Figure 

147. The gap- opening dimension was normalized to depth of the SCB, dSCB to obtain the gap- 

opening ratio. First, it was observed that the internal and external bay displayed very similar gap-

opening behavior. Additionally, as expected the peak gap-opening the top two storys were higher 

than the bottom two storys because of higher interstory drifts. The peak gap-opening ratios were 

also found to be smaller than the corresponding story drift ratio. A part of this is due to elastic 

deformations in the frame elements, and the SCB elements which result in the interstory drift to 

not completely translate into the gap- opening. However, another factor that weighs in is the 

rotational springs sued at the connection zone of each SCB. The smaller the rotational stiffness 
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of the springs the larger is the difference between the applied interstory drift and the associated 

gap-opening.  

  

  

Figure 147: Gap- opening response of 4-story model with SC=1.0 subjected to GM 120111 

For the same 4 story model, subjected to the ground motion ID 120111 (scaled to 2% in 50 years 

hazard level), the ED fuse hysteretic response for each story is presented in Figure 148. The fuse 

stress was recorded as the force in the ED fuse normalized to the yield force (yield stress take as 

63 ksi). ED fuse strain is the axial deformation in the fused normalized to the ED fuse core 

length (taken as 36 in). 

Similar to the gap-opening response it was observed that the behavior of the ED fuses in the 

internal and external bays were quite similar. In the 1st and 2nd story of the 4-story model, the 

ED fuses experienced a peak strain of over 1.5% while in the top two storys the peak strain 

recorded was approximately 2.5%. The hysteretic behavior of the ED fuses in all the storys was 
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shown to be full and stable. The fuses did not experience significant hardening. The peak stresses 

in compression was shown to be 10-15% higher than the yield stress while the peak stresses in 

tension were about 3-5% higher than the yield stress.   

  

  

Figure 148: ED fuse hysteretic response of 4-story model with SC=1.0 subjected to GM 

120111 

Although, deterioration in the ED fuse behavior on buckling or fracture was not incorporated in 

the model, it is expected that the ED fuses with core plate thickness to width ratio of 1.7 and 

higher are capable of undergoing 2.5%-3% peak strain before experiencing initial buckling and 

3-4% peak strain before failure (refer Chapter 6 and Chapter 8 for in-depth analysis of ED fuse 

behavior). Thus, based on the component test and behavior of ED fuses in the large scale-

experiments it is expected that the ED fuses did not fail at 2% in 50 years hazard level for this 
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ground motion. A probabilistic evaluation of the ED fuse performance is presented in a later 

section of this chapter. 

The PT strand behavior of the 4-story mode subjected to ground motion ID 120111 is shown in 

Figure 149. PT stress was recorded as the force in the post-tensioning strands normalized to the 

ultimate tensile stress of low-relaxation PT strands used in the large-scale experimentation (270 

ksi). The strain in the PT strands was recorded as the elongation in the PT strands normalized to 

the length of the PT strands in the model (190 in) superimposed with the initial PT strain 

associated with the respective PTi ratios.  

  

  

Figure 149: PT strand stress-strain behavior of 4-story model with SC=1.0 subjected to 

GM 120111 

It is noted that the PT strands were designed to not experience any inelasticity before 3% story 

drift. This was done to prevent the loss of self-centering capacity of SCBs due to yielding and 

fracture. Since, the 1st and 2nd storys experienced as peak interstory drift of less than 3% , the 
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PT strands did not yield and displayed a peak strain of about 0.65%. The third story, in addition 

to having a relatively much higher initial post-tensioning stress also experienced a peak 

interstory drift of about 4.3% causing the post-tensioning strands to yield. At this story, the peak 

strain in the PT strands was 0.95%. The fourth story also experienced high interstory drifts but 

were post-tensioned to a much lower initial stress and thus did not yield. The peak PT strain 

observed on the 4th story was 0.77%. A probabilistic evaluation of the SCB design process 

which ensured that the PT strands undergo atleast 3% interstory drifts before yielding is 

presented in a later section of this chapter. 

In general, the local behavior of the SCBs in the 4-story model including the gap- opening, PT 

strand and ED fuse behavior was very predictable.   

Figure 150 shows the global force-deformation behavior of the SCB in each story of the 4-story 

archetype building (excluding the effect of the frame columns). The global behavior of the SCB 

in each story was evaluated in terms of moment ratio vs. SCB rotation plots. The SCB moment 

ratio was recorded as the ratio SCB moment, MSCB and the design moment capacity of the SCB, 

Mn. The SCB moment was calculated using the force couple recorded as the horizontal reaction 

at the nodes representing the bottom and top pinned connection. The SCB rotations were 

measured as the rotation of the node shared by frame columns and the end connection zone 

rotational springs.   

As observed with the local SCB behavior, the global hysteretic behavior of the SCBs on each 

floor was very similar for internal and external bays. The shape of the hysteresis loops matches 

the expected response with near full self-centering associated with SC=1.0 demonstrated as the 

drifts return to near zero when SCB moment is zero. It was observed that the SCB in the third 

story did lose some of the self-centering capacity due to PT strand yield.  

As presented in the plots, the yield moment capacity of each SCB was slightly lower than the 

design moment capacity. This may be due to the applied post-tensioning stress after equilibration 

marginally less than the target initial post-tensioning. In general, the yield moment capacity of 

the SCBs was found to be 5-10% lower than the design moment capacity. The interstory drift 

associated with the ED fuse yielding ranged from 0.5-0.55% story drift which is quite 

comparable to a typical SMF. The overstrength associated with the hardening of the PT strands 

and ED fuse was found to be close to 1.5 times the moment capacity for the bottom three storys. 

For the fourth story, this factor was close to 1.75 times the moment capacity. 
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Figure 150: Moment Ratio vs. SCB rotations % of 4-story model with SC=1.0 subjected to 

GM 120111 

In addition to the behavior of the SCB and its individual components, the stresses in the inner 

tube, outer tube and top flange of the W-section were recorded to verify if all the elements are 

within the elastic range. This is important to obtain accurate results from the computational 

model as these elements are modeled as elastic beam-column elements. For the 4-story model, all 

the peak stresses in the inner tube was around 21 ksi in compression. The peak stresses in the 

outer tube was less than 15 ksi in tension. Finally, the peak stresses in the top flange was close to 

20 ksi in compression and 35 ksi in tension. All the peak stresses were well within the yield 

stress, confirming the validity of the model.  

Figure 151 shows the force-deformation behavior of the fourth floor of the 4-story model 

(subjected to ground motion 120411) with different SC ratio. The dependence of  the 
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characteristic flag-shaped behavior of the SCB on the SC ratio is very clearly visible in the plots 

shown below. Even though SCBs with SC ratio less than 1.0 shows much higher drifts at zero 

force in the figure shown below, it was shown through a statistical analysis (presented in the next 

section) including all the archetype buildings, that the permanent residual drifts at the end of the 

ground motion excitation were not significantly higher as compared to SCBs with higher than 

1.0 SC ratios.  

In terms of the overall hysteretic behavior, SCB systems with SC ratio of 0.5 displayed much 

higher energy dissipation as compared to the other two models. Since all the three models where 

designed to have similar stiffness and strength, the rest of the behavior, including the drift at 

associated with SCB yielding, peak SCB rotations, peak SCB moment, etc were very similar. 

  

 

Figure 151: Effect of SC Ratio on the force-deformation behavior SCBs subjected to 

ground motion 120411 (2% in 50 years hazard level) 
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Figure 152 shows the roof drift of 4, 12 and 20 story models subjected to the same ground 

motion (ID 120411) scaled to 2% in 50 years hazard level. The relative difference in the time 

period of the three models is very evident from the plots below. Another observation that can be 

made from Figure 152, is the difference in the peak roof drifts. The 4 story model displayed a 

much higher roof drift of over 2.5% while the 12 and 20 story models saw a peak drift of about 

1.75% and 1.3% respectively. The 12 and 20 story models also seemed to re-center after the 

earthquake much better than the 4-story model. A statistical analysis of the residual drifts with 

respect to the building height will be done in a later section to draw more quantitative 

conclusions. 

  

 

Figure 152: Roof Drift of 4, 12 and 20 story archetype buildings subjected to ground 

motion ID 120411 (2% in 50 years hazard level) 
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Figure 153 shows the interstory drift of 4, 12 and 20 story models subjected to the same ground 

motion (ID 120411) scaled to 2% in 50 years hazard level. The effect of higher modes of 

vibration is very visible in 12 and 20 story archetype structures. Additionally, the peak interstory 

drifts were lower in 12 and 20 story models as compared to 4 story models. The peak interstory 

drift recorded for the 4-story model subjected to ground motion 120411 was about 4%. As noted 

previously, the bottom two storys of the 4 story model displayed a relatively lower interstory 

drift of 3%. A similar observation was made in the 12 and 20 story models with the peak 

interstory drifts recorded in the top few storys (3% and 3.5% for 12 and 20 story respectively). 

  

 

Figure 153:Interstory Drift of 4, 12 and 20 story archetype buildings subjected to ground 

motion ID 120411 (2% in 50 years hazard level) 
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13.2.2  Statistical Analysis and Interpretation  of analysis results 

To evaluate the performance of each configuration (varying building heights and SC ratios) a 

statistical analysis was performed and the median and median plus standard deviation of each 

response quantity is plotted in this section. Conclusions were then made about the effectiveness 

of SCB-MF in multi-story structures and the efficacy of the design procedure described in 

Chapter 12. 

13.2.2.1 Story drifts and Residual drifts 

Figure 154 shows the variation of peak interstory drift in all the storys of a 4-story model with 

SC ratio of 1.0. For 10% in 50 years hazard level, it was observed that the peak interstory drifts 

were the highest in the 4th story with a median of 2.93%. The peak interstory drift at the first 

floor was about 2%. For the 2% in 50 years hazard level, the peak interstory drifts were limited 

to 3.7%. As expected, the lower two floors were relatively stiffer and the median peak interstory 

drift was limited to 3.1% and 3.3% in the first and second floor respectively.  

  

Figure 154: Peak interstory drift in 4 story models with SC=1.0  

Next, the interstory drift and residual drifts for all the 4-story models were plotted to evaluate the 

sensitivity of the system behavior on SC ratio. Values for residual quantities were calculated by 

taking the mean of the response over the last 5 seconds. The last 5 seconds of every input ground 

motion has zero acceleration. 

 

In terms of peak interstory drift, it was observed that there was little difference in the median 

peak drifts in each story in the three configurations of the 4-story model. This is expected 

because the three configurations were designed to have very similar stiffness on each story by 
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altering the SCB design features so that they all satisfy the peak drift limit and P-delta 

requirement. Additionally, in all the three configurations, the bottom two storys are relatively 

stiffer as compared to the top two storys. 

 

In terms of the interstory residual drifts, it was observed that the 4-story model with SC ratio 0.5 

which less than full centering displayed slightly higher residual drifts. In the event of 10% in 50 

years level of earthquake, these residual drifts were almost negligible. All the configurations 

displayed the highest residual drifts in the first story. It is expected that this may be due to 

inelasticity in the columns close to the fixed base.  For the lower of the two hazard level, the 

highest interstory residual drift in the first story of 4-story SC ratio 0.5 configuration was around 

0.11% while the other storys experienced a residual drift of less than 0.07%. For the same hazard 

level, SC ratio 1.0 configuration displayed very similar residual drifts. The configuration with the 

highest SC ratio displayed marginally lower residual drifts with the 0.06% in the first story and 

about 0.05% for the rest of the storys.  

 

As expected, for higher hazard levels, the peak residual drifts increased for all the configurations 

due to inelasticity in the base columns and development of inelasticity in the PT strands. At 2% 

in 50 years hazard level, the configurations with SC ratio 1.0 and 2.0 displayed very similar peak 

residual drifts with the highest median value in the first story of about 0.22% and the rest of the 

storys having a residual drift of around 0.15%. The 4- story model with SC ratio of 0.5 

experienced a slightly higher peak residual drifts with a median of 0.3% in the first story and 

around 0.17% in the other storys.  

 

  

Figure 155: Peak interstory drift and residual drift% in 4 story models with SC=0.5 



225 

 

  

Figure 156: Peak interstory drift and residual drift% in 4 story models with SC=1.0 

 
 

Figure 157: Peak interstory drift and residual drift% in 4 story models with SC=2.0 

Thus, the configuration with SC ratio less than one does not pass near zero displacement when 

the force is removed from the peak displacement (refer Figure 151) which allows the possibility 

for significant residual drifts. However, it has been shown in some studies conducted in the past 

have shown that systems that do not fully prevent residual drift when the lateral force is removed 

can still limit residual drift if the system has a restoring force component consisting of either a 

nonlinear elastic restoring force (e.g., gap- openings with PT steel) or an elastic restoring force 

that adds kinematic hardening to the system . This type of partial self-centering has been referred 

to as probabilistic self-centering (Eatherton, 2011) and occurs as a result of an increased 
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probability of yielding of the system toward zero displacement rather than away. The results 

from the response-history analysis of the 4 story structure corroborates these findings.  

 

The peak interstory drifts and residual drifts for the 12 and 20 story models with SC ratio 1.0 and 

for both seismic hazard levels are presented in Figure 158 and Figure 159. Note that for two of 

the ground motions the peak interstory drifts for the 12 and 20 story buildings exceeded 10% 

story. These runs were excluded from the statistical analysis presented below since the analysis 

data could be trusted for the models displaying such high deformations. 

 

  

Figure 158: Peak interstory drift and residual drift% in 12 story models with SC=1.0 

 
 

Figure 159: Peak interstory drift and residual drift% in 20 story models with SC=1.0 
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For the 12 story model, it was observed that the median interstory  residual drifts were limited to 

approximately 0.02% in all storys at the lower hazard level. For the first story, the residual drifts 

were slightly higher (0.08%). Again, this trend was expected to be due to the yielding of the 

columns near the fixed base. It is noted that the columns in the first 4 storys were modeled with 

inelastic beam-column elements to capture the behavior post-yielding. For the higher hazard 

level, even though the residual drifts at the upper storys were limited to 0.03%, the residual drifts 

experienced by the first story was as high as 0.2%. It is expected that if the columns at lower 

storys were designed to not experience any inelasticity, the residual drifts can be controlled to 

have near zero values. 

The 20 story configuration with a SC ratio of 1.0 displayed very low median interstory residual 

which  were limited to 0.03% in all the floors. For the higher hazard level there wasn't a 

significant increase in the median values. The peak residual drifts were limited to  0.06% in the 

first story others and 0.04% for the rest of the storys. In general, the peak interstory residual 

drifts were much lower in the high rise models as compared to the low rise (4-story) model for 

both the hazard levels.  

The peak values of the interstory drifts for both the 12 and 20 story models were observed in the 

top story of the structures. The median of the interstory drifts was limited to 2.8% for the lower 

hazard level and 3.2% for the higher hazard level. These values were similar for both 12 and 20 

story models. It was also observed that these story drifts were smaller that the drifts observed in 

the 4-story models.  

Figure 160 shows the dependence of the peak roof drifts and peak roof residual drifts for all the 

models on the self-centering ratio. Similar to the interstory drifts, it was observed the peak roof 

drifts were dependent on the story height and thus, the 4 story models displayed the highest 

median roof drifts of about 2% at the 10% in 50 years hazard level and 3% at the 2% in 50 years 

hazard level. As expected, these numbers were not found to be highly dependent on the self-

centering ratios since all the configurations for a given building height were designed to have 

similar stiffness. The median of the peak roof drifts for the 12 story models was about 1.3% and 

1.7% for the two hazard levels while for the 20 story models these values were as low as 0.5% 

and 0.8%. 

With respect to the roof residual drifts, the trend was similar to the roof drifts in that the lower 

story models displayed higher residual drifts. The median roof residual drifts were found to be 

only slightly dependent of the self-centering ratios for the lower hazard levels. For the 4-story 

models, the median roof residual drifts were close to 0.06% for all the three configurations. As 

observed form the interstory residual drift trends, these numbers were relatively lower 12 and 20 

story models. For the 12 story model, the median residual drifts were 0.05%, 0.03% and 0.02% 

for SC ratios 0.5, 1.0 and 2.0 respectively. For the 20 story model, the median residual drifts 

were 0.02%, 0.015% and 0.01% for SC ratios 0.5, 1.0 and 2.0 respectively. In conclusion, the 

roof residual drifts of the configuration with less than full self-centering were not found to be 
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significantly higher that the configurations which were designed to show full self-centering. This 

further validates the argument made in the previous section on probabilistic self-centering. 

Overall, it was found that all the configurations were well proportioned to eliminate residual 

drifts up to the 2% in 50 years hazard level. 

  

 
 

 

Figure 160: Peak roof drifts and peak roof residual drifts for all the archetype buildings 

To evaluate the performance of the SCB-MF in an archetype building, it was necessary to set 

certain performance goals for the each response quantity. One of the important measure of the 

SCB-MF performance is the roof residual drifts of the archetype buildings after an earthquake. In 

the past, several studies have been conducted on the permissible residual deformation levels in a 

building.  With respect to building functionality, it was found that horizontal inclinations 

between 0.005 radians to 0.006 radians are perceivable, while inclinations of 0.008 radians or 
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greater can lead to physical discomfort. With respect to construction tolerances, the most 

stringent tolerances are for steel frame structures. The tolerances for vertical and horizontal 

members are 0.0014 radians and 0.0014+(5/span length) radians, respectively. When direct and 

indirect repair cost were considered along with losses due to building closure during the repair 

period, it was no longer financially viable to make repairs when residual deformations were 

greater than 0.005 rad. Finally, with respect to safety, buildings with residual drifts (column tilt) 

less than 0.01 radians after an earthquake are considered safe (McCormick et al. 2008). Typical 

building fragility based on residual drifts presented in FEMA P-58 shows that at a residual drift 

ratio of 0.5%, building repair is a virtual certainty. The building repair fragility was a lognormal 

distribution with a median value of 1% residual drift ratio and a dispersion of 0.3. 

Based on the above findings, it was recommended that a residual drift limit of 0.005 radian 0.5% 

story drift) can be used as a starting point to considering residual deformation in the context of 

performance-based seismic design along with acting as a reference in the development of self-

centering systems. Acceptable residual drifts were determined using the out-of-plumb limits for 

new steel construction outlined in the AISC Code of Standard Practice (AISC 2005). The 

maximum out-of-plumbness of an individual element is the length over 500, or 0.2%. Table 73 

shows the probability of exceedance of the roof residual drifts for each of the nine 

configurations. 

As shown in Table 73, the probability of exceeding the roof drifts limits associated with new 

construction (0.2%) and feasibility of repair (0.5%) is near zero for all the configurations 

subjected to a 10% in 50 years level of earthquake. When subjected to the higher hazard level, it 

was observed that there is a near zero probability of the building experiencing permanent 

residual drifts which will render it infeasible for repair. Additionally, there is a 60-70 % 

probability that the structure will also satisfy the maximum out-of-plumbness limit proposed for 

new construction.  The 20-story structure was shown to completely satisfy all the roof residual 

drift limits at both the hazard levels. 

Table 73: Probabilities of Exceeding Roof Residual Drift Limits 

Model 
10% in 50 years 2% in 50 years 

drift>0.5% drift>0.2% drift>0.5% drift>0.2% 

4 Story SC=0.5 0% 5% 2% 45% 

4 Story SC=1.0 0% 1% 0% 26% 

4 Story SC=2.0 0% 4% 3% 43% 

12 Story SC=0.5 0% 1% 0% 25% 

12 Story SC=1.0 0% 0% 4% 34% 

12 Story SC=2.0 0% 0% 5% 34% 

20 Story SC=0.5 0% 0% 0% 0% 

20 Story SC=1.0 0% 0% 0% 0% 

20 Story SC=2.0 0% 0% 0% 0% 
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Similar to the residual drifts, goals for the roof drift ratio included limiting the roof drift ratio to 

2% for the event that has 10% probability of exceedance in 50 years to be consistent with limits 

in the current U.S. building code (ASCE 2005). Goals for the peak roof drift ratios during the 2% 

in 50 years event was assigned as 3.0%. Table 74 shows that the largest probability of exceeding 

the goal for the 10% in 50 years and 2% in 50 years event. For analysis purposes, the probability 

of exceeding 3% story drift at the lower hazard level and 4% for the higher hazard level is also 

included in the table. 

As shown in the table below, the probabilities of exceeding the story drift limits are quite high in 

the 4-story models for both the hazard levels ranging from 61-63% for the lower hazard level and 

19-28% for the higher hazard level. The probability of exceedance of the roof drift limits was 

however, relatively much lower in the 12 and 20 story models. The 20 story model was shown to 

completely satisfy the roof drift limits for both the hazard levels. The 12 story also showed very 

low probability of breaching the peak roof drift limits specially for the higher hazard level with 

probability of exceedance ranging from 26-28% for the lower hazard level and merely 7-12% for 

the higher hazard level.  It is recalled that the design for the 4 story model was done such that the 

story drifts was about 95-99% of the drift limits to achieve the most efficient design. It is 

expected that a revised design for the 4 story model with relatively bigger sections would be 

required to satisfy the code prescribed drift limits. 

Table 74: Probabilities of Exceeding Roof Drift Limits 

Model 
10% in 50 years 2% in 50 years 

drift>2% drift>3% drift>3% drift>4% 

4 Story SC=0.5 61 17 51 19 

4 Story SC=1.0 62 20 56 25 

4 Story SC=2.0 63 21 58 28 

12 Story SC=0.5 26 1 7 3 

12 Story SC=1.0 28 2 8 4 

12 Story SC=2.0 28 3 12 4 

20 Story SC=0.5 0 0 0 0 

20 Story SC=1.0 0 0 0 0 

20 Story SC=2.0 0 0 0 0 

 

Apart from the peak displacement demands on the moment frame due to the SCB, peak 

accelerations in the system need to be recorded and analyzed to investigate if the system suffers 

from sudden jumps in accelerations at the time of gap-closing.  
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13.2.2.2. SCB moments and Base shear 

Figure 161 through Figure 163 shows the variation of the median values for the SCB moment 

ratio and base shear ratio for each set of archetype building with respect to the self-centering 

ratio.  

The SCB moment ratio has been defined as the peak moments recorded in the SCBs normalized 

to the design moment capacity of the SCBs. This response quantity expresses the amount of 

overstrength that the SCBs when subjected to a given level of earthquake. This factor is 

consistent with the overstrength created by additional post-tensioning force above the initial 

force, and strain-hardening in the ED fuses. In general, the SCB moment ratio was shown to 

range between 1.3- 1.4 for the lower hazard level and between 1.4-1.7 for the higher hazard 

level. For all the models, the moment ratio recorded was higher for configurations with the 

highest self-centering ratio even though the difference in the moment ratios were very small. 

  

Figure 161: SCB Moment Ratio and Base shear ratio for 4 story model 

The base shear ratio was defined as the median of the peak base shear for each model normalized 

to the yield base shear of the respective model. The yield base shear was calculated by 

conducting a pushover analysis of each model assuming an inverted triangular lateral load 

distribution. Similar to the moment ratios, the base shear ratios were not found to be highly 

dependent on the SC ratios. Based on the figures below, the median of the peak base shears was 

found to be about 1.5 times the yield base shear for the 4 story model subjected to the lower 

hazard level. As expected, this ratio increased to approximately 1.7 when the model was 

subjected to higher hazard level. The base shear ratios were significantly larger in the 12 and 20 

story models with the values ranging from 1.8-2.0 for the lower hazard level and 2.2- 2.5 for the 

higher hazard levels. 
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Figure 162: SCB Moment Ratio and Base shear ratio for 12 story model 

  

Figure 163: SCB Moment Ratio and Base shear ratio for 20 story model 

 

13.2.2.3 Gap- opening ratio 

The gap- opening % was plotted as the peak gap- opening in a SCB normalized to the SCB 

depth, dSCB. The median and median plus one standard deviation of the gap- opening % 

compared to the interstory drift% for 4-story and 12 story models is shown in Figure 164.  
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Figure 164: Comparison of interstory gap- opening ratio and interstory drift ratio for 4-

story and 12-story model 

As explained in the previous section, the gap- opening was found to be relative smaller as 

compared to the interstory drifts due to elastic deformations in the frame elements and primarily 

due to the implementation of the end connection rotational spring elements. The smaller the 

stiffness of the rotational spring the larger the difference between the two quantities. 

Quantitatively speaking for the lower storys of the 4-story model, a median interstory drift of 2% 

caused a gap- opening of 1.8% while in the 4th story of the difference between the median of the 

two quantities was as large as 0.7%. A similar trend was observed in the 12 story model as well. 

13.2.2.4 PT strands and ED fuses 

To verify the SCB design process which ensured that the PT strands in each SCB did not 

experience yielding before 3% story drift, a probabilistic analysis was conducted. The yielding of 

PT strands result in the loss of restoring force which in turns results in a reduction of the self-

centering capacity of the system. Fracture in more than a certain percentage of PT strands may 

also result in the collapse of the structure. The yielding and fracture of the PT strands is there an 

important limit state. Table 75 summarizes the probability of PT strands exceeding a peak strain 

of 0.85% and 1%. The computational model uses 0.085% as the PT yield strain, however the PT 

yield strain is taken as 1% according to the ASTM standards. The goal of the design SCB design 

process is to keep these probabilities as low as possible.  

As mentioned in the previous section, it was observed that the peak interstory drifts for some of 

the higher floors in each configuration exceeded 3% at the higher hazard level, therefore the 

probability of PT strand yielding is about 20% in 4 story and ranges from 4-31% in the 12 story. 

The 20 story model displayed relatively lower interstory drifts and hence the probability of PT 

strands yielding is about 3-8%. For the lower hazard level, the probability of exceedance of PT 



234 

 

strain by 0.85% is extremely low (less than 7%) and is close to zero for the majority of the 

configurations. In conclusion, the SCB design was effective in controlling the PT strand yield 

before 3% interstory drift.  

Table 75: Probability of PT strand yield 

Model 
10% in 50 years 2% in 50 years 

(εPT >0.85%) (εPT >1%) (εPT >0.85%) (εPT >1%) 

4 Story SC=0.5 3% 0% 21% 5% 

4 Story SC=1.0 2% 0% 17% 3% 

4 Story SC=2.0 2% 0% 23% 5% 

12 Story SC=0.5 0% 0% 4% 0% 

12 Story SC=1.0 6% 1% 31% 14% 

12 Story SC=2.0 7% 1% 28% 10% 

20 Story SC=0.5 0% 0% 6% 1% 

20 Story SC=1.0 0% 0% 3% 0% 

20 Story SC=2.0 1% 0% 8% 1% 

 

The ED fuses designed to dissipate seismic energy during an earthquake are expected to induce 

local buckling at about 2.5% peak strain and eventually fracture at a peak strain of over 3-3.5% 

based on the component test and the large-scale experimental results.  The failure of ED fuses 

result in strength degradation of the SCBs and thus is an undesirable limit state. Thus, it is 

advantageous to have a low probability of reaching peak strains where failure of the ED fuses is 

likely. Table 76 summarizes the probability of initiation of local buckling and failure in the ED 

fuse. The peak strain limits for this study was conservatively set as 2.5% and 3% respectively.  

Table 76: Probability of ED Fuse failure (in terms of peak strain) 

Model 
10% in 50 years 2% in 50 years 

(εED >2.5%) (εED >3%) (εED >2.5%) (εED >3%) 

4 Story SC=0.5 1% 0% 21% 7% 

4 Story SC=1.0 2% 0% 23% 8% 

4 Story SC=2.0 2% 0% 26% 11% 

12 Story SC=0.5 2% 0% 17% 7% 

12 Story SC=1.0 4% 1% 30% 18% 

12 Story SC=2.0 5% 1% 28% 15% 

20 Story SC=0.5 2% 0% 19% 8% 

20 Story SC=1.0 2% 0% 18% 6% 

20 Story SC=2.0 3% 1% 23% 9% 

 

As shown in Table 76, the probability of initiation of local buckling in the ED fuses as well as 

fracture is extremely low for the 10% in 50 years hazard level indicating that the ED fuse failure 
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will be a rare event in case of an earthquake at this level. In the case of the higher hazard level, 

the probability of local buckling in the fuses increase to about 20-30% in all the configurations 

alike. However, the probability of ED fuse failure is still less than 20% while in the majority of 

the configurations it is less than 10%.  Another point that should be noted is that the SCBs can be 

designed with four or eight ED fuses which adds a level of redundancy to the energy dissipation 

component of the SCB. Thus, even if a few ED fuses buckle and fail, the system does not 

completely lose the energy dissipation capacity. 

To estimate the damage in PT strands and ED fuses after an earthquake, a simple indicator 

maybe added to the SCB to monitor the peak gap-opening occurred. This data can be used to 

conservatively estimate the peak deformations in the ED fuses and PT strands, since the 

deformations in the ED fuses and PT strands will always be less than or equal to the gap-

opening. Comparing the peak deformations to the peak strain at failure of these respective 

elements (obtained from the component tests conducted as a part of this study), may help assess 

the degree of damage in the ED fuses and the PT strands and can be used as a guideline to decide 

if they need to be replaced after an earthquake.  
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14. SUMMARY AND CONCLUSIONS 

 

Recent earthquakes have demonstrated that although modern seismic codes prevent building 

collapse in most cases, that the economic losses due to earthquakes can be devastating. The 

financial losses due to the Chile Earthquake of 2010, Northridge Earthquake of 1994, and Kobe 

Earthquake of 1995, were estimated to be $30 billion, $20 billion, and $100 billion respectively 

(USGS 2011). Conventional seismic systems experience distributed structural damage and 

residual drifts that can make a building uneconomical to repair, or if repairable, require 

significant business downtime because of the condition of the structure.  

A new self-centering beam moment frame (SCB-MF) has been developed which offers 

significant advantages in constructability, seismic performance and competitiveness when 

compared to currently available self-centering systems. These systems are capable of resilient 

performance during large earthquakes, virtually eliminating residual drifts and concentrating 

structural damage in replaceable elements. 

14.1 Phases of the research work 

This dissertation describes several phases of the validation and development of the SCB-MF 

including an experimental program and computational studies. The experimental program 

consisted of large-scale testing of five SCB specimens.  The  research work associated with the 

large-scale testing of SCB-MF- development of test matrix,  description of design, detailing and 

fabrication process of the SCB, component test and implementation of ED fuse elements, large 

scale test setup, instrumentation, post-tensioning process and the discussion and synthesis of 

experimental results has been presented in this document. The next phase of the work included 

development of a 2-dimensional computational model using OpenSEES. The purpose of this 

model was to provide an experimentally verified and computationally inexpensive model that 

can be used to capture the global behavior of the SCB-MF as well as the component behavior of 

the PT strands, ED fuses, end connections, etc. The data from the experimental program was 

used for the validation and calibration of the computational model.  

The computational model was then used to perform nonlinear response history analyses on a set 

of archetype structures designed using the SCB-MF system. A set of 3 archetype buildings with 

varying building heights and self-centering ratios taken from the NIST report (NIST GCR 10-

917-8) were used for this study. SCBs were designed for a total of nine configurations to further 

validate SCB-MF system performance by showing their ability to control residual drifts and 

concentrate structural damage in ED fuses in a multi-story building configuration. 
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Both the experimental program and the computational studies validated that the controlled 

rocking system is capable of eliminating residual drifts and concentrating virtually all of the 

structural damage in replaceable fuse elements. The results of the work described herein suggest 

that the SCB-MF is a high performance seismic force resisting system that can be implemented 

in practice to achieve significantly improved structural reparability after large earthquakes. The 

next few sections summarizes the work conducted as a part of each phase of research and 

highlights the major findings. 

14.2  Description of the SCB-MF 

The proposed SCB-MF system is designed to mitigate residual drifts and concentrate damage in 

replaceable elements that may not need to be replaced after most earthquakes. The SCB-MF also 

has some significant improvements relative to currently available self-centering seismic force 

resisting systems. For example, the self-centering post-tensioned moment frames had issues of 

deformation incompatibility and unconventional field construction procedures. The issue of 

deformation incompatibility is solved by the SCB-MF by moving the gap openings within the 

SCB at the bottom chord. This prevents gap openings from interacting with the diaphragm 

directly or through bay elongation. The SCB-MF is also a system that can be fully prefabricated 

and installed on site.  

Other self-centering systems, such as the rocking or braced frame, had issues of limited 

deformation capacity for certain configurations. This problem is solved by the SCB-MF, which 

was shown to have deformation capacity of 6% inter-story drift and higher in certain cases. The 

SCB-MFs also allows design flexibility such that the strength and stiffness of the moment frame 

can be separately tuned, thereby allowing more efficient use of steel, such as smaller columns. 

This allows for a more efficient use of structural steel than conventional seismically resistant 

moment frames. Strength and stiffness in conventional moment frames are coupled together and 

stiffness generally controls the design. This leads to an inefficient use of steel where strength is 

concerned. SCB-MF is therefore more competitive with conventional systems than currently 

available SC systems. The SCB-MF has the potential to reduce the economic losses due to 

earthquakes by creating buildings that do not require structural repair after most large 

earthquakes. 

Self-centering beam (SCB) body comprises of a typical W-section beam which is augmented by 

the self-centering feature-bottom chord. The bottom chord comprises of concentric inner and 

outer tube. The special detailing of the bearing surfaces at the two ends of the SCB permit gap- 

opening between the two tubes and anchorage plates. The post-tensioning strands passes through 

the concentric tubes and are subjected to strain due to the initial post-tensioning stress. Post-

tensioning strands  pre-compress the concentric tubes and encourages the inner and outer tubes to 

be aligned thereby promoting self-centering of the moment frame. Replaceable energy 

dissipating elements in the SCB are highly ductile and resilient energy dissipation elements (ED 
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fuses) that act as structural fuses that yield axially and prevent the any inelastic damage to the 

SCB body, frame columns and end connections.  

During earthquake loading, gap openings form between the anchorage plates and the concentric 

tubes, seismic energy is absorbed by the ED fuses, and the post-tensioning acts to bring the SCB 

back to its original configuration after the earthquake ground motion ceases. 

The SCB has a flag-shaped hysteretic response that is characteristic of self-centering systems. 

The post-tensioning strands creates a bilinear elastic response with an initial stiffness due to 

elastic deformations in the strands and a secondary stiffness due to additional elongation of the 

post-tensioning strands after gap opening between the concentric tubes and the anchorage plate.  

The fuse, on the other hand, can have full hysteretic load-deformation behavior. The effect of 

combining the two components is a flag-shaped hysteresis loop that returns to near zero 

displacement when the load is removed. 

14.3  Summary of Experimental Program 

The large-scale cyclic experimental program was conducted at the Thomas M. Murray Structures 

Laboratory at Virginia Tech. A prototype three-story building ( SAC configurations ,Gupta and 

Krawinkler 1999) was used to define realistic masses and forces tributary to a self-centering 

beam moment frame (SCB-MF). The moment demands for the beams in the moment frame of 

the prototype building was scaled down and used as baseline for the design of the test matrix for 

the experimental program. A total of 5 SCB-specimens were tested with varying, moment 

capacity, SCB beam depth, SC ratio and initial post-tensioning stress. Two SCBs with different 

depths were fabricated and were reused to complete a total of 5 tests. 

The SCB specimen tested included one entire bay rather than just a portion of the beam like 

typical moment connection tests. The SCB moment frame width was 20 ft and the height of the 

frame was 8ft-8 in. The base of the columns were connected to a true pin connection, the other 

side of which was bolted to a reaction block. Lateral load was applied at the top of the column by 

a 220 kip actuator with 20 in., which corresponds to a maximum possible 9% story drift. A 

gravity load simulator, which is capable of undergoing large lateral displacements while keeping 

a secondary jack vertical was used to apply constant gravity load to the specimen at one-third 

points. The gravity load was consistent with perpendicular gravity beams framing into the SCB. 

The SCB was braced out-of-plane at approximately one-third points. The specimen column was 

also braced against out-of-plane movement using threaded rods. A rigid compression strut was 

placed between the two specimen columns to allow distribution of the actuator force to both 

columns.  

The frame was reused for all 5 specimens and was hence designed to resist the largest forces and 

moments from the five tests to prevent any damage in the frame. In between specimen tests, the 

ED fuses were replaced and the SCBs were post-tensioned using new PT strands with varying 
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initial stress. The post-tensioning process for the PT strands is described in detail in Chapter 7. 

Instrumentation was used to monitor the behavior of each component of the SCB (post-

tensioning, ED fuses, and beam), the distribution of force in the beam, gap opening dimensions, 

and global system displacements and forces.  

14.3.1 Observations from experimental behavior 

All the SCB specimens were subjected to a cyclic loading protocol (adopted from the cyclic 

Loading Sequence for Beam-to-Column Connections outlined in Chapter K of AISC 341-10 

(AISC 2010) up to a story drift of 5-6%. The sections below present some of the salient features 

of the global and local behavior of the SCB under cyclic loading. 

14.3.1.1 Global Hysteretic Behavior 

The moment capacities of the tested specimen ranged from 195-377 k-ft. The self-centering 

ratios of the specimens ranged from 1.00- 1.82. The cyclic tests validated that the SCB system 

satisfies the stated performance goals of reducing residual drifts and preventing inelastic damage 

to the main structural components of the system. The mean story drifts at zero-force was found 

to be less than 0.5% after the 4% drift cycles and around 0.1% after 2% drift cycles. SCBs such 

as SCB-2 with higher SC ratio had a more defined flag-shaped hysteretic behavior force as 

compared to SCB-1 and 3. Even after loss in self-centering capacity at higher drifts due to 

inelasticity developed in PT strands, SCB-2 displays negligible residual drifts at zero force. 

The loss of self-centering capacity of a SCB depends on the combined effect of loss in post-

tensioning stress in the PT strands and fuse hardening. SCB-4 in which the two PT strands 

fractures after towards the end of the test, saw a major drop in the restoring force provided by the 

PT strands and led to a permanent drift of 1.5% at the end of the test. 

Based on the experimental behavior, the SCB was shown to have a large deformation capacity. 

All three SCBs were successfully tested up to a story drift of 5-6% without causing any damage 

to the end connections, SCB body or columns. The observable damages/inelasticity occurred in 

the SCB were limited to the ED fuses and PT strands. The SCB also showed adequate initial 

stiffness with the story drift at gap opening ranging from 0.32%-0.52% and the story drift at 

which the system reached its moment capacity ranging from 0.4% to 0.64%.  

The hysteretic behavior of the system was found to be predictable and several aspects of the 

system response such as strength can be computed with closed form equations. The results 

obtained from equations developed to predict beam moment at gap opening, MPTi and post gap- 

opening stiffness contribution by the PT strands (KPT) were found to be in good agreement with 

the experimental results with mean percent difference of 7.6% and 7.1 % respectively. The 

strength equations developed for the SCB  predicted the moment capacity well, with the mean 

difference between the predicted and experimental values of about 5 %. 
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14.3.1.2 Post-Tensioning Behavior 

The post-tensioning strands are designed to remain elastic till atleast 2% story drift. This was 

done to prevent excessive loss in the post-tensioning stress due to yielding which leads to loss in 

the self-centering capacity of the SCB. Out of 5 SCB tests, PT strands in 3 tests yielded before 

the test was concluded. The story drift at PT strands yield ranged from 3.1%-5.1%. In SCB-4, 

two PT strands fractured at a peak effective strain of around 1.12-1.13%. This was found to be a 

premature fracture in the strands due to stress concentration because of re-seating the chucks at 

the same location. None of the other strands fractured during the test. 

The other quantity of interest related to the PT strands is the loss in the post-tensioning forces 

due to seating losses and development of inelasticity in the PT strands. As the force in a post-

tensioning strand exceeds its previous maximum force, that the wedges at the anchorage were 

pulled incrementally further into the mating conical hole which leads to loss in the post-

tensioning stress ( known as seating losses). In SCB-1 and 5, the PT strands did not yield and yet 

a loss  in PT stress was observed which can be attributed to the seating losses. The seating losses 

in SCB-1 was much lower as compared to SCB-5. This can be attributed to the fact that SCB-1 

had been cycled to 4% drift in the trial runs done prior to the final test and a fraction of the 

seating losses due to wedge displacement in the chuck body had already occurred. 

 In other SCBs where the strands yielded, the loss in PT stress is due to combination of seating 

loss and the loss due to yielding of PT strands which may be as high as 50% of the initial stress 

(as seen in SCB-4). The SCB configuration with the higher initial post-tensioning ratio will 

experience greater levels of inelastic behavior (by the end of the test), which will cause loss in 

self-centering capability of the SCB and result in more significant departure from the expected 

hysteresis.  

14.3.1.3 ED fuse behavior 

The ED fuses were developed and individually tested as the energy dissipation component for 

implementation in SCBs. The ED fuses were designed similar to a typical buckling restraint 

brace BRB, with a steel core that deforms axially, while a restraining tube (filled with hydrocal 

cement) prevents it from buckling in compression. These small capacity BRB like elements were 

designed to have an yield capacity of as low as 15 kips.  

Component tests were performed on the ED fuses with varying fuse core width, fuse core length 

(24 in. and 36 in.) while keeping the core plate thickness constant (0.375 in.) to evaluate their 

performance prior to their implementation in the large-scale tests. ED fuses with core length of 

24 in. was found to have smaller than desired deformation capacity. Thus, ED fuses with core 

length of 36 in. was chosen for implementation in the large-scale SCB test. Majority of the fuses 

performed well with average peak strains (before failure) of about 3.5%. As expected the core 

plate of fuses displayed high mode local buckling before they fractured. In general, fuses showed 
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slight strength degradation at initial buckling followed by the fuse failure in the subsequent 

cycle. The aspect ratio of the fuse core cross-section (ratio of core thickness to width) was found 

to have an influence on the fuse behavior. It was decided that an aspect ratio of 1.7 hand higher 

will be adopted to promote stable hysteretic behavior of the fuses. 

Similar to the component test, the ED fuses demonstrated excellent ability to dissipate seismic 

energy prior to buckling in the large scale tests. The aspect ratio ( ratio of thickness to the width 

of the fuse core plate) of the ED fuses were designed to ensure that the fuses did not buckle 

prematurely. The aspect ratio of the fuses were varied in the tests by changing the width of the 

fuse core plate while keeping the thickness constant (0.375 in) and the aspect ratio higher than 

1.7. The fuses displayed large ductility and deformation capacity. All the fuses showed full and 

stable hysteretic behavior up to 5-6% story drifts with peak effective strains ranging from 2.2% 

to 3.5%.).  

Out of all the tests, fuses in SCB-2 were the only set of fuses which did not experience strength 

deterioration associated with local buckling till the end of the test.  For all the other SCBs, one or 

more ED fuses experience buckling and fracture of the restraining tube towards the end of the 

test. For example, fuse strength in SCB-3 saw 25% drop in strength at the beginning of the 

second cycle of 6% drift. Similarly, the fuse strength in SCB-1 experienced strength degradation 

in the 4th cycle of 6% drift  indicative of fuse buckling or fracture initiation. Three out of four 

fuses in SCB-4 buckled at caused the fracture of restraining tube which lead to of 47% in the 

fuse force by the end of test.  However, none of the fuses experienced premature global buckling 

due to instability related to fuse end connection failure.  

14.3.1.4 Miscellaneous observations 

General observations and conclusions were made regarding the behavior of the SCB-MF based 

on the experimental results. First, the moment rotation behavior of the SCB was evaluated using 

strain gage data and compared to the global moment-rotation behavior of the SCB-MF . It was 

observed that both the force-deformation behaviors were quite similar to each other in terms of 

peak forces and loading and unloading stiffness. However, some friction losses were observed 

which was evident from the area under the curve which was larger for the force-deformation 

behavior of the SCB which included the contribution of the frame elements. This is expected to 

be due to the friction in the pinned connections in the SCB , column bases and compression strut 

ends. 

The relative distribution of moments at the two ends of the SCB at peak forces were also 

investigated and was found to have approximately 60%-40%  distribution instead of theoretically 

assumed  perfectly balanced system. This is an important issue because an unequal distribution 

of moment at the two ends of the SCB may influence the design of end connections and 

estimation of peak forces in the elements of SCB during the design process. On a similar note, 

the peak compressive stresses  in the inner tube obtained from the strain gage data was found to 
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be quite low (about 15 ksi).  Similarly, the peak stresses in the outer tube/W-section assembly 

due to combined flexural and compressive loads were also very low (about 7 ksi in compression 

and 5 ksi in tension). This observation supports the fact that the  SCB specimen sections were 

designed to remain elastic while concentrating all the inelastic deformation in the ED fuses and 

PT strands. 

Additionally, the rotations calculated from the inclinometers placed on the frame columns were 

used to compare the relative rotations of the two frame columns and were found to be quite 

similar showing very low relative displacement between the columns. This proves that the 

distance between the columns of the SCB-MF remain the same and the gap- opening do not 

create an expansion of the frame. 

14.4  Summary of the single-bay single-story computational model 

A two-dimensional computational model was created using OpenSees software (Mazzoni et al. 

2009). The purpose of this model was to provide an experimentally verified and computationally 

inexpensive model that can be used to capture the global behavior of the SCB-MF as well as the 

component behavior of the PT strands, ED fuses, end connections, etc. 

The columns, SCB W-section top flange, and concentric tubes were created using elastic beam-

column elements with rotational degrees of freedom included to simulate fully welded 

connections. Corotational transformation was used to incorporate geometric non-linearity in the 

system The web of the specimen beam was modeled using four node quad elements with elastic 

isotropic material properties and thickness corresponding to the web thickness of the W-section 

of the SCB specimen. The top flange of the beam and the outer tube was tied to the web of the 

beam specimen using multi-point constraints between the nodes to simulate the welded 

connection between the web and the outer tube and rigid connection between the top flange and 

web.  

The PT strands was modeled using a tri-linear constitutive relationship to account for seating 

losses and yielding of the post-tensioning strands. To simulate the gap- opening between the 

anchorage plates and the concentric tubes, gap elements that are extremely stiff in compression 

but have near zero stiffness in tension  were placed between the ends of the bottom chord tubes 

and the ends of the post-tensioning element to simulate the behavior of the free floating 

anchorage plates. The energy dissipation (ED) fuses  were simulated using two-link node 

element with uniaxial Steel02 (Giuffré-Menegotto-Pinto Model with Isotropic Strain Hardening) 

material with appropriate isotropic strain hardening parameters.  

The modeling was conducted in stages to simulate the sequence of construction for the beam 

from fabrication, to post-tensioning, and finally installation. Initially, the SCB specimen are 

detached from the columns and was given a simply supported boundary condition. The post-

tensioning force was then allowed to equilibrate through the system.  Finally, the simply-
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supported boundary condition was removed from the SCB specimen and new boundary 

conditions were imposed to represent the boundary conditions of the system after the beam is 

installed between the columns. The specimen was then subjected to the gravity load in ten steps, 

followed by cyclic horizontal displacement based on the loading protocol. 

14.4.1 Observations from computational model and development of analytical tool to 

estimate initial stiffness of the SCB-MF system 

One of the most important observations from the computational model was the model displayed  

approximately 200-300% higher initial stiffness as compared to the experimental model. It is 

anticipated that the small initial stiffness in the beginning of the test is because of the partial gap-

opening in the beginning of the test which occurs due to rotation of the anchorage plate on the 

uneven bearing surface of the inner/outer tube and W-section bottom flange. The reason why the 

preliminary computational model does not capture this phenomenon is because of the fact that 

the model does not allow for this "partial gap- opening" due to the misalignment of the 

anchorage plate on the uneven bearing surface. 

In order to develop a computational model which simulates the initial force-deformation 

behavior of the SCB-MF (prior to gap-opening) well, an analytical tool was developed to predict 

the initial stiffness of the SCB-MF. This tool will then to used to inform the existing 

computational model and improve it so that it better matches the experimental behavior. 

Since it was hypothesized that "partial gap-opening occurs" in the SCB-MF prior to the full gap-

opening, the initial stiffness of the system was assumed to be bounded by the theoretical initial 

stiffness, Kt-ini (upper bound) and gap-opening stiffness, Kt-go (lower bound). Castigliano's second 

theorem for linearly elastic system was used to compute the initial stiffness and the post gap- 

opening stiffness of the SCB-MF system. The ratio of difference between the experimental 

stiffness and the lower bound to the bound width, χ was found to be directly proportional to the 

initial post-tensioning force. Thus, to predict the initial stiffness of the SCB-MF systems, KSCB-eff, 

experimental initial stiffness was used to fit a curve to the  χ  and FPTi to obtain the relationship 

between theoretical stiffnesses and  actual system initial  stiffness.  

This formulation (presented in Chapter 10) was shown to predict the initial stiffness of the SCB-

MF with less than 3% error.  It was further used to derive the stiffness of rotational springs , Kend-

θ that were introduced at the SCB ends in addition to the boundary conditions that simulated the 

end connections of the SCB. This spring was introduced to create an artificial softening in the 

computational model to capture the imperfections in the SCB associated with the misalignment 

of the anchorage plate on the uneven bearing surfaces.  
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14.4.2 Conclusions from the final computational model  

The modified computational model (with the rotational springs) was found to capture the 

backbone curve of the experimental response and the unloading behavior of the SCB well. It was 

noted that the computational model with end rotational spring captured the initial stiffness of the 

SCB-MF very well with a mean difference between the two values less than 8%. The 

computational and experimental moment capacity of the SCBs was also found to be in good 

agreement with a mean difference of about 5%.  

For the ED fuse, the hardening model was calibrated to the ED fuse behavior of SCB-1. The 

computational model captured the ED fuse behavior reasonably well. In the majority of the 

specimens, the computational model captured the peak forces in tension and compression as well 

as the overall backbone curve of the ED fuse force-deformation behavior well.  

Comparing the computational and experimental response of the PT strand system, it was 

observed that the computational model predicts amount of PT stress losses due to yielding and 

seating losses very well. The secondary slope of the stress strain behavior due to seating losses 

and the post-yielding behavior of the PT strands are very well captured by the model. It is 

important for the computational model to capture the loss in PT stress well so as to account for 

the loss in the self-centering capacity of the SCB-MF system well.  

14.5  Proposed design procedure for the SCB 

To investigate the behavior and limit states of the SCB-MF in a multi-story building with 

varying parameters at set of archetype buildings were designed. These SCB-MFs were designed 

as an equivalent lateral force resisting system in the place of special steel moment frames 

designed  for a set of 3 archetype buildings used in NIST report (NIST GCR 10-917-8) for the 

application of the FEMA P-695 Methodology on special steel moment frame (special SMF) 

structures. The response history analysis was conducted on a total of 9 archetype buildings. Four, 

twelve and twenty story frames, each with three levels of self-centering ratios- 0.5, 1.0, 2.0 

representing partial and fully self-centering systems, were subjected to 44 ground motions scaled 

to two hazard levels. This study evaluated the performance of SCB-MFs in multi-story structures 

and investigated the probabilities of reaching limit states for earthquake events with varying 

recurrence period. The process used in the proportioning of SCB elements and the design of the 

SCB-MF is summarized below. 

Step 1. Start with a trial SCB section-W-section inner and outer tubes. Using the sectional 

properties of the trial sections, calculate the depth of the SCB as the distance between the mid-

height of the top flange of the W-section to the centroidal axis of the inner/outer tubes. 
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Step 2. Define a SC ratio calculate an calculate the maximum allowable PTi ratio in order to 

ensure that the yielding of the PT strands take place after 3% story drift. This must be done to 

control early yielding and fracture of the PT strands.  

Step 3. Using the SC ratio and PTi ratio calculated in the previous step, obtain the trial design 

moment capacity of the SCB. Calculate the trial sizes for the ED fuses and PT strands. Choose 

the number of strands and area of strands such that the initial post-tensioning stress ratio, PTi is 

less than the allowable limit calculated as a part of Step 2. 

Step 4. Model the trial SCB-MF in a structural analysis tool and perform a response spectrum 

analysis. Check the interstory drifts to make sure that they are within the limit. Calculate the 

stability factor, θ for each story to determine if the P-delta effect was dominant. If the stability 

factor for a given story, θ is less than 0.1, the P-delta effect can be ignored in that story. If θ is 

greater than 0.1, the RSA analysis must performed again including P-delta effect by modeling 

leaning columns with half the gravity load of the building (excluding the gravity load tributary to 

the moment frame). Check the story drifts again to ensure that the interstory drift limit (including 

P-delta effect) was not exceeded. In all cases, it was ensured that the stability factor θ did not 

exceed θmax .  

Step 5. Once a geometrically viable preliminary design of the SCB was achieved, check the 

force and moment capacity of the sections to see if the all sections were adequate. Evaluate the 

axial force capacity of the inner tube and the capacity of the outer tube/w-section assembly under 

combined flexural and axial forces to ensure that the trial design of the SCB is adequate. In 

general, all the SCB body elements must be designed to remain elastic (except the ED fuses and 

PT strands). 

Step 6. The last check that must be performed on the SCB-MF design is to ensure that each 

beam-column joint satisfied the strong column weak beam requirement (AISC 341-05). Satisfy 

this check for the internal and external beam-column joints on each floor except the roof 

(allowed by AISC 341-05 section 9.6). Design the columns in such a way that the ratio of the 

sum of the moments of the columns to the beams at an intersection was close to 1 while the 

SCB-MF still satisfies the story drift limit. Also, check all the column sections to ensure that they 

satisfy seismic compactness criteria. 

14.6 Conclusions from response history analysis  

To investigate the behavior of the SCB-MF when implemented in multistory structures, a set of 

archetype structures were designed with a range of design parameters such as the building height 

and SC ratio. Nonlinear response history analyses were performed on a total of nine 

configurations with forty-four ground motions scaled to two different hazard levels. The main 

conclusions drawn from this study are: 
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 The effect of higher modes of vibration was found to be prominent in 12 and 20 story 

archetype structures. The peak interstory drifts were also found to be lower in 12 and 20 

story models as compared to 4 story models. 

 Varying the self-centering ratio between 0.5 to 2.0, which effectively varied the amount 

of hysteretic energy dissipation in the system, was not found to have a significant effect 

on peak roof drifts. 

 The median roof residual drifts were also found to be only slightly dependent of the self-

centering ratios. The roof residual drifts of the configuration with less than full self-

centering were not found to be significantly higher that the configurations which were 

designed to show full self-centering due to probabilistic self-centering. Systems that do 

not fully prevent residual drift when the lateral force is removed can still limit residual 

drift if the system has a restoring force component consisting of either a nonlinear elastic 

restoring force (e.g., gap- openings with PT steel) or an elastic restoring force that adds 

kinematic hardening to the system . This type of partial self-centering has been referred 

to as probabilistic self-centering. Overall, it was found that all the configurations were 

well proportioned to eliminate residual drifts up to the 2% in 50 years hazard level. 

 

The probabilities of exceeding limit states were calculated, including post-tensioning wire 

fracture, ED fuse buckling and failure and drift limits. It was shown through the tabulation of 

these probabilities that the risk of exceeding negative limit states can be controlled. 

 

 The probability of exceeding the residual roof drifts limits associated with new 

construction (0.2%) and feasibility of repair (0.5%) was found to be near zero for all the 

configurations subjected to a 10% in 50 years level of earthquake. When subjected to the 

higher hazard level, it was observed that there was a near zero probability of the building 

experiencing permanent residual drifts which will render it infeasible for repair. 

Additionally, there was a 60-70 % probability that the structure will also satisfy the 

maximum out-of-plumbness limit proposed for new construction.  The 20-story structure 

was shown to completely satisfy all the roof residual drift limits at both the hazard levels. 

 

 The probabilities of exceeding the story drift limits ( set as 2% for 10% in 50 years 

hazard level and 3% for 2% in 50 years hazard level) are quite high in the 4-story models 

for both the hazard levels ranging from 61-63% for the lower hazard level and 19-28% 

for the higher hazard level. It is expected that redesigning the SCB-MF with slightly 

larger column sections can eliminate this problem. The probability of exceedance of the 

roof drift limits found to be relatively much lower in the 12 and 20 story models. The 20 

story model was shown to completely satisfy the roof drift limits for both the hazard 

levels.  
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 The limit state associated with the PT yield is undesirable as it results in the loss of self-

centering capacity of the system. The SCBs were designed to ensure that the PT strands 

did not experience yielding before 3% story drift. The probability of PT strand yielding 

was found to be about 20% in 4 story archetype buildings and ranged from 4-31% in the 

12 story at the higher hazard level. The 20 story model displayed relatively lower 

interstory drifts and hence the probability of PT strands yielding was found to be as low 

as 3-8%. For the lower hazard level, likelihood of the post-tensioning strands yielding 

was very close to zero for the majority of the configurations. In conclusion, the SCB 

design was effective in controlling the PT strand yield before 3% interstory drift.  

 

 The ED fuses designed to dissipate seismic energy during an earthquake are expected to 

experience local buckling at about 2.5% peak strain and eventually fracture at a peak 

strain of over 3-3.5% based on the component test and the large-scale experimental 

results.  The failure of ED fuses result in strength degradation of the SCBs and thus is an 

undesirable limit state. The peak strain limits associated with the initiation of local 

buckling and failure in the ED fuse for this study was conservatively set as 2.5% and 3% 

respectively. The probability of initiation of local buckling in the ED fuses as well as 

fracture was extremely low for the 10% in 50 years hazard level indicating that the ED 

fuse failure will be a rare event in case of an earthquake at this level. In the case of the 

higher hazard level, the probability of local buckling in the fuses increase to about 20-

30% in all the configurations alike. However, the probability of ED fuse failure was still 

found to be less than 20%, while in the majority of the configurations it was less than 

10%.   

 

 

 

  



248 

 

REFERENCES 

 

AISC (2010). Seismic Provisions for Structural Steel Buildings (341-10). American Institute of 

Steel Construction. Chicago, IL. 

ASCE / SEI 7-10(2010) Minimum Design Loads for Buildings and Other Structures Published 

by the American Society of Civil Engineers (ASCE), Prepared by the Structural Engineering 

Institute of ASCE. 

ASTM A416-05/A416M-05. (2005). “Standard Specification for Steel Strand, Uncoated 

Sevenwire for Prestressed Concrete,” American Society for Testing and Materials, West 

Conshohocken, PA 

ASTM A370-05. (2005). “Standard Test Methods and Definitions for Mechanical Testing of 

Steel Products,” American Society for Testing and Materials, West Conshohocken, PA. 

ATC (2007) "FEMA 461 - Interim Testing Protocols for Determining the Seismic Performance 

Characteristics of Structural and Nonstructural Components," in Loading Histories, pp. 21-24 

Azuhata, T., Midorikawa M. and Ishihara, T. (2008) "Earthquake Damage Reduction of 

Buildings by Self-Centering Systems Using Rocking Mechanism" 14th World Conference on Eq 

Engg, China. 

Benavent-Climent, A. "Influence of hysteretic dampers on the seismic response of reinforced 

concrete wide beam–column connections". Engineering Struct. 28 (2006) 580–592 

Bergman, D. M. and Goel, S. C. (1987) Evaluation of Cyclic Testing of Steel-Plate Devices for 

Added Damping and Stiffness, University of Michigan Report UMCE 87-10. 

Bruce, T. (2014) "Behavior of Post-Tensioning Strand Systems Subjected to Inelastic Cyclic 

Loading", M.S. Thesis, Virginia Tech 

Carden, Lyle P., Itani, Ahmad M.,Buckle, Ian G." Buckling Restrained Braces For Ductile End 

Cross Frames In Steel Plate Girder Bridges". 13th WCEE Vancouver, B.C., Canada August 1-6, 

2004 

Castiglioni, C.A., Drie, A., Kanyilmaz, A. (2012). " Numerical and Experimental Results of 

Project FUSEIS (Seismic Resistant Composite Steel Frames)" 15th WCEE, Lisbon. 

Chancellor, B., Eatherton, M.R., Roke, D., Akbaş, T. (2014) “Self-Centering Seismic Lateral 

Force Resisting Systems: High Performance Structures for the City of Tomorrow” Buildings, 

Vol. 4, No. 3, pp. 520-548. 



249 

 

Chou, C.C. and Wu, C.C. (2007). "Performance evaluation of steel reduced flange plate moment 

connections." Earthq. Engrg. Struct. Dyn., 36, 2083-2097. 

Chou, C. C., and Chen, S. Y. (2009). “Subassemblage tests and finite element analyses of 

sandwiched buckling-restrained braces with a replaceable core.” Stessa 2009: Proceedings, 6th 

Int. Conf. on Behaviour of Steel Structures in Seismic Areas, Philadelphia, CRC Press/Balkema, 

AK Leiden, The Netherlands, 945–951. 

Chou, C.-C., and Chen, S.-Y. (2010). “Subassemblage tests and finite element analyses of 

sandwiched buckling-restrained braces.” Engineering Structures, 32, 2108–2121. 

Christopoulos, C.; Filiatrault, A.; Uang, C.M.; Folz, B. (2002) Posttensioned energy dissipating 

connections for moment-resisting steel frames. J. Struct. Eng. 2002, 128, 1111–1120. 

Christopoulos,C., Tremblay, R., Kim, HJ. And Lacerte, M.(2008),  “Self-centering energy 

dissipative bracing system for the seismic resistance of structures: development and validation,” 

Journal of  Structural Engineering, ASCE, 134: 96-107. 

Clark, P., Aiken, I., Kasai, K., Ko, E. and Kimura, I. (1999). “Design procedures for buildings 

incorporating hysteretic damping devices.” Proceedings, 68th Annual Convention, Structural 

Engineers Association of California, Sacramento, California, 355–371. 

Clark, P. (2007)" Protocol for fabrication, inspection, testing and documentation of beam-column 

connection tests and other experimental specimens",  SAC Steel project Report No. SAC/BD-

97/02. 

Clayton, P. (2013), " Self-Centering Steel Plate Shear Walls: Subassembly and Full-Scale 

Testing " Doctor of Philosophy, Civil Engineering, University of Illinois at Urbana-Champaign, 

Urbana, Illinois 

Clough, R.W.; Huckelbridge, A.A. Preliminary Experimental Study of Seismic Uplift of a Steel 

Frame; Earthquake Engineering Research Center (EERC) Report No. UCB/EERC-77-22; 

University of California: Berkeley, CA, USA, 1977.  

Darling, S. (2012) " Seismic Response of Short Period Structures and the Development of a Self-

Centering Truss Moment Frame with Energy-Dissipating Elements for Improved Performance", 

M.S. Thesis, Virginia Tech. 

Deierlein, G., Hajjar, J, Eatherton, M., Billington, S., Krawinkler, H., and Ma, X. (2009) 

“Seismically Resilient Steel Braced Frame Systems with Controlled Rocking and Energy 

Dissipating Fuses” NEES 7th Annual Meeting, Honolulu, Hawaii, June 23-25. 



250 

 

Deierlein, G. G., Krawinkler, H., Ma, X., Eatherton, M., Hajjar, J. F., Takeuchi, T., Kasai, K., 

and Midorikawa, M. ,(2011) "Earthquake Resilient Steel Braced Frames with Controlled 

Rocking and Energy Dissipating Fuses" Steel Construction 4 (2011), No. 3. 

Eatherton, M.R. (2010) "Large-Scale Cyclic and Hybrid Simulation Testing and Development of 

a Controlled-Rocking Steel Building System with Replaceable Fuses," Doctor of Philosophy, 

Civil Engineering, University of Illinois at Urbana-Champaign, Urbana, Illinois 

Eryasar, M., and Topkaya, C. (2010). “An experimental study on steel-encased buckling 

restrained brace hysteretic damper.” Journal of Earthquake Engineering and Structural 

Dynamics, 39, 561–581. 

Fahnestock, L.A., Ricles, J.M. and Sause, R. “Experimental Evaluation of a Large-Scale 

Buckling-Restrained Braced Frame,” Journal of Structural Engineering, ASCE, 133 (9): 1205-

1214, (2007). 

FEMA P-58 (2012) Seismic Performance Assessment of Buildings Volume 1 – Methodology 

(September 2012) 

FEMA P695 (2009) Quantification of Building Seismic Performance Factors, Published by the 

Federal Emergency Management Agency. 

Garlock, M.M. (2002) "Design, Analysis, and Experimental Behavior of Seismic Resistant Post-

Tensioned Steel Moment Resisting Frames," Doctoral of Philosophy, Civil Engineering, Lehigh 

University, Bethlehem, Pennsylvania. 

Garlock, M., Ricles, J. M., and Sause, R., (2005) "Experimental studies of full-scale post-

tensioned steel connections." Journal of Structural Engineering., 131(3), pp. 438–448. 

Garlock, M.M.; Sause, R.; Ricles, J.M. Behavior and design of posttensioned steel frame 

systems. J. Struct. Eng. 2007, 133, 389–399.  

Garlock, M.E.M., Li, J. (2008) " Steel self-centering moment frames with collector beam floor 

diaphragms," Journal of Constructional Steel Research 64 (2008) 526–538 

Garlock M. E., Li J., and Vanmarke E. H. 2010. “Floor Diaphragm Design of Steel Self-

Centering Moment Frames”, STESSA-09, Lehigh, USA, p939-944 

Gray, M.G., Christopoulos,C., Packer, J.A., Lignos, D.G. (2012), " Development, Validat ion and 

Modeling of the new Cast Steel Yielding Brace System", 20th Analysis & Computation Specialty 

Conference , ASCE. 



251 

 

Gupta, A., and Krawinkler, H. (1999) Seismic Demands for Performance Evaluation of Steel 

Moment Resisting Frame Structures John A. Blume Earthquake Engineering Center Report 

Number 132. 

Iwata M, Murai M. "Buckling‐restrained brace using steel mortar planks; performance evaluation 

as a hysteretic damper". Earthquake Eng Struct Dyn. 2006;35(14):1807-26. 

Jia, M., Lu, D., Sun, L., and Zhang, S. (2014). “Performance testing and cyclic behavior of 

buckling-restrained braces with H cross section unrestrained segments.” Advances in Structural 

Engineering, 17(5), 677–692. 

Kim, D.H., Lee, C.H., Ju, Y.K., and Kim, S.D. (2014). “Subassemblage test of buckling-

restrained braces with H-shaped steel core.” The Structural Design of Tall and Special Buildings, 

online publication date: May 22, 2014. 

Kim, J., Seo, Y., "Seismic design of steel structures with buckling-restrained knee braces", J of 

Constructional Steel Research, Volume 59, Issue 12, December 2003, Pages 1477–1497. 

Kim, H.J. and Christopoulos , C. (2008). " Friction Damped Post-tensioned Self-Centering Steel 

Moment-Resisting Frames" Journal of Structural Engineering 134(11), 1768–1779. 

Koetaka, Y., Chuslip, P., Zhang, Z., Ando, M., Suita, K., Inoue, K., Nobuyoshi, U., (2005) " 

Mechanical property of beam-to-column moment connection with hysteretic dampers for column 

weak axis" Engineering Structures 27 (2005) 109–117 

Kurama, Y.C.; Weldon, B.D.; Shen, Q. Experimental evaluation of posttensioned hybrid coupled 

wall subassemblages. J. Struct. Eng. 2006, 132, 1017–1029.  

Kurama, Y.C., Walsh, K.Q. (2010)"Behavior of Unbonded Post-Tensioning Monostrand 

Anchorage Systems Under Monotonic Tensile Loading," PCI Journal 

Liu, L., Wu, B., Li, W. and Zhao, J.X. (2012), “Cyclic tests of novel self-centering buckling-

restrained brace,” Journal of Southeast University(Natural Science Edition), 2012, 42(3):536-

541. 

LRFD (1994). “Manual of Steel Construction, Load & Resistance Factor Design, volume I - 

seismic provisions for structural steel buildings,” American Institute of Steel Construction, 

Chicago, IL. 

Ma, X.; Borchers, E.; Peña, A.; Krawinkler, H.; Deierlein, G. "Design and Behavior of Steel 

Shear Plates with Openings as Energy-Dissipating Fuses"  Stanford University: Stanford, CA, 

USA, 2010.  



252 

 

Marriott, D., Pampanin, S., Palermo, A. " Quasi-static and pseudo-dynamic testing of unbonded 

post-tensioned rocking bridge piers with external replaceable dissipaters" Earthquake Engng 

Struct. Dyn. 2009; 38:331–354 

Mazzoni, S., F. McKenna, et al. (2005). "OpenSees command language manual." Pacific 

Earthquake Engineering Research (PEER) Center. 

McCormick, J., Aburano, H., Ikenaga, M. and Nakashima, M. (2008). "Permissible residual 

deformation levels for building structures considering both safety and human elements." 14 th 

World Conference on Earthquake Engineering October 12-17, 2008, Beijing, China 

Miller, DJ., Fahnestock, LA. And Eatherton, MR. (2012), “Development and experimental 

validation of a nickel–titanium  shape memory alloy self-centering buckling-restrained brace,” 

Engineering Structures, 2012, 40: 288-298.  

Nakaki, S.D., Stanton, J.F., Sritharan S., "An overview of the PRESSS Five-Story Precast Test 

Building" PRESSS Special report. 

NIST (2010). Evaluation of the FEMA P-695 Methodology for Quantification of Building 

Seismic Performance Factors. NIST GCR 10-917-8. Gaithersburg, MD, prepared by the NEHRP 

Consultants Joint Venture for the National Institute of Standards and Technology. 

Palazzo,G., López-Almansa, F., Cahis, X., Crisafulli, F. "A low-tech dissipative buckling 

restrained brace. Design, analysis, production and testing" Engineering Structures 31 (2009) 

2152-2161 

Pollino M., and Bruneau M. (2004) “Seismic Retrofit of Bridge Steel Truss Piers Using a 

Controlled Rocking Approach,” Technical Report MCEER-04-0011, December 2004. 

Pollino, M., and Bruneau, M. (2008) Analytical and Experimental Investigation of a Controlled 

Rocking Approach for Seismic Protection of Bridge Steel Truss Piers, Technical Report 

MCEER-08-0003. 

Pollino, M.; Bruneau, M. Seismic testing of a bridge steel truss pier designed for controlled 

rocking. J. Struct. Eng. 2010, 136, 1523–1532. 

 

Priestley, N.M.J.; Sritharan, S.; Conley, J.R.; Pampanin, S. Preliminary results and conclusions 

from the PRESSS five-story precast concrete test building. PCI J. 1999, 44, 42–67.  

 

Rahman, M.A.; Sritharan, S. "Performance-based seismic evaluation of two five-story precast 

concrete hybrid frame buildings". J. Struct. Eng. 2007, 133, 1489–1500.  

 



253 

 

Ricles, J.M.; Sause, R.; Garlock, M.M.; Zhao, C. Posttensioned seismic-resistant connections for 

steel frames. J. Struct. Eng. 2001, 127, 113–121.  

Rojas, P., Ricles, J. M., and Sause, R. (2005). “Seismic performance of post-tensioned steel 

moment resisting frames with friction devices.” Journal of Structural Engineering, 131(4), 

pp.529–540. 

Roke, D., Sause, R., Ricles, J.M., and Gonner, N. (2008) "Design Concepts for Damage-Free 

Seismic-Resistant Self-Centering Steel Concentrically-Braced Frames" 14th World Conference 

on Earthquake Engineering , October 12-17, 2008, Beijing, China. 

Shen, Q. (2006) "Seismic Analysis, Behavior, and Design of Unbonded Post-Tensioned Hybrid 

Coupled Wall Structures," Doctor of Philosophy, Civil Engineering, University of Notre Dame, 

Notre Dame, Indiana 

Shin, J., Lee, K., Jeong, S.-H., Lee, H.-S., and Kim, J. (2012). “Experimental and analytical 

studies on Buckling-Restrained Knee Bracing systems with channel sections.” International 

Journal of Steel Structures, 12(1), 93–106. 

Suita K, Inoue K, Takeuchi I, Uno N, "Mechanical Behavior of Bolted Beam-to-Column 

Connections with Hysteretic Damper", The 3rd Japan-Korea_Taiwan Joint Seminar on 

Earthquake Engineering for Building Structures, Taipei, Taiwan, 2001. 

Takeuchi, T., Ida, M., Yamada, S., and Suzuki, K. (2008). ”Estimation of Cumulative 

Deformation Capacity of Buckling Restrained Braces.” J. Struct. Eng., 134(5), 822–831 

Takeuchi, T., Ozaki, H., Matsui, R., Sutcu, F. (2013) "Out-of-plane stability of buckling-

restrained braces including moment transfer capacity" Earthquake Engng Struct. Dyn. (2013)  

DOI: 10.1002/eqe.2376  

Tremblay, R., Bolduc, P., Neville, R., and DeVall, R. (2006). “Seismic testing and performance 

of buckling-restrained bracing systems.” Canadian Journal of Civil Engineering, 33(2), 183–

198. 

Tremblay, R.; Poirier, L.P.; Bouaanani, N.; Leclerc, M.; Rene, V.; Fronteddu, L.; Rivest, S. 

Innovative Viscously Damped Rocking Braced Steel Frames. In Proceedings of the 14th World 

Conference on Earthquake Engineering, Beijing, China, 12–17 October 2008.  

Tsai, K.-C., Chen, H.-W., Hong, C.-P., and Su, Y.-F. (1993) “Design of Steel Triangular Plate 

Energy Absorbers for Seismic-Resistant Construction” Earthquake Spectra, Vol. 9, No. 3, pp 

505-528. 



254 

 

Vasdravellis, G., Uy, B. and Karavasilis, T.L. (2012). " Experimental Validation and Numerical 

Analyses of a New Steel Post-Tensioned Connection for High-Seismic-Performance Steel 

Frames" 15th World Conference on Eq Engg, Lisboa, 2012. 

Wada A., Yamada S., Fukuta O., and Tanigawa M. (2001) “Passive Controlled Slender 

Structures Having Special Devises at Column Connections,” 7th International Seminar on 

Seismic Isolation, Passive Energy Dissipation and Active Control of Vibrations of Structures, 

October 2-5, 2001, Assisi, Italy. 

UBC (1994). “Structural Engineering Design Provisions,” Uniform Building Code, Vol.2, 

International Conference of Building Officials. 

Usami, T., Ge, H.B., Kasai, A. (2008). "Overall buckling prevention condition of Buckling-

Restrained braces as a structural control damper", The 14th World Conference on Earthquake 

Engineering, Beijing, China 

Wada, A., and Nakashima, M. (2004). “From infancy to maturity of buckling restrained braces 

research.” Proceedings, 13th World Conference on Earthquake Engineering, August 1-6, 

Vancouver, B.C., Canada, Paper No. 1732. 

Watanabe, A., Hitomi, Y., Saeki, E., Wada, A., and Fujimoto, M. (1988). “Properties of brace 

encased in buckling-restraining concrete and steel tube.” Proceedings, 9th World Conference on 

Earthquake Engineering, August 2-9, Tokyo-Kyoto, Japan, 4, 719–724. 

Wiebe, L.; Christopoulos, C. Mitigation of higher mode effects in base-rocking systems by using 

multiple rocking sections. J. Earthq. Eng. 2009, 13, 83–108.  

 

Wiebe, L.; Christopoulos, C.; Tremblay, R.; Leclerc, M. Mechanisms to limit higher mode 

effects in a controlled rocking steel frame. 1: Concept, modeling, and low-amplitude shake table 

testing. Earthq. Eng. Struct. Dyn. 2013, 42, 1053–1068.  

Wu, A.-C., Lin, P.-C., and Tsai, K.-C. (2014). “High-mode buckling responses of buckling-

restrained brace core plates.” Earthquake Engineering & Structural Dynamics, 43(3), 375–393. 

Xia, C., and Hanson, R. D., (1992) “Influence of ADAS Element Parameters on Building 

Seismic Response” ASCE Journal of Structural Engineering, Vol. 118, No. 7, pp 1903-1918. 

Yang, C.W., DesRoches,R., Leon, R.T., (2012)" Quasi-Static and Dynamic Tests of a Smart 

Hybrid Brace", ASCE Structures Congress, 2012. 

Zeng, P., Chen, Q., Wang, C., Usami, T. and Meng, S. (2013) "Behaviour and Design of an All-

Steel Self-Centering Buckling-Restrained Brace" 10th International Conference on Urban 

Earthquake Engineering March 1-2, 2013, Tokyo Institute of Technology, Tokyo, Japan 



255 

 

Zhou, Y. and Lu, X.L. (2011), “State-of-the-art on rocking and self-centering structures”, 

Journal of Building Structures, 32 (9), 1-10. 

Zhu, S. and Zhang, Y. (2008), “Seismic analysis of concentrically braced frame systems with 

self-centering friction damping braces,” Journal of Structural Engineering, ASCE, 134: 121-131.  

 



256 

 

APPENDIX A: SCB-MF DESIGN DRAWINGS 
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APPENDIX B: SCB STABILITY STUDY 

To examine the stability of the post-tensioned tubes before installation, one of the beam 

specimens was chosen. The member sizes of this specimen is as follows: 

Outer tube: HSS 9x7x3/8 

Inner tube: HSS 7x5x3/8 

W-shape: W21x101 

 

The purpose of this stability check was to ensure that the tubes were stable under the pre-

compression by the PT strands before installation. The aim was to calculate the eccentricity at 

which the specimen will become unstable. In practice, this eccentricity may arise due to uneven 

post-tensioning of the PT strands or during the process of sequential post-tensioning when the 

total force is not acting at the tube system centroid.  

Three cases are investigated and the limiting eccentricity for each case is evaluated based on the 

interaction curves given in AISCM (section H1.1 for doubly symmetric sections subject to 

flexural and axial forces). 

1. Assuming instability about the weak axis of the specimen 

x Y’

X’

 
 

For this case, the stiffness of the beam is ignored. Only the moment of inertia of the tubes (inner 

and outer) about X' is considered while checking for instability. 

 Check for slender elements 

HSS 9x7x3/8 
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The tubes are compact. 

 Unbraced length, L= 18 ft 

 Moment of Inertia , Ix, inner+Ix, outer= 49.5+119 = 168.5 in
4
 

 Area, Ainner+ Aouter = 7.58 + 10.4 = 17.98 in
2
 

     
     

     
      in 

 Assuming pin-pin boundary conditions, 

 

  

 
 
     

    
          

 H1-1 AISCM 

   
   

 
  
  

            

          
  
                 

                         

The sections are compact, 

                         

  
  
 
     

   
     

  
  
 

   

   
  
  
   

     

                                 

 

1a. Case-I : All four strands post-tensioned 

 

            

 

   

      
 

          

   
   
           

     

 

            

Assuming that there is a possibility of 20% difference in post-

3.75"
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tension in each strand. Taking the worst case scenario when the strands above the centroidal axis 

are post-tensioned 20% higher than expected value of (=158/4=39.5 kips) and the strands below 

the centroidal axis are post-tensioned 20% lower than 39.5 kips. 

This kind of arrangement will result in a eccentricity of 0.375 in.  

 

1b. Case-II : Three strands post-tensioned 

 

                       

 

     

      
 

            

   
     
           

     

 

            

 

Assuming that there is a possibility of 20% difference in post-tension in each strand. Taking the 

worst case scenario when the strands above the centroidal axis are post-tensioned 20% higher 

than expected value of (=158/4=39.5 kips) and the strand below the centroidal axis are post-

tensioned 20% lower than 39.5 kips. 

This kind of arrangement will result in a eccentricity of 1 in.  

 

1c. Case-III : One strand post-tensioned 

 

                        

 

    

        
 

      

   
    
           

     

 

             

 

Assuming that there is a possibility of 20% difference in post-tension in each strand. Taking the 

worst case scenario when the strands above the centroidal axis are post-tensioned 20% higher 

than expected value of (=158/4=39.5 kips) and the strand below the centroidal axis are post-

tensioned 20% lower than 39.5 kips. 

This kind of arrangement will result in a eccentricity of 1.875  in.  

2. Assuming instability about the strong axis of the specimen 

Assuming section (beam included) is compact . 

 

 Unbraced length, L= 18 ft 

3.75"

1.875"
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 Moment of Inertia , Iy = 3920 in
4
 

 Area, A= 37.449 in
2
 

     
    

      
       in 

 Assuming pin-pin boundary conditions, 

 

  

 
 
     

     
           

 H1-1 AISCM 

   
   

 
  
  

              

          
  

                       

                          

The sections are compact, 

                           

  
   

 
    

  
     

  
   

 
   

   
  
  
   

     

                                   

 

            

 

   

         
 

     

   
   
     

     
     

 

            

 

The eccentricity in this case will be of the order of about half the beam depth (distance from 

centroid of the section to the centroid of the post-tension force). The value of eccentricity for this 

particular case was 5.5 in. For all other cases, the eccentricity will increase only by a small 

amount whereas the allowable eccentricity will increase tremendously due to decrease in applied 

post-tension. Thus, only one case was checked. 

 

In all cases, the eccentricity caused by with inconsistency in the post-tensioning process is 

almost 1/10th to 1/20th of the allowable eccentricity. 
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APPENDIX C: COST ANALYSIS 

 

Two design options are proposed for SC-MRF specimens.  

Self-Centering Truss moment frame (SC-TMF): This specimen consists of a truss with V-web 

diagonals. The web members connect the top chord to the outer tube at the bottom chord. The 

truss causes the bottom chord outer tube, which is not connected to the columns, to move 

laterally in unison with the top chord. A typical SC-TMF setup is shown in figure below. The 

height of the truss specimen is taken as the distance between the centerline of the top chord and 

the bottom chord.  

 

W
1

4
x
3

9
8

W
1

4
x
3

9
8

 

Self-Centering Beam moment frame (SC-BMF): This specimen employs the same self-centering 

mechanism, but the top chord and the web members are replaced by a T-shaped beam. 

Essentially, for this specimen, the bottom web of a I beam will be cut off and the outer tube will 

be welded to the beam flange. A typical SC-BMF setup is shown in the figure below. The height 

of the beam specimen is taken as the distance between the topmost fiber of the beam and the 

centerline of the bottom chord. 

 

W
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Cost Analysis 

A detailed cost analysis in important to determine the cost effectiveness of the two proposed 

options. For comparison, a 24 in truss and an equivalent beam system has been used. The 

individual component of each system for a sample 24 in. truss is summarized in the table below. 
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SC-TMF   SC-BMF 

     
Top chord 

HSS 

7x5x3/8 

 

Beam  W21x93 

Inner Tube 

HSS 

7x5x3/8 

 

Inner Tube 

HSS 

7x5x3/8 

Outer 

Tube 

HSS 

9x7x3/8 

 

Outer Tube 

HSS 

9x7x3/8 

Web 

Diagonals 

HSS 

2x2x1/8       

 

Steel weight  

The total weight of the steel directly contributes to the cost of each set-up option. The 

components used for each option and their approximate cost is summarized in the table below.  

WEIGHT OF STEEL 

SC-TMF 

     

SC-BMF 

    HSS tubes 

 

25.56 in2 

  

Beam  

 

19.86 in2 

 One diagonal 

tube 0.84 in2 

  

HSS members 17.98 in2 

 Truss depth 

 

24 

        Volume(HSS 

tubes) 5214.24 in3 (L=17 ft) 

 

Total Volume 8196 in3 (L=17ft) 

Vol (diagonal 

tubes) 310.9478 in3 

  

density 

 

0.284 lb/in3 

 

      

Weight 

 

2327.664 lb 

 Total Volume 5525.188 in3 

  

Cost/lb 

 

0.5 $ 

 density 
 

0.284 lb/in3 
       Weight 

 

1569.153 lb 

  

Cost of Steel   1163.832 $ 

 Cost/lb 

 

0.5 $ 

       

           Cost of Steel 784.5767 $ 

        

Cost of welding 

This section considers cost of welding the various components for each system for assembly. For 

the SC-TMF option, the weld length is for welding the diagonal web members to the top chord 

and the outer tube. For the SC-BMF system, the length of the weld is for welding the beam web 

to the outer tube. The table below summarizes the cost associated with the welding for the two 

proposed systems. 
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WELD 

SC-TMF 

     
SC-BMF 

    
Diagonal section 

HSS 
2x2x1/8 

  

Total load transferred 332 kips 

 Perimeter 

 

8 

   

weld size 

 

0.1875 in (assumed) 

number 

 

26 

   

Fxx 

 

70 ksi 

 

      

Length of weld 79.50727 in. 

 Length of weld 208 in. 

  

USE 3in weld every 12 in. 

  Cost of weld     

       

      

Length of weld 102 in. 

 

      

Cost of weld       

  

Note that in addition to the length of the weld, complexity of the weld may also add to the cost of 

welding. 

Cost of handling  

This section deals with the cost of handling individual piece of steel (web members, chord 

members, etc) for each system.  

COST OF HANDLING SEPARATE PIECES 

SC-TMF 

     
SC-BMF 

   HSS tubes 

 

3 

   

I-beam 1 

  diagonals 
 

13 
   

HSS tubes 2 

   

  



298 

 

APPENDIX D: STRAIN GAGING PROCESS 

 

  

First, the location for the strain gage was marked and 

polished. The polished surface was then treated with 

alcohol and neutralized with distilled water 

The strain gage was then pasted on to a clear tape. the clear 

tape with the strain gage was then pasted on the marked 

location. 

 
 

One end of the tape was peeled off and a drop of 

adhesive was applied onto the strain gage 

Upon the application of the adhesive, the strain gage was 

smoothened out and pressure was applied for 60 seconds, 

allowing the adhesive to dry. 
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APPENDIX E: RAW EXPERIMENTAL DATA 

 

SCB-1 
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SCB-2 

 
 

 
 

 
 

 

 

 



302 
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SCB-3 
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SCB-4 
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SCB-5 
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APPENDIX F: INITIAL STIFFNESS ESTIMATION FOR SCB-MF 

 

F.1 Lower Bound Stiffness (Post gap- opening) 

The analytical post gap-opening stiffness was computed using Castigliano's second theorem just 

after the gap-opening occurs in the SCB system. Mathematically, the gap-opening is expected to 

occur when the overturning moment in the SCB-MF due to the applied lateral force, exceeds the 

moment associated with the initial post-tensioning force, MPTi . Thus, the applied lateral force at 

which the gap opens, Fg can be expressed as follows, 

   
    

 
 

        

 
                                        (Eqn. A.1) 

where, 

   is the applied lateral force at which the gap-opening occurs 

h is the story height 

     is the depth of the SCB 

The computation of strain energy associated with the flexural/axial deformation of the main 

elements of the SCB is presented in the subsection below. The derivative of the total strain 

energy with respect to the applied lateral force was taken to yield the lateral horizontal 

displacement of the SCB-MF. Finally, the ratio of the applied lateral force to the horizontal 

displacement was taken to calculate the post gap-opening stiffness, Kt,go. 

F 1.1 Strain Energy Due to flexural deformation of the SCB 

The bending moment distribution in the SCB which was used to compute the strain energy due to 

the flexural deformation of the SCB is shown in Figure 165. As mentioned in Chapter 9, the 

distribution of the end moments in a SCB may not be in 1:1 ratio as expected theoretically. The 

calculation of strain energy however, assumes a symmetric distribution of moments at both ends 

of the SCB for simplification. Based on the moment distribution shown in Figure 165, the end 

moments in the SCB, M due to applied lateral force, F is given by, 

  
  

 
 
        

 
 
 
        

      

 
 

(Eqn. A.2) 

 

where,  

   is an infinitesimal increase in the lateral force in addition to    

 



310 

 

The strain energy associated with the flexural deformation in the SCB,           is given by,  

 

            
  

      

 

 
     

 
        

 
 
 

   
  

 
 
 

      

   

 
      (Eqn. A.3) 

 

          
       

    

       
 

 
        

 
    

 

   

       
                 (Eqn. A.4) 

Taking the derivative of the strain energy with respect to   , the contribution of the flexural 

deformation of the SCB in the total lateral displacement of the SCB-MF,           was 

calculated and is given by equation A.5. 

          

   
           

     

       
 
          

       
                   (Eqn A.5) 

where,  

w is the bay width of the SCB-MF 

     is the moment of inertia of the SCB (including the W-section, inner and outer tube) 

F

w

h d

Idealized Bending Moment diagram

V V

V
V

V V

N N

M

M

M

M

 

Figure 165: Forces and Moments in SCB-MF 

F 1.2 Strain Energy due to flexural deformation of the columns  

The bending moment distribution which was used to compute the strain energy due to the 

flexural deformation of the SCB-MF columns,            is shown in Figure 166. The factor of 

two was used in the expression for           to take into account both the columns.  
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             (Eqn A.6) 

          
       

   

       
 

 
        

 
    

 

  

       
                     (Eqn A.7) 

Taking the derivative of the strain energy with respect to   , the contribution of the flexural 

deformation of the SCB-MF columns in the total lateral displacement of the SCB-MF,           

was calculated. 

          

  
           

    

       
 

     
 

           
                         (Eqn A.8) 

where,  

     is the moment of inertia of the columns  
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Figure 166: Bending moment distribution in the SCB-MF columns 

 

F 1.3 Strain Energy Due to axial deformation of the PT strands and ED fuses 

After gap-opening occurs in the SCB-MF, the PT strands and ED fuses undergo axial 

deformation and the strain energies associated with these deformations is given by, 

    
  
    

       
 

  
 

  
                                         (Eqn A.9) 
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                                        (Eqn A.10) 

where,  

P1 and P2 are the superimposed axial forces in the PT strand and ED fuses due to the 

applied actuator force (F=Fg+ΔF) and are related to F as follows, 

                                                                (Eqn A.11) 

Note that P1 does not include the force in the PT strands due to initial post-tensioning. Since this 

force is a constant and will not change with the applied force, F, it will not contribute to the 

strain energy associated with the axial deformation of the PT strands. The ED fuses were 

assumed to have zero forces prior to the gap-opening. It was also assumed  that the gap-opening 

translates equally to the ED fuses and PT strands (i.e. both these elements work perfectly in 

parallel). Based on these assumptions, the distribution of the forces in the ED fuses and PT 

strands would be directly proportional to their elastic axial stiffness which is expressed in the 

following equation. 

  

 
 

  

 
                                                  (Eqn A.12) 

where, 

n and m are the elastic axial stiffness of the PT strands and ED fuses given by, 

  
      

   
                                                   (Eqn A.13) 

 

  
      

   
                                                        (Eqn A.14) 

Using equation A.11 and A.12, P1 and P2 can be simplified as, 

    
 
     

 
     

    
 
 

   
                                        (Eqn A.15) 

and  

   
 
     

 
     

    
 
 

   
                                        (Eqn A.16) 

The strain energies due to the axial deformation of PT strands and ED fuses,      and     is 

thus evaluated as,  
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                                   (Eqn A.17) 

    
  
 

  
 

 
 
     

 
     

    
 
 

   
  

 

  
                                  (Eqn A.18) 

Taking the derivative of the strain energy with respect to   , the deformation contribution of the 

PT strands and ED fuses in the total lateral displacement of the SCB-MF,     and 

     respectively, was calculated. 

    

  
     

   
 

    
 
 

   
  
 

 
 
    

 

    
  

 

   
  
 

 
                   (Eqn A.19) 

    

  
     

   
 

    
 
 

   
  
 

 
 
    

 

    
  

 

   
  
 

 
                           (Eqn A.20) 

 

F 1.4 Strain Energy Due to the axial deformation of Inner Tube and Outer Tube 

The axial force distribution which was used to compute the strain energy due to the axial 

deformation of the inner tube,            is shown in Figure 167. The axial force distribution in 

the inner tube assumes that the end moments in the SCB are equal. The distance from the ends of 

the inner tube to the point where one end of the ED fuse connects to the inner tube was 

approximately taken as 3Linner/8 and 5Linner/8 to simplify the expressions for the strain energy. 

The strain energy in the inner tube           was calculated piece-wise for  (x=0 to 3Linner/8) and 

(x=3Linner/8 to L) and is given by the following equations, 
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Fh /2d

FPTi

Fh /2d

FED

Fh /2d-FPTi

Fh /2d

3Linner/8 5Linner/8

Idealized Axial Force diagram

 

Figure 167: Axial force distribution in the inner tube 

 

          
        

     

 
    

 

     
 
        

 
 

        
 
   

     

 
    

 

     
 
        

 
 

        
     (Eqn A.21) 

           
  

   

     
 
    
 
 
        

 
 

        
 
  

   

     
 
    
 
 
        

 
 

        
               (Eqn A.22) 

Expanding the expression given by equation A.22,  

          

   
   

     
 
 

  
    
 
 
 
  

       
     

  
       

 
 

        
 
   

   

     
 
 

  
    
 
 
 
  

       
     

  
       

 
 

        
    (Eqn A.23) 

Further simplifying the expression given by equation A.23,  

          
 
   

     
 
 

      

        
 
 
    
 
 
 
      

        
 
 
       
     

 
      

 

        
             (Eqn A.24) 

Taking the derivative of the strain energy with respect to   , the contribution of axial 

deformation in the inner tube to the total lateral displacement of the SCB-MF,           was 

calculated as follows, 

          

   
 

   
 

     
 
 

      

       
 
 
     
     

 
      

 

        
                     (Eqn A.25) 
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          (Eqn A.26) 

Similarly, for the outer tube (which has a similar axial force distribution along the length), the 

contribution of the axial deformation in the outer tube/W-section assembly to the total lateral 

displacement of the SCB-MF,          was calculated as follows, 

          

   
          

       

     
             

 
        

                 
         (Eqn A.27) 

where,  

           is the cross-sectional area of the W-section/outer tube assembly 

    is the length of the outer tube (identical to the inner tube) 

 

Summing up the deformations due to all the possible sources in the system- the flexural 

deformation of the SCB and the columns, axial deformation in the ED fuses, PT strands, inner 

and the outer tube, the effective gap-opening stiffness, Kt-go was calculated as follows, 

 

                                                          (Eqn A.28) 

 

   

  
        

 

     

 
 
 
 
 
 
   

       
 

  

       
 
 
 
    

 
 

   
  
 

 
 
 
 
    

 
 

   
  
 

 
 

        

     
        

 
     

     
            

 
 
 
 
 

 

 

(Eqn A.29) 

 

 

      

 
 

    
       

 
  

       
 

  
 
  

 

      
 

  
 
  

 

      
 

        
          

 
        

             

 

 (Eqn A.30) 
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F.2 Upper Bound Calculation (Theoretical Initial stiffness of the SCB-MF) 

This subsection describes the formulation of the analytical initial stiffness of the SCB-MF, Kt-ini 

which was also done using Castigliano's second theorem.  As explained in the beginning of this 

section, Kt-ini is going to form the upper bound solution for the prediction of the actual initial 

stiffness of the SCB-MF system. To derive an expression for the upper bound, a lateral force, F 

was applied to the system and the strain energy due to the flexural deformation of the SCB and 

columns and axial deformation of the inner and outer tube was calculated. Since the ED fuses 

and PT strands are theoretically not expected to undergo any axial deformation prior to gap- 

opening, the strain energy contribution of these elements were not included in the formulation of 

the theoretical initial stiffness,  Kt-ini. 

F 2.1 Strain Energy Due to the axial deformation of Inner and Outer Tube 

After the SCB is post-tensioned and before the SCB-MF is subjected to any lateral 

displacements, the relative axial force distribution in the inner tube and the outer tube/W-section 

assembly is proportional to their respective stiffness. To understand the axial force distribution in 

the two elements, their relative stiffness was first calculated as the ratio of the relative axial force 

distribution in the inner tube and the outer tube/W-section assembly, β. 

      

     
 

      

      
                                      (Eqn A.31) 

where, 

       and       are the forces in the inner tube and outer tube/W-section assembly due to 

the initial post-tensioning force 

       is the elastic axial stiffness of the inner tube 

      is the combined axial and flexural stiffness of the outer tube/W-section assembly. 

Since the flexural and axial deformations in the outer tube/W-section assembly add to the 

total deformation, these deformations were assumed to act in series. 

The force applied to the SCB due to the initial post-tensioning of the PT strands in shown in 

Figure 168. The post-tensioning force creates a moment in the outer tube/W-section because the 

location of the applied force is eccentric to the centroidal axis of the outer tube/W-section 

assembly by "e1" (as shown Figure 168). The strain energy due to the flexural and axial 

deformation of the outer tube/W-section due to the applied force, F is given by, 

                                                      (Eqn A.32) 

       
        

           
 
     

       

           
                              (Eqn A.33) 
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where,  

       was taken as the length of the SCB as shown in Figure 168 for simplification 

          is the moment of inertia of the outer tube/W-section assembly 

   is the distance between the centroidal axis of the concentric tubes and the outer 

tube/W-section  

Linner

Louter

F F

 Centroidal axis of OT/W-

section
e1

 

Figure 168: Force applied to the SCB due to the initial post-tensioning of the PT strands 

Using the Castigliano's second theorem for linear elastic system, 

       

  
   

       

          
 

         

          
                             (Eqn A.34) 

 

      
 

 

 
 

      

          
 

        

          
                                   (Eqn A.35) 

Since the post-tensioning strands are coaxial with the inner tube which is assumed to only cause 

axial deformations in the inner tube, the stiffness of the inner tube is given by,  

       
       

      
                                               (Eqn A.36) 

   
      

      
 

       

      
 

      

          
 

  
       

          
                   (Eqn A.37) 

                                                                      (Eqn A.38)  

Since the inner tube and the outer tube/W-section assembly work in parallel, 

                                                              (Eqn A.39) 

        
 

   
                                               (Eqn A.40) 
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                                            (Eqn A.41) 

where,   

   is the fraction of the initial post-tensioning forces which is resisted by the inner tube 

As the applied lateral force to the SCB-MF, F,  increases starting from a state of zero force, the 

redistribution of the initial post-tensioning force (FPTi) takes place in the inner tube and the outer 

tube. As the frame laterally moves in one direction, the force due to PT strands increases on the 

one end of the inner tube and decreases on the other end of the inner tube up to the point where 

the gap- opening occurs in the SCB system. When the gap-opening occurs (when the applied 

lateral force exceeds Fg), all the post-tensioning force acts on end of the inner tube.  

Mathematically, the this redistribution of the force in the inner due to the applied initial post-

tensioning can be expressed as follows, 

LEFT END RIGHT END 

F=0 α = α0 F=0 α = α0 

   
        

 
 α = 1    

        
 

 α = 0 

 

where,  

α is the fraction of the initial post-tensioning forces which is resisted by the inner tube at 

any given time after the SCB-MF is subjected to lateral displacement 

Assuming that this redistribution of the post-tensioning force at the two ends of the inner tube is 

linear, α can be expressed as a function of the applied actuator force, F  as follows, 

LEFT END RIGHT END 

      
        

        
       

    

        
 

The axial force distribution along the length of the inner tube can be expressed as a function of 

the applied lateral force, F. Since there is no other external force applied on the inner tube (the 

ED fuses are disengaged prior to the gap-opening), it is expected that the inner tube has a 

constant axial force diagram as shown in Figure 169. A simple calculation of the force in the 

inner tube based on the free body diagram in Figure 169 proves that prior to gap- opening the 

axial forces in the inner tube is constant along the length. 
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LEFT END RIGHT END 

              
  

     
 

 

       
        

        
      

  

     
 

         
  

     
        

                
  

     
        

              
  

     
 

 

       
    

        
      

  

     
 

         
  

     
        

                
  

     
        

where, 

         is the force in the inner tube due to the initial post-tensioning force prior to the 

application of lateral force. 
 

Figure 169: Axial force in the inner tube prior to gap- opening 

The axial force in the inner tube at any time instant (after the lateral loading begins and prior to 

gap- opening) is the sum of the initial force due to post-tensioning and additional compressive 

force due to the applied lateral loads. While calculating the strain energy associated with the 

axial deformation of the inner tube, only the superimposed  component of the axial force will be 

considered as the initial axial force in the inner tube,          will not contribute to the change in 

strain energy due to the axial deformation of the inner tube. The strain energy due to the axial 

force distribution in the inner tube can be calculated as follows, 

       
 

  

     
        

 

 

        
                                         (Eqn A.42) 

Taking the derivative of the strain energy with respect to  , the deformation contribution of the 

inner tube in the total lateral displacement of the SCB-MF,           was calculated. 

       

  
        

          
  

            
                                   (Eqn A.43) 
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Similarly, for the outer tube/W-section which has a similar axial force distribution,  

       

  
        

          
  

               
                                       (Eqn A.44) 

The bending moment distribution (due to an applied lateral force, F) remains the same in the 

SCB and the columns thus the strain energy contribution due to the flexural deformation in the 

SCB and the columns remain the same as calculated in the previous section and are given by, 

          

  
           

   

       
                                     (Eqn A.45) 

          

  
           

    

       
                                     (Eqn A.46) 

It is noted again that the PT-strands and the ED fuses do not undergo any axial deformation, and 

thus do the contribute to the change in the strain energy of the SCB-MF system.  

The total deformation in the system and the effective stiffness of the system prior to the gap- 

opening, Kt-ini was calculated as follows, 

                                                       (Eqn A.47) 

   
   

       
 

  

       
 

         
  

            
  

         
  

               
             (Eqn A.48) 

        
 

 
   

       
 

  

       
 

         
  

            
  

         
  

               
  
             (Eqn A.49) 

The process of calculation of the theoretical initial and gap-opening stiffness of the SCB-MF and 

all the relevant dimensions have been tabulated tables below.  

Table 77: Dimensions used in the calculation of the theoretical initial and gap-opening 

stiffness of the SCB-MF 

 dSCB 

(in) e (in) 
ISCB 

(in
4
) 

A(in
2
) L(in) 

   
h 

(in) 

w  

(in) 

dSCB 

(in)  Inner Outer Inner Oute

r 

SCB-1,2 17 4.47 1567 9.78 23.4 
185 220 

0.41 
104 240 

17 

SCB-3,4,5 24.5 11.33 4222 7.58 35.9 0.375 24.5 
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Table 78: Calculation of theoretical initial stiffness of the SCB-MF 

                                        Δ 
      ,  

k/in 

0.00476 0.000197737 9.8E-05 0.0009441 0.0060004 167 

0.00476 0.000197737 9.8E-05 0.0009441 0.0060004 167 

0.001767 0.000236951 6.1E-05 0.0009795 0.0030443 328 

0.001767 0.000236951 6.1E-05 0.0009795 0.0030443 328 

0.001767 0.000236951 6.1E-05 0.0009795 0.0030443 328 

 

Table 79: Calculation of theoretical gap-opening stiffness of the SCB-MF 

n 
(PT) 

m 

(ED) 
                                                 Δ 

      

(k/in) 

94.38 874 0.00377 0.03488 0.00476 0.00610 0.00285 0.00098 0.05334 19 

133.87 1160 0.00299 0.02593 0.00476 0.00610 0.00285 0.00098 0.04362 23 

133.87 1160 0.00144 0.01249 0.00177 0.00379 0.00098 0.00098 0.02144 47 

94.38 915 0.00167 0.01618 0.00177 0.00379 0.00098 0.00098 0.02537 39 

133.87 801 0.00276 0.01652 0.00177 0.00379 0.00098 0.00098 0.02680 37 
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APPENDIX G: DESIGN OF ARCHETYPE BUILDINGS USING SCB-MF 

Table 80: Interstory drifts in 12-story SMF 

Story 
Elevation 

(in.) 

Story 

height, 

hsx (in) 

Deflection 

Inter-

story 

drift, Δ 

limit 

(in), Δa 

Check 

(Δ/ Δa) 

1 166.55 166.55 0.263 0.262 0.417 0.67 

2 322.55 156 0.569 0.305 0.39 0.84 

3 478.55 156 0.877 0.310 0.39 0.84 

4 634.55 156 1.172 0.295 0.39 0.81 

5 790.55 156 1.476 0.304 0.39 0.83 

6 946.55 156 1.774 0.298 0.39 0.81 

7 1102.55 156 2.06 0.286 0.39 0.77 

8 1258.55 156 2.326 0.266 0.39 0.71 

9 1414.55 156 2.593 0.267 0.39 0.71 

10 1570.55 156 2.845 0.252 0.39 0.66 

11 1726.55 156 3.082 0.237 0.39 0.62 

12 1882.55 156 3.257 0.175 0.39 0.45 

 



323 

 

Table 81: P-delta check for 12-story archetype building (Part-1) 

Story 

Story 

height 

(in) 

Beam z bf tfb a b c 
Depth, 

db 
Zrbs 

1 166.55 W24x94 254 9.1 0.9 5.7 18.2 2.3 24.3 161 

2 156 W24x94 254 9.1 0.9 5.7 18.2 2.3 24.3 161 

3 156 W24x94 254 9.1 0.9 5.7 18.2 2.3 24.3 161 

4 156 W24x94 254 9.1 0.9 5.7 18.2 2.3 24.3 161 

5 156 W24x76 200 9.0 0.7 5.6 17.9 2.2 23.9 129 

6 156 W24x76 200 9.0 0.7 5.6 17.9 2.2 23.9 129 

7 156 W24x62 153 7.0 0.6 4.4 17.8 1.8 23.7 105 

8 156 W24x62 153 7.0 0.6 4.4 17.8 1.8 23.7 105 

9 156 W24x62 153 7.0 0.6 4.4 17.8 1.8 23.7 105 

10 156 W24x62 153 7.0 0.6 4.4 17.8 1.8 23.7 105 

11 156 W21x62 144 8.2 0.6 5.2 15.8 2.1 21.0 92 

12 156 W21x62 144 8.2 0.6 5.2 15.8 2.1 21.0 92 

 

 

Table 82: P-delta check for 12-story archetype building (Part-2) 

Mpr 

(k-in) 

L' 

(in) 

Vrbs 

(k) 

Mv 

(k-in) 

Mpb-ext 

(k-in) 

Mpb-int 

(k-in) 

Total 

(k-in) 

Story 

shear 

capacity 

Story 

shear 

demand 

β θmax θ 

9743 185 105 2915 12658 12658 69043 415 181 0.436 0.143 0.081 

9743 185 105 2915 12658 12658 69043 443 173 0.391 0.160 0.105 

9743 185 105 2915 12658 12658 69043 443 162 0.366 0.171 0.103 

9743 185 105 2915 12658 12658 69043 443 153 0.345 0.181 0.096 

7806 186 84 2278 10084 10084 55001 398 144 0.361 0.173 0.096 

7806 186 84 2278 10084 10084 55001 353 135 0.383 0.163 0.089 

6353 189 67 1730 8083 8083 44090 318 125 0.394 0.159 0.082 

6353 189 67 1730 8083 8083 44090 283 115 0.407 0.154 0.071 

6353 189 67 1712 8065 8065 43991 282 102 0.361 0.173 0.067 

6353 189 67 1712 8065 8065 43991 282 89 0.316 0.198 0.057 

5587 190 59 1486 7073 7073 38582 265 73 0.276 0.226 0.048 

5587 190 59 1486 7073 7073 38582 247 47 0.190 0.250 0.031 
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Table 83: Interstory drifts in 20-story SMF 

Story 
Elevation 

(in.) 

Story 

height, 

hsx (in) 

Deflection 

Inter-

story 

drift, Δ 

limit 

(in), Δa 

Check 

(Δ/ Δa) 

1 180 165 0.207 0.207 0.413 0.50 

2 321 156 0.454 0.247 0.390 0.63 

3 477 156 0.707 0.253 0.390 0.65 

4 633 156 0.957 0.250 0.390 0.64 

5 789 156 1.207 0.250 0.390 0.64 

6 945 156 1.453 0.246 0.390 0.63 

7 1101 156 1.698 0.245 0.390 0.63 

8 1257 156 1.94 0.242 0.390 0.62 

9 1413 156 2.204 0.264 0.390 0.68 

10 1569 156 2.473 0.269 0.390 0.69 

11 1725 156 2.746 0.273 0.390 0.70 

12 1881 156 3.01 0.264 0.390 0.68 

13 2037 156 3.253 0.243 0.390 0.62 

14 2193 156 3.486 0.233 0.390 0.60 

15 2349 156 3.759 0.273 0.390 0.70 

16 2505 156 4.033 0.274 0.390 0.70 

17 2661 156 4.288 0.255 0.390 0.65 

18 2817 156 4.515 0.227 0.390 0.58 

19 2973 156 4.75 0.235 0.390 0.60 

20 3129 156 4.951 0.201 0.390 0.52 
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Table 84: P-delta check for 20-story archetype building (Part-1) 

Story 

Story 

height 

(in) 

Beam z bf tfb a b c 
Depth, 

db 
Zrbs 

1 165 W33x169 629 11.5 1.2 7.2 25.4 2.9 33.8 400 

2 156 W33x169 629 11.5 1.2 7.2 25.4 2.9 33.8 400 

3 156 W33x169 629 11.5 1.2 7.2 25.4 2.9 33.8 400 

4 156 W33x169 629 11.5 1.2 7.2 25.4 2.9 33.8 400 

5 156 W33x169 629 11.5 1.2 7.2 25.4 2.9 33.8 400 

6 156 W33x169 629 11.5 1.2 7.2 25.4 2.9 33.8 400 

7 156 W33x169 629 11.5 1.2 7.2 25.4 2.9 33.8 400 

8 156 W33x169 629 11.5 1.2 7.2 25.4 2.9 33.8 400 

9 156 W33x141 514 11.5 1.0 7.2 25.0 2.9 33.3 335 

10 156 W33x141 514 11.5 1.0 7.2 25.0 2.9 33.3 335 

11 156 W33x141 514 11.5 1.0 7.2 25.0 2.9 33.3 335 

12 156 W33x141 514 11.5 1.0 7.2 25.0 2.9 33.3 335 

13 156 W33x141 514 11.5 1.0 7.2 25.0 2.9 33.3 335 

14 156 W33x141 514 11.5 1.0 7.2 25.0 2.9 33.3 335 

15 156 W30x108 346 10.5 0.8 6.6 22.4 2.6 29.8 230 

16 156 W30x108 346 10.5 0.8 6.6 22.4 2.6 29.8 230 

17 156 W30x108 346 10.5 0.8 6.6 22.4 2.6 29.8 230 

18 156 W30x108 346 10.5 0.8 6.6 22.4 2.6 29.8 230 

19 156 W24x62 153 7.0 0.6 4.4 17.8 1.8 23.7 105 

20 156 W24x62 153 7.0 0.6 4.4 17.8 1.8 23.7 105 
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Table 85: P-delta check for 20-story archetype building (Part-2) 

Mpr 

(k-in) 

L_ext 

(in) 

L_int 

(in) 

Vrbs_ext 

(k) 

Vrbs_ext 

(k) 

Mv_ext 

(k-in) 

Mv_int 
(k-in) 

Mpb-ext 

(k-in) 

Mpb-int 

(k-in) 

Total 

(k-in) 

24227 177 173 333 340 9742 11443 33969 35671 191474 

24227 177 173 333 340 9742 11443 33969 35671 191474 

24227 177 173 333 340 9742 11443 33969 35671 191474 

24227 177 173 333 340 9742 11443 33969 35671 191474 

24227 177 173 333 340 9666 11443 33894 35671 191336 

24227 177 173 333 340 9666 11443 33894 35671 191336 

24227 178 173 333 340 9591 11443 33818 35671 191199 

24227 178 173 333 340 9591 11443 33818 35671 191199 

20297 179 174 287 293 8103 9688 28400 29985 160673 

20297 179 174 287 293 8103 9688 28400 29985 160673 

20297 179 174 287 293 8032 9612 28328 29909 160265 

20297 179 174 287 293 8032 9612 28328 29909 160265 

20297 180 174 286 293 7919 9612 28216 29909 160061 

20297 180 174 286 293 7919 9612 28216 29909 160061 

13923 185 180 211 215 5323 6504 19246 20427 109273 

13923 185 180 211 215 5323 6504 19246 20427 109273 

13923 185 180 211 215 5288 6504 19211 20427 109210 

13923 185 180 211 215 5288 6504 19211 20427 109210 

6353 194 189 126 127 2593 3250 8946 9603 51183 

6353 194 189 126 127 2593 3250 8946 9603 51183 
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Table 86: P-delta check for 20-story archetype building (Part-3) 

Story 

shear 

capacity 

Story 

shear 

demand 

β θmax θ 

1160 530 0.46 0.14 0.10 

1227 529 0.43 0.14 0.12 

1227 529 0.43 0.15 0.12 

1227 527 0.43 0.15 0.11 

1227 524 0.43 0.15 0.11 

1227 519 0.42 0.15 0.10 

1226 512 0.42 0.15 0.10 

1226 503 0.41 0.15 0.10 

1128 491 0.43 0.14 0.10 

1030 475 0.46 0.14 0.10 

1029 456 0.44 0.14 0.09 

1027 434 0.42 0.15 0.08 

1027 407 0.40 0.16 0.08 

1026 375 0.37 0.17 0.07 

863 339 0.39 0.16 0.07 

700 297 0.42 0.15 0.07 

700 250 0.36 0.18 0.06 

700 196 0.28 0.22 0.04 

514 136 0.27 0.24 0.04 

328 70 0.21 0.25 0.02 

 

 

 

Design of the SCBs for archetype buildings 

 

4-story (SC Ratio 1.0) 

 

Table 87: Moment Capacities and ED fuse design for 4-story SC ratio1.0 model 

INPUT 
   

ED FUSE DESIGN 

Story 

Mn 

(kip-

ft) 

SC 

Ratio 
MPT MED 

 

V_ED 

(kips) 
A_ED 

No. 

of 

ED 

fuses 

ED core 

thickness 

(in) 

core 

plate 

width 

(in) 

Aspect 

ratio 

Check 

(aspect 

ratio>1.7) 

1 687 1.00 344 344 

 

164 2.601 4 0.5 1.301 2.60 OK 

2 699 1.00 349 349 

 

167 2.645 4 0.5 1.323 2.65 OK 

3 491 1.00 246 246 

 

122 1.930 4 0.5 0.965 1.93 OK 

4 299 1.00 149 149 

 

74 1.174 4 0.375 0.782 2.09 OK 
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Table 88: PT strand design for 4-story SC ratio1.0 model 

PT STRAND DESIGN 

Pi 
No of 

PT 

strands 

PT 

strands 

dia (in
2
) 

Area of 

PT 

strands 
PTi 

story 

drift 

at 

yield 

% 

Check (drift at 

yield >3.0%) 

164 8 0.6 1.736 0.35 4.0 OK 

167 8 0.6 1.736 0.36 4.0 OK 

122 4 0.6 0.868 0.52 3.2 OK 

74 4 0.6 0.868 0.32 4.4 OK 

 

Table 89: SCB sections for 4-story SC ratio1.0 model 

SMF design SCB-MF design 

W-

section  
Ix 

(in
4
) 

W-

Section 
Outer Tube 

Section 
Inner Tube 

Section 

Keff-SCB 

(k-

in/rad) 

Ieff  

(in
4
) 

 Kend,θ 

(kip-

in/rad) 

W21x73 1600 W21x101 HSS10x8x1/4 HSS9x7x1/2 2380669 1642 1712192 

W21x73 1600 W21x101 HSS10x8x1/4 HSS9x7x1/2 2441911 1684 1776270 

W21x57 1170 W21x57 HSS9x7x3/8 HSS7x5x3/8 1206419 832 846840 

W21x57 1170 W21x57 HSS9x7x3/8 HSS7x5x3/8 892416.9 615 566840 

 

 

4-story (SC Ratio 0.5) 

 

Table 90: Moment Capacities and ED fuse design for 4-story SC ratio 0.5 model 

INPUT 
   

ED FUSE DESIGN 

Stor

y 

Mn 

(kip

-ft) 

SC 

Rati

o 

MP

T 

ME

D 

 

V_E

D 

(kips) 

A_E

D 

No. 

of 

ED 

fuse

s 

ED core 

thicknes

s (in) 

core 

plate 

widt

h (in) 

Aspec

t ratio 

Check 

(aspect 

ratio>1.7

) 

1 687 0.50 229 458 
 

219 3.469 4 0.5 1.734 3.47 OK 

2 699 0.50 233 466 
 

222 3.527 4 0.5 1.763 3.53 OK 
3 491 0.50 164 328 

 
162 2.573 4 0.5 1.286 2.57 OK 

4 299 0.50 100 199 
 

99 1.565 4 0.375 1.043 2.78 OK 
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Table 91: PT strand design for 4-story SC ratio 0.5 model 

PT STRAND DESIGN 

Pi 
No of 

PT 

strands 

PT 

strands 

dia (in
2
) 

Area of 

PT 

strands 
PTi 

story 

drift 

at 

yield 

% 

Check 

109 4 0.6 0.868 0.47 3.4 OK 

111 4 0.6 0.868 0.47 3.3 OK 

81 4 0.6 0.868 0.35 4.2 OK 

49 4 0.6 0.868 0.21 5.0 OK 

 

Table 92: SCB sections for 4-story SC ratio 0.5 model 

SMF design SCB-MF design 

W-

section  
Ix (in

4
) 

W-

Section 
Outer Tube 

Section 
Inner Tube 

Section 

Keff-SCB 

(k-

in/rad) 

Ieff  

(in
4
) 

Kend,θ 

(kip-in/rad) 

W21x73 1600 W21x101 HSS10x8x1/4 HSS9x7x1/2 2184507 1507 1516334 

W21x73 1600 W21x101 HSS10x8x1/4 HSS9x7x1/2 2254278 1555 1584412 

W21x57 1170 W21x57 HSS9x7x3/8 HSS7x5x3/8 1176046 811 817210 

W21x57 1170 W21x57 HSS9x7x3/8 HSS7x5x3/8 895873 618 569631 

 

4-story (SC Ratio 2.0) 

 

Table 93: Moment Capacities and ED fuse design for 4-story SC ratio 2.0 model 

INPUT 

   

ED FUSE DESIGN 

Stor

y 

Mn 

(kip

-ft) 

SC 

Rati

o 

MP

T 

ME

D 

 

V_E

D 

(kips) 

A_E

D 

No. 

of 

ED 

fuse

s 

ED core 

thicknes

s (in) 

core 

plate 

widt

h (in) 

Aspec

t ratio 

Check 

(aspect 

ratio>1.7

) 

1 687 2.00 458 229 
 

109 1.734 4 0.5 0.867 1.73 OK 

2 699 2.00 466 233 
 

111 1.763 4 0.5 0.882 1.76 OK 

3 491 2.00 328 164 
 

81 1.286 4 0.375 0.858 2.29 OK 

4 299 2.00 199 100 
 

49 0.782 4 0.3125 0.626 2.00 OK 
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Table 94: PT strands design for 4-story SC ratio 2.0 model 

PT STRAND DESIGN 

Pi 

No of 

PT 

strands 

PT 

strands 

dia (in
2
) 

Area of 

PT 

strands 

PTi 

story 

drift at 

yield% 

Check 

219 8 0.6 1.736 0.47 3.4 OK 

222 8 0.6 1.736 0.47 3.3 OK 

162 8 0.6 1.736 0.35 4.2 OK 

99 4 0.6 0.868 0.42 3.8 OK 

 

Table 95: SCB sections for 4-story SC ratio 2.0 model 

SMF design SCB-MF design 

W-

section  
Ix 

(in
4
) 

W-

Section 
Outer Tube 

Section 
Inner Tube 

Section 

Keff-SCB 

(k-

in/rad) 

Ieff  

(in
4
) 

Kend,θ 

(kip-

in/rad) 

W21x73 1600 W21x101 HSS10x8x1/4 HSS9x7x1/2 2491665 1718 1829415 

W21x73 1600 W21x101 HSS10x8x1/4 HSS9x7x1/2 2542438 1753 1884683 

W21x57 1170 W21x57 HSS9x7x3/8 HSS7x5x3/8 1232453 850 872721 

W21x57 1170 W21x57 HSS9x7x3/8 HSS7x5x3/8 867377 598 546788 

 

Table 96: Plastic Moment capacity of the columns at the internal and external joints for 4-

story Model 

Story height Ext col 

section 
Int col 

section 

No of 

cols Mpc_Ex Mpc_In 

1 166.5 W21x50 W24x84 2 11498.206 23664.67 

2 156 W21x50 W24x84 2 11550 23789.59 

3 156 W21x44 W24x76 2 10013.561 21225.96 

4 156 W21x44 W24x76 1 5006.7806 10612.98 

 

 

Table 97: Beam-column Moment ratio for 4-story SC 1.0  model 

Med_U Mpt_U Mpr Mv_Ex Mv_In Mpb_ext Mpb_in 

 

Ratio_Ex Ratio_In 

6187.01 11796.3 8991.64 2303.3108 2537.2 11294.95 23058 

 

1.018 1.0263259 

6290.99 11796.3 9043.63 2310.9914 2545.6 11354.63 23179 

 

1.01721 1.026362 

4422.03 5683.46 5052.75 1716.1317 1885.6 6768.878 13877 

 

1.47935 1.5296068 

2689.88 5683.46 4186.67 1588.583 1745.5 5775.257 11864 

 

0.86694 0.8945301 
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Table 98: Beam-column Moment ratio for 4-story SC 0.5 model 

Med_U Mpt_U Mpr Mv_Ex Mv_In Mpb_ext Mpb_in 

 

Ratio_Ex Ratio_In 

8249.34 5898.14 7073.74 2019.9845 2225.1 9093.726 18597.7 

 

1.26441 1.2724538 

8387.99 5898.14 7143.06 2030.2253 2236.4 9173.289 18758.9 

 

1.25909 1.2681784 

5896.04 5683.46 5789.75 1824.6724 2004.9 7614.423 15589.3 

 

1.31508 1.3615747 

3586.51 5683.46 4634.99 1654.6074 1818 6289.596 12906 

 

0.79604 0.8223275 

 

Table 99: Beam-column Moment ratio for 4-story SC 2.0 model 

Med_U Mpt_U Mpr Mv_Ex Mv_In Mpb_ext Mpb_in 

 

Ratio_Ex Ratio_In 

4124.67 11796.3 7960.47 2150.9791 2369.4 10111.45 20660 

 

1.13715 1.1454496 

4193.99 11796.3 7995.14 2156.0995 2375 10151.23 20740 

 

1.13779 1.1470213 

2948.02 11366.9 7157.47 2026.1007 2226.2 9183.574 18767 

 

1.09038 1.1310038 

1793.26 5683.46 3738.36 1522.5585 1672.9 5260.919 10823 

 

0.95169 0.9806323 

 

Table 100: Drift limit checks for 4-story SCB-MF 

Story 
Elevation 

(in.) 

Story 

height 

(in) 

disp 

(in) 
interstory 

drift (in) 
limit 

(in) 

1 166.55 166.55 0.484 0.484 0.520 

2 322.55 156 0.947 0.463 0.488 

3 478.55 156 1.423 0.476 0.488 

4 634.55 156 1.806 0.383 0.488 

 

Table 101: P-delta checks for 4-story SCB-MF 

Vh 
Story 

shear 

capacity 
beta θmax 

interstory 

drift (in) 
P θ 

102.8 412.6439 0.249125 0.25 0.484 3236 0.09148 

96.8 441.5756 0.219215 0.25 0.463 2398.8 0.07355 

78.72 353.7103 0.222555 0.25 0.476 1567.9 0.06077 

56 245.4179 0.228182 0.25 0.383 737 0.03231 
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12-Story Model (SC 1.0) 

 

Table 102: Moment Capacities and ED fuse design for 12-story SC ratio 1.0 model 

INPUT 

   

ED FUSE DESIGN 

Stor

y 

Mn 

(kip

-ft) 

SC 

Rati

o 

MP

T 
ME

D 

 

V_E

D 

(kips) 

A_E

D 

No. 

of 

ED 

fuse

s 

ED core 

thicknes

s (in) 

core 

plate 

widt

h (in) 

Aspec

t ratio 

Check 

(aspect 

ratio>1.7

) 

1 1148 1.00 574 574 

 

220 3.485 4 0.625 1.394 2.23 OK 

2 1202 1.00 601 601 

 

230 3.649 4 0.625 1.460 2.34 OK 

3 1112 1.00 556 556 

 

213 3.376 4 0.625 1.351 2.16 OK 

4 1052 1.00 526 526 

 

201 3.195 4 0.625 1.278 2.04 OK 

5 946 1.00 473 473 

 

183 2.899 4 0.625 1.159 1.86 OK 

6 887 1.00 443 443 

 

171 2.719 4 0.625 1.087 1.74 OK 

7 807 1.00 403 403 

 

192 3.053 4 0.625 1.221 1.95 OK 

8 757 1.00 378 378 

 

180 2.863 4 0.5 1.432 2.86 OK 

9 611 1.00 305 305 

 

146 2.311 4 0.5 1.155 2.31 OK 

10 555 1.00 277 277 

 

132 2.099 4 0.5 1.050 2.10 OK 

11 375 1.00 188 188 

 

93 1.480 4 0.4125 0.897 2.17 OK 

12 194 1.00 97 97 

 

48 0.765 4 0.3125 0.612 1.96 OK 

 

Table 103: PT strand design for 12-story SC ratio 1.0 model 

PT STRAND DESIGN 

Pi 
No of 

PT 

strands 

PT 

strands 

dia (in
2
) 

Area of 

PT 

strands 
PTi 

story 

drift 

at 

yield 

% 

Check (drift at 

yield >3.0%) 

220 8 0.6 1.736 0.47 3.3 OK 

230 8 0.6 1.736 0.49 3.2 OK 

213 8 0.6 1.736 0.45 3.4 OK 

201 8 0.6 1.736 0.43 3.5 OK 

183 8 0.6 1.736 0.39 3.8 OK 

171 8 0.6 1.736 0.37 3.9 OK 

192 8 0.6 1.736 0.41 4.5 OK 

180 8 0.6 1.736 0.38 4.7 OK 

146 4 0.6 0.868 0.62 3.1 OK 

132 4 0.6 0.868 0.56 3.5 OK 

93 4 0.6 0.868 0.40 4.8 OK 

48 4 0.6 0.868 0.21 6.2 OK 
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Table 104: SCB sections for 12-story SC ratio 1.0 model 

SMF design SCB-MF design 

W-

section  
Ix 

(in
4
) 

W-

Section 
Outer Tube 

Section 
Inner Tube 

Section 

Keff-SCB 

(k-

in/rad) 

Ieff  

(in
4
) 

Kend,θ 

(kip-

in/rad) 

W24x94 2700 W27x129 HSS10x8x1/4 HSS9x7x1/2 4098444 2827 2934365 

W24x94 2700 W27x129 HSS10x8x1/4 HSS9x7x1/2 4214889 2907 3055231 

W24x94 2700 W27x129 HSS10x8x1/4 HSS9x7x1/2 4019453 2772 2854050 

W24x94 2700 W27x129 HSS10x8x1/4 HSS9x7x1/2 3883342 2678 2718726 

W24x76 2100 W27x114 HSS10x8x1/4 HSS9x7x1/2 3435770 2369 2389280 

W24x76 2100 W27x114 HSS10x8x1/4 HSS9x7x1/2 3297615 2274 2257724 

W24x62 1550 W21x101 HSS10x8x1/4 HSS9x7x1/2 2495864 1721 1833945 

W24x62 1550 W21x101 HSS10x8x1/4 HSS9x7x1/2 2404313 1658 1736759 

W24x62 1550 W21x101 HSS10x8x1/4 HSS9x7x1/2 2089046 1441 1425879 

W24x62 1550 W21x101 HSS10x8x1/4 HSS7x5x1/2 1696424 1170 1107138 

W21x62 1330 W21x62 HSS9x7x3/8 HSS7x5x3/8 969818 669 617955 

W21x62 1330 W21x62 HSS9x7x3/8 HSS7x5x3/8 635538 438 369968 

 

 

Table 105: Plastic Moment capacity of the columns at the internal and external joints for 

12-story SC 1.0 model 

Story height Ext col 

section 
Int col 

section 

No of 

cols Mpc_Ex Mpc_In 

1 166.5 W24x162 W24x162 2 49586.727 49586.73 

2 156 W24x162 W24x162 2 49859.122 49859.12 

3 156 W24x162 W24x162 2 49859.122 49859.12 

4 156 W24x162 W24x162 2 49859.122 49859.12 

5 156 W24x146 W24x146 2 44485.792 44485.79 

6 156 W24x146 W24x146 2 44485.792 44485.79 

7 156 W24x146 W24x146 2 44485.792 44485.79 

8 156 W24x146 W24x146 2 44485.792 44485.79 

9 156 W24x131 W24x131 2 39349.983 39349.98 

10 156 W24x131 W24x131 2 39349.983 39349.98 

11 156 W24x84 W24x84 2 23789.594 23789.59 

12 156 W24x84 W24x84 1 11894.797 11894.8 
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Table 106: Beam-column moment ratio check for 12 story SC 1.0 model 

Med_U Mpt_U Mpr Mv_Ex Mv_In Mpb_ext Mpb_in 

 

Ratio_Ex Ratio_In 

10330 14702.3 12516.2 2087.9247 2087.9 14604.09 29208 

 

3.3954 1.6976994 

10816.7 14702.3 12759.5 2128.5175 2128.5 14888.02 29776 

 

3.34894 1.6744709 

10008.3 14702.3 12355.3 2061.0938 2061.1 14416.42 28833 

 

3.45849 1.7292472 

9469.42 14702.3 12085.9 2016.1446 2016.1 14102.03 28204 

 

3.5356 1.7678 

8510.13 14561.7 11535.9 1908.6715 1908.7 13444.6 26889 

 

3.30882 1.6544114 

7981.21 14561.7 11271.5 1864.9154 1864.9 13136.38 26273 

 

3.38646 1.6932285 

7261.43 11796.3 9528.85 1576.5919 1576.6 11105.44 22211 

 

4.00576 2.0028822 

6809.85 11796.3 9303.06 1539.2341 1539.2 10842.3 21685 

 

4.10299 2.0514929 

5495.03 5898.14 5696.59 937.34731 937.35 6633.933 13268 

 

5.93162 2.9658109 

4992.31 5898.14 5445.22 895.98685 895.99 6341.211 12682 

 

6.20544 3.1027184 

3376.86 5660.03 4518.44 735.27387 735.27 5253.717 10507 

 

4.52815 2.2640728 

1746.44 5660.03 3703.23 602.61681 602.62 4305.849 8611.7 

 

2.76247 1.3812372 

 

12-Story Model (SC 0.5) 

 

Table 107: Moment Capacities and ED fuse design for 12-story SC ratio 0.5 model 

INPUT 

   

ED FUSE DESIGN 

Stor

y 

Mn 

(kip

-ft) 

SC 

Rati

o 

MP

T 
ME

D 

 

V_E

D 

(kips) 

A_E

D 

No. 

of 

ED 

fuse

s 

ED core 

thicknes

s (in) 

core 

plate 

widt

h (in) 

Aspec

t ratio 

Check 

(aspect 

ratio>1.7

) 

1 1148 0.50 383 765 

 

295 4.676 4 0.5 2.338 4.68 OK 

2 1202 0.50 401 801 

 

308 4.897 4 0.5 2.448 4.90 OK 

3 1112 0.50 371 741 

 

285 4.531 4 0.5 2.265 4.53 OK 

4 1052 0.50 351 701 

 

270 4.287 4 0.5 2.143 4.29 OK 

5 946 0.50 315 630 

 

241 3.828 4 0.5 1.914 3.83 OK 

6 887 0.50 296 591 

 

226 3.590 4 0.5 1.795 3.59 OK 

7 807 0.50 269 538 

 

256 4.071 4 0.5 2.035 4.07 OK 

8 757 0.50 252 504 

 

241 3.818 4 0.5 1.909 3.82 OK 

9 611 0.50 204 407 

 

194 3.081 4 0.4125 1.867 4.53 OK 

10 555 0.50 185 370 

 

176 2.799 4 0.4125 1.696 4.11 OK 

11 375 0.50 125 250 

 

130 2.058 4 0.3125 1.646 5.27 OK 

12 194 0.50 65 129 

 

67 1.064 4 0.25 1.064 4.26 OK 

 

 

 

 

 



335 

 

Table 108: PT strand design for 12-story SC ratio 0.5 model 

PT STRAND DESIGN 

Pi 
No of 

PT 

strands 

PT 

strands 

dia (in
2
) 

Area of 

PT 

strands 
PTi 

story 

drift 

at 

yield 

% 

Check (drift at 

yield >3.0%) 

147 8 0.6 1.736 0.31 4.2 OK 

154 8 0.6 1.736 0.33 4.1 OK 

143 8 0.6 1.736 0.30 4.3 OK 

135 8 0.6 1.736 0.29 4.3 OK 

121 8 0.6 1.736 0.26 4.5 OK 

113 8 0.6 1.736 0.24 4.6 OK 

128 8 0.6 1.736 0.27 5.5 OK 

120 8 0.6 1.736 0.26 5.6 OK 

97 8 0.6 1.736 0.21 5.9 OK 

88 8 0.6 1.736 0.19 6.1 OK 

65 4 0.6 0.868 0.28 5.9 OK 

34 4 0.6 0.868 0.14 6.9 OK 

 

 

Table 109: SCB sections for 12-story SC ratio 0.5 model 

SMF design SCB-MF design 

W-

section  
Ix 

(in
4
) 

W-

Section 
Outer Tube 

Section 
Inner Tube 

Section 

Keff-SCB 

(k-

in/rad) 

Ieff  

(in
4
) 

Kend,θ 

(kip-

in/rad) 

W24x94 2700 W27x146 HSS10x8x1/4 HSS9x7x1/2 3870510 2669 2601285 

W24x94 2700 W27x146 HSS10x8x1/4 HSS9x7x1/2 3978558 2744 2699841 

W24x94 2700 W27x146 HSS10x8x1/4 HSS9x7x1/2 3797273 2619 2535553 

W24x94 2700 W27x146 HSS10x8x1/4 HSS9x7x1/2 3671171 2532 2424343 

W24x76 2100 W27x129 HSS10x8x1/4 HSS9x7x1/2 3299673 2276 2179030 

W24x76 2100 W27x129 HSS10x8x1/4 HSS9x7x1/2 3170477 2187 2067744 

W24x62 1550 W21x101 HSS10x8x1/4 HSS9x7x1/2 2301324 1587 1631290 

W24x62 1550 W21x101 HSS10x8x1/4 HSS9x7x1/2 2222936 1533 1553621 

W24x62 1550 W21x101 HSS10x8x1/4 HSS9x7x1/2 1971918 1360 1318935 

W24x62 1550 W21x101 HSS10x8x1/4 HSS7x5x1/2 1865390 1286 1225327 

W21x62 1330 W21x62 HSS9x7x3/8 HSS7x5x3/8 897740 619 578119 

W21x62 1330 W21x62 HSS9x7x3/8 HSS7x5x3/8 613680 423 362193 
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Table 110: Plastic Moment capacity of the columns at the internal and external joints for 

12-story SC 0.5 model 

Story height Ext col 

section 
Int col 

section 

No of 

cols Mpc_Ex Mpc_In 

1 166.5 W24x162 W24x162 2 49586.727 49586.73 

2 156 W24x162 W24x162 2 49859.122 49859.12 

3 156 W24x162 W24x162 2 49859.122 49859.12 

4 156 W24x162 W24x162 2 49859.122 49859.12 

5 156 W24x162 W24x162 2 49859.122 49859.12 

6 156 W24x162 W24x162 2 49859.122 49859.12 

7 156 W24x162 W24x162 2 49859.122 49859.12 

8 156 W24x162 W24x162 2 49859.122 49859.12 

9 156 W24x131 W24x131 2 39349.983 39349.98 

10 156 W24x131 W24x131 2 39349.983 39349.98 

11 156 W24x84 W24x84 2 23789.594 23789.59 

12 156 W24x84 W24x84 1 11894.797 11894.8 

 

 

Table 111: Beam-column moment ratio check for 12 story SC 0.5 model 

Med_U Mpt_U Mpr Mv_Ex Mv_In Mpb_ext Mpb_in 

 

Ratio_Ex Ratio_In 

13773.3 14608.6 14191 3468.3109 3468.3 17659.28 35319 

 

2.808 1.404 

14422.2 14608.6 14515.4 3522.4347 3522.4 18037.85 36076 

 

2.764 1.382 

13344.4 14608.6 13976.5 3432.5363 3432.5 17409.05 34818 

 

2.864 1.432 

12625.9 14608.6 13617.2 3372.6041 3372.6 16989.85 33980 

 

2.935 1.467 

11346.8 14702.3 13024.6 3273.7384 3273.7 16298.33 32597 

 

3.059 1.530 

10641.6 14702.3 12672 3214.916 3214.9 15886.89 31774 

 

3.138 1.569 

9681.9 11796.3 10739.1 2892.4755 2892.5 13631.57 27263 

 

3.658 1.829 

9079.8 11796.3 10438 2842.2545 2842.3 13280.29 26561 

 

3.754 1.877 

7326.71 11796.3 9561.49 2659.3003 2659.3 12220.79 24442 

 

3.220 1.610 

6656.41 11796.3 9226.34 2604.1531 2604.2 11830.5 23661 

 

3.326 1.663 

4502.48 5425.67 4964.07 1881.7899 1881.8 6845.862 13692 

 

3.475 1.738 

2328.58 5425.67 3877.12 1704.9139 1704.9 5582.038 11164 

 

2.131 1.065 
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12-Story Model (SC 2.0) 

 

Table 112: Moment Capacities and ED fuse design for 12-story SC ratio 2.0 model 

INPUT 

   

ED FUSE DESIGN 

Stor

y 

Mn 

(kip

-ft) 

SC 

Rati

o 

MP

T 
ME

D 

 

V_E

D 

(kips) 

A_E

D 

No. 

of 

ED 

fuse

s 

ED core 

thicknes

s (in) 

core 

plate 

widt

h (in) 

Aspec

t ratio 

Check 

(aspect 

ratio>1.7

) 

1 1148 2.00 765 383 

 

148 2.346 4 0.5 1.173 2.35 OK 

2 1202 2.00 801 401 

 

155 2.456 4 0.5 1.228 2.46 OK 

3 1112 2.00 741 371 

 

143 2.273 4 0.5 1.136 2.27 OK 

4 1052 2.00 701 351 

 

135 2.150 4 0.5 1.075 2.15 OK 

5 946 2.00 630 315 

 

122 1.932 4 0.5 0.966 1.93 OK 

6 887 2.00 591 296 

 

114 1.812 4 0.5 0.906 1.81 OK 

7 807 2.00 538 269 

 

128 2.035 4 0.5 1.018 2.04 OK 

8 757 2.00 504 252 

 

120 1.909 4 0.5 0.954 1.91 OK 

9 611 2.00 407 204 

 

97 1.540 4 0.4125 0.934 2.26 OK 

10 555 2.00 370 185 

 

88 1.399 4 0.4125 0.848 2.06 OK 

11 375 2.00 250 125 

 

62 0.986 4 0.3125 0.789 2.53 OK 

12 194 2.00 129 65 

 

32 0.510 4 0.25 0.510 2.04 OK 

 

 

Table 113: PT strand design for 12-story SC ratio 2.0 model 

PT STRAND DESIGN 

Pi 
No of 

PT 

strands 

PT 

strands 

dia (in
2
) 

Area of 

PT 

strands 
PTi 

story 

drift 

at 

yield 

% 

Check (drift at 

yield >3.0%) 

296 12 0.6 2.604 0.42 3.6 OK 

309 12 0.6 2.604 0.44 3.5 OK 

286 12 0.6 2.604 0.41 3.7 OK 

271 12 0.6 2.604 0.39 3.8 OK 

243 8 0.6 1.736 0.52 3.1 OK 

228 8 0.6 1.736 0.49 3.3 OK 

256 8 0.6 1.736 0.55 3.6 OK 

241 8 0.6 1.736 0.51 3.8 OK 

194 8 0.6 1.736 0.41 4.5 OK 

176 8 0.6 1.736 0.38 4.8 OK 

124 4 0.6 0.868 0.53 3.9 OK 

64 4 0.6 0.868 0.27 5.7 OK 
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Table 114: SCB sections for 12-story SC ratio 2.0 model 

SMF design SCB-MF design 

W-

section  
Ix 

(in
4
) 

W-

Section 
Outer Tube 

Section 
Inner Tube 

Section 

Keff-SCB 

(k-

in/rad) 

Ieff  

(in
4
) 

Kend,θ 

(kip-

in/rad) 

W24x94 2700 W27x114 HSS10x8x1/4 HSS9x7x1/2 4116375 2839 3102801 

W24x94 2700 W27x114 HSS10x8x1/4 HSS9x7x1/2 4230347 2917 3234158 

W24x94 2700 W27x114 HSS10x8x1/4 HSS9x7x1/2 4038997 2786 3015704 

W24x94 2700 W27x114 HSS10x8x1/4 HSS9x7x1/2 3905558 2693 2869311 

W24x76 2100 W27x114 HSS10x8x1/4 HSS9x7x1/2 3609234 2489 2560432 

W24x76 2100 W27x114 HSS10x8x1/4 HSS9x7x1/2 3461732 2387 2414464 

W24x62 1550 W21x101 HSS10x8x1/4 HSS9x7x1/2 2592458 1788 1940183 

W24x62 1550 W21x101 HSS10x8x1/4 HSS9x7x1/2 2492945 1719 1830796 

W24x62 1550 W21x101 HSS10x8x1/4 HSS9x7x1/2 2176488 1501 1508619 

W24x62 1550 W21x101 HSS10x8x1/4 HSS7x5x1/2 2043675 1409 1383938 

W21x62 1330 W21x62 HSS9x7x3/8 HSS7x5x3/8 943598 651 596821 

W21x62 1330 W21x62 HSS9x7x3/8 HSS7x5x3/8 599098 413 345501 

 

 

Table 115: Plastic Moment capacity of the columns at the internal and external joints for 

12-story SC 2.0 model 

 

Story height Ext col 

section 
Int col 

section 

No of 

cols Mpc_Ex Mpc_In 

1 166.5 W24x162 W24x162 2 2 49586.727 

2 156 W24x162 W24x162 2 2 49859.122 

3 156 W24x162 W24x162 2 2 49859.122 

4 156 W24x162 W24x162 2 2 49859.122 

5 156 W24x146 W24x146 2 2 44485.792 

6 156 W24x146 W24x146 2 2 44485.792 

7 156 W24x146 W24x146 2 2 44485.792 

8 156 W24x146 W24x146 2 2 44485.792 

9 156 W24x131 W24x131 2 2 39349.983 

10 156 W24x131 W24x131 2 2 39349.983 

11 156 W24x84 W24x84 2 2 23789.594 

12 156 W24x84 W24x84 1 1 11894.797 
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Table 116: Beam-column moment ratio check for 12 story SC 2.0 model 

Med_U Mpt_U Mpr Mv_Ex Mv_In Mpb_ext Mpb_in 

 

Ratio_Ex Ratio_In 

6886.67 21842.6 14364.6 3497.2809 3497.3 17861.91 35724 

 

2.776 1.388 

7211.11 21842.6 14526.9 3524.3427 3524.3 18051.19 36102 

 

2.762 1.381 

6672.21 21842.6 14257.4 3479.3936 3479.4 17736.79 35474 

 

2.811 1.406 

6312.95 21842.6 14077.8 3449.4275 3449.4 17527.19 35054 

 

2.845 1.422 

5673.42 14561.7 10117.6 2765.9983 2766 12883.57 25767 

 

3.453 1.726 

5320.81 14561.7 9941.27 2736.8275 2736.8 12678.09 25356 

 

3.509 1.754 

4840.95 11796.3 8318.61 2468.3525 2468.4 10786.97 21574 

 

4.124 2.062 

4539.9 11796.3 8168.09 2443.4473 2443.4 10611.54 21223 

 

4.192 2.096 

3663.36 11796.3 7729.82 2357.9061 2357.9 10087.72 20175 

 

3.901 1.950 

3328.21 11796.3 7562.24 2330.3324 2330.3 9892.574 19785 

 

3.978 1.989 

2251.24 5660.03 3955.63 1717.6894 1717.7 5673.323 11347 

 

4.193 2.097 

1164.29 5660.03 3412.16 1629.2514 1629.3 5041.411 10083 

 

2.359 1.180 

 

Table 117: Story drift checks for 12-story Model 

Story 
Elevation 

(in.) 

Story 

height 

(in) 

disp 

(in) 
interstory 

drift 
limit 

(in) 
Check 

1 166.55 166.55 0.295 0.295 0.41638 0.71 

2 322.55 156 0.662 0.367 0.39 0.94 

3 478.55 156 1.032 0.370 0.39 0.95 

4 634.55 156 1.396 0.364 0.39 0.93 

5 790.55 156 1.766 0.370 0.39 0.95 

6 946.55 156 2.135 0.369 0.39 0.95 

7 1102.55 156 2.522 0.387 0.39 0.99 

8 1258.55 156 2.912 0.390 0.39 1.00 

9 1414.55 156 3.288 0.376 0.39 0.96 

10 1570.55 156 3.632 0.344 0.39 0.88 

11 1726.55 156 3.965 0.333 0.39 0.85 

12 1882.55 156 4.255 0.290 0.39 0.74 
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Table 118: P-delta checks for 12-story Model 

Story Vh 
Story 

shear 

capacity 
beta θmax 

interstory 

drift 
P θ 

1 140 526.2737 0.266021 0.23494 0.295 9883.65 0.12505 

2 133 572.6163 0.232267 0.25 0.367 9046.45 0.16002 

3 125 554.4779 0.225437 0.25 0.370 8215.55 0.15588 

4 118 542.3856 0.217557 0.25 0.364 7384.65 0.14602 

5 111 517.0999 0.214659 0.25 0.370 6553.75 0.14004 

6 104 505.2455 0.205841 0.25 0.369 5722.85 0.13016 

7 96 427.1325 0.224755 0.25 0.387 4891.95 0.12641 

8 88.7 417.0114 0.212704 0.25 0.390 4061.05 0.11446 

9 80 255.1513 0.313539 0.19934 0.376 3230.15 0.09732 

10 69.458 243.8927 0.284789 0.21946 0.344 2399.25 0.07617 

11 57.258 202.066 0.283363 0.22057 0.333 1568.35 0.05847 

12 41 165.6096 0.24757 0.25 0.290 737.45 0.03344 
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20-Story Model (SC 1.0) 

 

Table 119: Moment Capacities and ED fuse design for 20 -story SC ratio 1.0 model 

INPUT 

   

ED FUSE DESIGN 

Story 
Mn 

(kip-

ft) 

SC 

Ratio 
MPT MED 

 

V_ED 

(kips) 
A_ED 

No. 

of 

ED 

fuses 

ED core 

thickness 

(in) 

core 

plate 

width 

(in) 

Aspect 

ratio 

Check 

(aspect 

ratio>1.7) 

1 1963 1.00 982 982 

 

278 4.415 4 0.75 1.472 1.96 OK 

2 2042 1.00 1021 1021 

 

289 4.591 4 0.75 1.530 2.04 OK 

3 1979 1.00 989 989 

 

280 4.450 4 0.75 1.483 1.98 OK 

4 1896 1.00 948 948 

 

269 4.264 4 0.75 1.421 1.90 OK 

5 1818 1.00 909 909 

 

258 4.089 4 0.75 1.363 1.82 OK 

6 1745 1.00 873 873 

 

247 3.925 4 0.75 1.308 1.74 OK 

7 1670 1.00 835 835 

 

237 3.755 4 0.75 1.252 1.67 NG 

8 1635 1.00 818 818 

 

232 3.677 4 0.75 1.226 1.63 NG 

9 1512 1.00 756 756 

 

217 3.441 4 0.75 1.147 1.53 NG 

10 1488 1.00 744 744 

 

213 3.386 4 0.625 1.354 2.17 OK 

11 1424 1.00 712 712 

 

204 3.241 4 0.625 1.296 2.07 OK 

12 1279 1.00 640 640 

 

183 2.911 4 0.625 1.164 1.86 OK 

13 1151 1.00 576 576 

 

163 2.589 4 0.5 1.294 2.59 OK 

14 1114 1.00 557 557 

 

158 2.505 4 0.5 1.252 2.50 OK 

15 970 1.00 485 485 

 

155 2.460 4 0.5 1.230 2.46 OK 

16 1093 1.00 546 546 

 

175 2.770 4 0.5 1.385 2.77 OK 

17 783 1.00 392 392 

 

125 1.986 4 0.5 0.993 1.99 OK 

18 722 1.00 361 361 

 

115 1.830 4 0.5 0.915 1.83 OK 

19 433 1.00 217 217 

 

97 1.537 4 0.375 1.025 2.73 OK 

20 249 1.00 125 125 

 

56 0.883 4 0.25 0.883 3.53 OK 
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Table 120: PT strand design for 20-story SC ratio 1.0 model 

PT STRAND DESIGN 

Pi 
No of 

PT 

strands 

PT 

strands 

dia (in
2
) 

Area of 

PT 

strands 
PTi 

story 

drift 

at 

yield 

% 

Check (drift at 

yield >3.0%) 

278 16 0.6 3.472 0.30 3.2 OK 

289 16 0.6 3.472 0.31 3.1 OK 

280 16 0.6 3.472 0.30 3.2 OK 

269 16 0.6 3.472 0.29 3.2 OK 

258 16 0.6 3.472 0.27 3.3 OK 

247 16 0.6 3.472 0.26 3.3 OK 

237 16 0.6 3.472 0.25 3.3 OK 

232 16 0.6 3.472 0.25 3.4 OK 

217 12 0.6 2.604 0.31 3.2 OK 

213 12 0.6 2.604 0.30 3.2 OK 

204 12 0.6 2.604 0.29 3.2 OK 

183 12 0.6 2.604 0.26 3.3 OK 

163 12 0.6 2.604 0.23 3.4 OK 

158 12 0.6 2.604 0.22 3.5 OK 

155 8 0.6 1.736 0.33 3.4 OK 

175 8 0.6 1.736 0.37 3.2 OK 

125 8 0.6 1.736 0.27 3.7 OK 

115 8 0.6 1.736 0.25 3.8 OK 

97 4 0.6 0.868 0.41 4.2 OK 

56 4 0.6 0.868 0.24 5.4 OK 
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Table 121: SCB designs for 20-story SC ratio 1.0  model 

SMF design SCB-MF design 

W-

section  
Ix 

(in
4
) 

W-

Section 
Outer Tube 

Section 
Inner Tube 

Section 

Keff-SCB 

(k-

in/rad) 

Ieff  

(in
4
) 

Kend,θ 

(kip-

in/rad) 

W33x169 9290 W36x210 HSS12x12x3/8 HSS10x10x5/8 12492194 8615 9227808 

W33x169 9290 W36x210 HSS12x12x3/8 HSS10x10x5/8 12703514 8761 9460302 

W33x169 9290 W36x210 HSS12x12x3/8 HSS10x10x5/8 12468577 8599 9202057 

W33x169 9290 W36x210 HSS12x12x3/8 HSS10x10x5/8 12150391 8380 8859603 

W33x169 9290 W36x210 HSS12x12x3/8 HSS10x10x5/8 11843406 8168 8536905 

W33x169 9290 W36x210 HSS12x12x3/8 HSS10x10x5/8 11546609 7963 8231865 

W33x169 9290 W36x210 HSS12x12x3/8 HSS10x10x5/8 11231261 7746 7914992 

W33x169 9290 W36x210 HSS12x12x3/8 HSS10x10x5/8 11082972 7643 7768491 

W33x141 7450 W36x170 HSS12x12x3/8 HSS10x10x5/8 9622959 6637 6793856 

W33x141 7450 W36x170 HSS12x12x3/8 HSS10x10x5/8 9523576 6568 6695203 

W33x141 7450 W36x170 HSS12x12x3/8 HSS10x10x5/8 9257095 6384 6434757 

W33x141 7450 W36x170 HSS12x12x3/8 HSS10x10x5/8 8621538 5946 5836598 

W33x141 7450 W36x210 HSS12x12x3/8 HSS10x10x5/8 8697492 5998 5611059 

W33x141 7450 W36x210 HSS12x12x3/8 HSS10x10x5/8 8500745 5863 5448356 

W30x108 4470 W33x169 HSS10x8x1/4 HSS9x7x1/2 5015122 3459 3193338 

W30x108 4470 W33x169 HSS10x8x1/4 HSS9x7x1/2 5428862 3744 3536576 

W30x108 4470 W33x169 HSS10x8x1/4 HSS9x7x1/2 4326482 2984 2655144 

W30x108 4470 W33x169 HSS10x8x1/4 HSS9x7x1/2 4085445 2818 2475855 

W24x62 1550 W24x62 HSS9x7x3/8 HSS7x5x3/8 1065001 734 666792 

W24x62 1550 W24x62 HSS9x7x3/8 HSS7x5x3/8 732268 505 424985 
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Table 122: Plastic Moment capacity of the columns at the internal and external joints for 

20-story SC 1.0 model 

Story height 
Ext col 

section 
Int col 

section 

No 

of 

cols Mpc_Ex Mpc_In 

1 166.5 W14x257 W24x335 2 50198.225 108958 

2 156 W14x257 W24x335 2 50373.857 109622.2 

3 156 W14x257 W24x335 2 50373.857 109622.2 

4 156 W14x257 W24x335 2 50373.857 109622.2 

5 156 W14x257 W24x335 2 50373.857 109622.2 

6 156 W14x257 W24x335 2 50373.857 109622.2 

7 156 W14x257 W24x335 2 50373.857 109622.2 

8 156 W14x257 W24x335 2 50373.857 109622.2 

9 156 W14x211 W24x207 2 40245.157 64719.02 

10 156 W14x211 W24x207 2 40245.157 64719.02 

11 156 W14x211 W24x207 2 40245.157 64719.02 

12 156 W14x211 W24x207 2 40245.157 64719.02 

13 156 W14x211 W24x207 2 40245.157 64719.02 

14 156 W14x211 W24x207 2 40245.157 64719.02 

15 156 W14x132 W24x103 2 24065.873 29778.37 

16 156 W14x132 W24x103 2 24065.873 29778.37 

17 156 W14x132 W24x103 2 24065.873 29778.37 

18 156 W14x132 W24x103 2 24065.873 29778.37 

19 156 W14x132 W21x57 2 24065.873 13558.97 

20 156 W14x132 W21x57 1 12032.936 6779.484 
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Table 123: Beam-column moment ratio check for 20 story SC 1.0 model 

Med_U Mpt_U Mpr Mv_Ex Mv_In Mpb_ext Mpb_in 

 

Ratio_Ex Ratio_In 

17671 39701.5 28686.3 3703.1367 5150.5 32389.41 67674 

 

1.55 1.61 

18375 39701.5 29038.3 3748.5779 5213.7 32786.86 68504 

 

1.54 1.60 

17810.4 39701.5 28756 3712.1361 5163 32468.12 67838 

 

1.55 1.62 

17065.1 39701.5 28383.3 3664.0285 5096.1 32047.35 66959 

 

1.57 1.64 

16366.3 39701.5 28033.9 3618.9206 5033.4 31652.81 66135 

 

1.59 1.66 

15708.7 39701.5 27705.1 3576.4793 4974.3 31281.6 65359 

 

1.61 1.68 

15028.8 39701.5 27365.2 3532.5935 4913.3 30897.75 64557 

 

1.63 1.70 

14715.5 39701.5 27208.5 3512.3728 4885.2 30720.89 64187 

 

1.64 1.71 

13607 29424.6 21515.8 2709.0346 3687 24224.83 50406 

 

1.66 1.28 

13390.1 29424.6 21407.4 2695.3806 3668.4 24102.74 50152 

 

1.67 1.29 

12818.6 29424.6 21121.6 2659.4036 3619.5 23781.02 49482 

 

1.69 1.31 

11512.2 29424.6 20468.4 2577.1548 3507.5 23045.53 47952 

 

1.75 1.35 

10360.6 29776.1 20068.4 2526.79 3439 22595.16 47015 

 

1.78 1.38 

10024.9 29776.1 19900.5 2505.6589 3410.2 22406.2 46622 

 

1.80 1.39 

8733.95 17608.4 13171.2 1598.5021 2167.3 14769.68 30677 

 

1.63 0.97 

9833.87 17608.4 13721.1 1665.2472 2276.5 15386.39 31995 

 

1.56 0.93 

7048.78 17608.4 12328.6 1496.2431 2045.4 13824.84 28748 

 

1.74 1.04 

6497.96 17608.4 12053.2 1462.8183 1999.7 13516 28106 

 

1.78 1.06 

3900.5 6292.8 5096.65 618.54798 766.81 5715.198 11727 

 

4.21 1.16 

2241.15 6292.8 4266.98 517.85575 641.99 4784.832 9818 

 

2.51 0.69 
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20-Story Model (SC 0.5) 

 

Table 124:  Moment Capacities and ED fuse design for 20-story SC ratio 0.5 model 

INPUT 

   

ED FUSE DESIGN 

Story 
Mn 

(kip-

ft) 

SC 

Ratio 
MPT MED 

 

V_ED 

(kips) 
A_ED 

No. 

of 

ED 

fuses 

ED core 

thickness 

(in) 

core 

plate 

width 

(in) 

Aspect 

ratio 

Check 

(aspect 

ratio>1.7) 

1 1963 0.50 654 1309 

 

344 5.462 4 0.75 1.821 2.43 OK 

2 2042 0.50 681 1361 

 

358 5.679 4 0.75 1.893 2.52 OK 

3 1979 0.50 660 1319 

 

347 5.505 4 0.75 1.835 2.45 OK 

4 1896 0.50 632 1264 

 

332 5.274 4 0.75 1.758 2.34 OK 

5 1818 0.50 606 1212 

 

319 5.058 4 0.75 1.686 2.25 OK 

6 1745 0.50 582 1164 

 

306 4.855 4 0.75 1.618 2.16 OK 

7 1670 0.50 557 1113 

 

310 4.925 4 0.75 1.642 2.19 OK 

8 1635 0.50 545 1090 

 

304 4.823 4 0.75 1.608 2.14 OK 

9 1512 0.50 504 1008 

 

281 4.459 4 0.75 1.486 1.98 OK 

10 1488 0.50 496 992 

 

276 4.388 4 0.625 1.755 2.81 OK 

11 1424 0.50 475 950 

 

265 4.201 4 0.625 1.680 2.69 OK 

12 1279 0.50 426 853 

 

238 3.773 4 0.625 1.509 2.41 OK 

13 1151 0.50 384 767 

 

214 3.396 4 0.625 1.358 2.17 OK 

14 1114 0.50 371 743 

 

207 3.286 4 0.625 1.314 2.10 OK 

15 970 0.50 323 647 

 

207 3.280 4 0.625 1.312 2.10 OK 

16 1093 0.50 364 728 

 

233 3.693 4 0.625 1.477 2.36 OK 

17 783 0.50 261 522 

 

228 3.621 4 0.5 1.810 3.62 OK 

18 722 0.50 241 481 

 

210 3.338 4 0.5 1.669 3.34 OK 

19 433 0.50 144 289 

 

129 2.050 4 0.375 1.366 3.64 OK 

20 249 0.50 83 166 

 

74 1.178 4 0.25 1.178 4.71 OK 
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Table 125: PT strand design for 12-story SC ratio 0.5 model 

PT STRAND DESIGN 

Pi 
No of 

PT 

strands 

PT 

strands 

dia (in
2
) 

Area of 

PT 

strands 
PTi 

story 

drift 

at 

yield 

% 

Check (drift at 

yield >3.0%) 

172 12 0.6 2.604 0.24 3.1 OK 

179 12 0.6 2.604 0.25 3.1 OK 

173 12 0.6 2.604 0.25 3.1 OK 

166 12 0.6 2.604 0.24 3.2 OK 

159 12 0.6 2.604 0.23 3.2 OK 

153 12 0.6 2.604 0.22 3.2 OK 

155 12 0.6 2.604 0.22 3.4 OK 

152 8 0.6 1.736 0.32 3.0 OK 

140 8 0.6 1.736 0.30 3.1 OK 

138 8 0.6 1.736 0.29 3.1 OK 

132 8 0.6 1.736 0.28 3.2 OK 

119 8 0.6 1.736 0.25 3.3 OK 

107 8 0.6 1.736 0.23 3.4 OK 

103 8 0.6 1.736 0.22 3.4 OK 

103 8 0.6 1.736 0.22 3.9 OK 

116 8 0.6 1.736 0.25 3.8 OK 

114 4 0.6 0.868 0.49 3.7 OK 

105 4 0.6 0.868 0.45 3.9 OK 

65 4 0.6 0.868 0.28 5.1 OK 

37 4 0.6 0.868 0.16 5.9 OK 
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Table 126: SCB designs for 20-story SC ratio 0.5  model 

SMF design SCB-MF design 

W-

section  
Ix 

(in
4
) 

W-

Section 
Outer Tube 

Section 
Inner Tube 

Section 
Keff-SCB 

(k-in/rad) 
Ieff  

(in
4
) 

Kend,θ 

(kip-

in/rad) 

W33x169 9290 W40x264 HSS12x12x3/8 HSS10x10x5/8 12727616 8778 8435127 

W33x169 9290 W40x264 HSS12x12x3/8 HSS10x10x5/8 13045107 8997 8716311 

W33x169 9290 W40x264 HSS12x12x3/8 HSS10x10x5/8 12791105 8821 8490989 

W33x169 9290 W40x264 HSS12x12x3/8 HSS10x10x5/8 12448120 8585 8191345 

W33x169 9290 W40x264 HSS12x12x3/8 HSS10x10x5/8 12118288 8357 7908072 

W33x169 9290 W40x264 HSS12x12x3/8 HSS10x10x5/8 11800380 8138 7639460 

W33x169 9290 W36x256 HSS12x12x3/8 HSS10x10x5/8 10585318 7300 6889281 

W33x169 9290 W36x256 HSS12x12x3/8 HSS10x10x5/8 10357729 7143 6697717 

W33x141 7450 W36x256 HSS12x12x3/8 HSS10x10x5/8 9828262.8 6778 6261472 

W33x141 7450 W36x256 HSS12x12x3/8 HSS10x10x5/8 9721929 6705 6175410 

W33x141 7450 W36x256 HSS12x12x3/8 HSS10x10x5/8 9437271 6508 5947504 

W33x141 7450 W36x256 HSS12x12x3/8 HSS10x10x5/8 8760961.8 6042 5420127 

W33x141 7450 W36x256 HSS12x12x3/8 HSS10x10x5/8 8133296.4 5609 4947682 

W33x141 7450 W36x256 HSS12x12x3/8 HSS10x10x5/8 7944412.8 5479 4808586 

W30x108 4470 W33x169 HSS10x8x1/4 HSS9x7x1/2 4532431.7 3126 2811973 

W30x108 4470 W33x169 HSS10x8x1/4 HSS9x7x1/2 4892235.9 3374 3094356 

W30x108 4470 W24x62 HSS10x8x1/4 HSS9x7x1/2 1836494.9 1267 1302381 

W30x108 4470 W24x62 HSS10x8x1/4 HSS9x7x1/2 1751582.3 1208 1218593 

W24x62 1550 W24x62 HSS9x7x3/8 HSS7x5x3/8 1033538.7 713 642308 

W24x62 1550 W24x62 HSS9x7x3/8 HSS7x5x3/8 729365.18 503 423030 
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Table 127: Plastic Moment capacity of the columns at the internal and external joints for 

20-story SC 0.5 model 

 

Story height 
Ext col 

section 
Int col 

section 

No 

of 

cols Mpc_Ex Mpc_In 

1 166.5 W14x257 W24x335 2 50198.225 108958 

2 156 W14x257 W24x335 2 50373.857 109622.2 

3 156 W14x257 W24x335 2 50373.857 109622.2 

4 156 W14x257 W24x335 2 50373.857 109622.2 

5 156 W14x257 W24x335 2 50373.857 109622.2 

6 156 W14x257 W24x335 2 50373.857 109622.2 

7 156 W14x257 W24x335 2 50373.857 109622.2 

8 156 W14x257 W24x335 2 50373.857 109622.2 

9 156 W14x211 W24x207 2 40245.157 64719.02 

10 156 W14x211 W24x207 2 40245.157 64719.02 

11 156 W14x211 W24x207 2 40245.157 64719.02 

12 156 W14x211 W24x207 2 40245.157 64719.02 

13 156 W14x211 W24x207 2 40245.157 64719.02 

14 156 W14x211 W24x207 2 40245.157 64719.02 

15 156 W14x132 W24x131 2 24065.873 39349.98 

16 156 W14x132 W24x131 2 24065.873 39349.98 

17 156 W14x132 W24x103 2 24065.873 29778.37 

18 156 W14x132 W24x103 2 24065.873 29778.37 

19 156 W14x132 W21x57 2 24065.873 13558.97 

20 156 W14x132 W21x57 1 12032.936 6779.484 
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Table 128: Beam-column moment ratio check for 20 story SC 0.5 model 

Med_U Mpt_U Mpr Mv_Ex Mv_In Mpb_ext Mpb_in 

 

Ratio_Ex Ratio_In 

23561.4 32096.3 27828.8 3592.4493 4996.5 31421.28 65651 

 

1.598 1.660 

24500 32096.3 28298.2 3653.0375 5080.8 31951.21 66758 

 

1.577 1.642 

23747.3 32096.3 27921.8 3604.4484 5013.2 31526.23 65870 

 

1.598 1.664 

22753.5 32096.3 27424.9 3540.3049 4924 30965.2 64698 

 

1.627 1.694 

21821.7 32096.3 26959 3480.1611 4840.4 30439.16 63599 

 

1.655 1.724 

20945 32096.3 26520.6 3423.5726 4761.7 29944.21 62565 

 

1.682 1.752 

20038.4 30268.3 25153.3 3247.0687 4516.2 28400.42 59339 

 

1.774 1.847 

19620.7 20178.9 19899.8 2568.8807 3572.9 22468.66 46945 

 

2.242 2.335 

18142.7 20178.9 19160.8 2412.5142 3283.5 21573.28 44888 

 

1.866 1.442 

17853.5 20178.9 19016.2 2394.3089 3258.7 21410.48 44550 

 

1.880 1.453 

17091.5 20178.9 18635.2 2346.3395 3193.4 20981.53 43657 

 

1.918 1.482 

15349.5 20178.9 17764.2 2236.6745 3044.1 20000.88 41617 

 

2.012 1.555 

13814.1 20178.9 16996.5 2140.0133 2912.6 19136.51 39818 

 

2.103 1.625 

13366.6 20178.9 16772.7 2111.8385 2874.2 18884.56 39294 

 

2.131 1.647 

11645.3 17608.4 14626.8 1775.1661 2406.8 16402 34067 

 

1.467 1.155 

13111.8 17608.4 15360.1 1864.1597 2548.4 17224.28 35817 

 

1.397 1.099 

9398.38 6437.17 7917.77 960.92972 1313.6 8878.703 18463 

 

2.711 1.613 

8663.95 6437.17 7550.56 916.36331 1252.7 8466.922 17607 

 

2.842 1.691 

5200.67 6292.8 5746.73 697.44446 864.62 6444.178 13223 

 

3.735 1.025 

2988.2 6292.8 4640.5 563.18815 698.18 5203.69 10677 

 

2.312 0.635 
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20-Story Model (SC 2.0) 

 

Table 129: Moment Capacities and ED fuse design for 20-story SC ratio 2.0 model 

INPUT 

   

ED FUSE DESIGN 

Story 
Mn 

(kip-

ft) 

SC 

Ratio 
MPT MED 

 

V_ED 

(kips) 
A_ED 

No. 

of 

ED 

fuses 

ED core 

thickness 

(in) 

core 

plate 

width 

(in) 

Aspect 

ratio 

Check 

(aspect 

ratio>1.7) 

1 1963 2.00 1309 654 

 

182 2.897 4 0.625 1.159 1.85 OK 

2 2042 2.00 1361 681 

 

190 3.012 4 0.625 1.205 1.93 OK 

3 1979 2.00 1319 660 

 

184 2.920 4 0.625 1.168 1.87 OK 

4 1896 2.00 1264 632 

 

176 2.797 4 0.625 1.119 1.79 OK 

5 1818 2.00 1212 606 

 

169 2.683 4 0.625 1.073 1.72 OK 

6 1745 2.00 1164 582 

 

162 2.575 4 0.5 1.288 2.58 OK 

7 1670 2.00 1113 557 

 

160 2.533 4 0.5 1.267 2.53 OK 

8 1635 2.00 1090 545 

 

156 2.481 4 0.5 1.240 2.48 OK 

9 1512 2.00 1008 504 

 

145 2.294 4 0.5 1.147 2.29 OK 

10 1488 2.00 992 496 

 

142 2.257 4 0.5 1.129 2.26 OK 

11 1424 2.00 950 475 

 

136 2.161 4 0.5 1.080 2.16 OK 

12 1279 2.00 853 426 

 

122 1.941 4 0.5 0.970 1.94 OK 

13 1151 2.00 767 384 

 

110 1.746 4 0.5 0.873 1.75 OK 

14 1114 2.00 743 371 

 

106 1.690 4 0.375 1.127 3.00 OK 

15 970 2.00 647 323 

 

100 1.582 4 0.375 1.055 2.81 OK 

16 1093 2.00 728 364 

 

112 1.781 4 0.375 1.187 3.17 OK 

17 783 2.00 522 261 

 

85 1.342 4 0.375 0.894 2.38 OK 

18 722 2.00 481 241 

 

78 1.237 4 0.375 0.824 2.20 OK 

19 433 2.00 289 144 

 

65 1.025 4 0.375 0.683 1.82 OK 

20 249 2.00 166 83 

 

37 0.589 4 0.25 0.589 2.36 OK 
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Table 130: PT strand design for 20-story SC ratio 2.0 model 

PT STRAND DESIGN 

Pi 
No of 

PT 

strands 

PT 

strands 

dia (in
2
) 

Area of 

PT 

strands 
PTi 

story 

drift 

at 

yield 

% 

Check (drift at 

yield >3.0%) 

365 20 0.6 4.34 0.31 3.052 OK 

380 20 0.6 4.34 0.32 3.002 OK 

368 20 0.6 4.34 0.31 3.0 OK 

352 20 0.6 4.34 0.30 3.1 OK 

338 20 0.6 4.34 0.29 3.1 OK 

324 20 0.6 4.34 0.28 3.2 OK 

319 16 0.6 3.472 0.34 3.0 OK 

313 16 0.6 3.472 0.33 3.0 OK 

289 16 0.6 3.472 0.31 3.2 OK 

284 16 0.6 3.472 0.30 3.2 OK 

272 16 0.6 3.472 0.29 3.2 OK 

245 16 0.6 3.472 0.26 3.3 OK 

220 12 0.6 2.604 0.31 3.1 OK 

213 12 0.6 2.604 0.30 3.2 OK 

199 12 0.6 2.604 0.28 3.5 OK 

224 12 0.6 2.604 0.32 3.3 OK 

169 8 0.6 1.736 0.36 3.3 OK 

156 8 0.6 1.736 0.33 3.4 OK 

129 4 0.6 0.868 0.55 3.4 OK 

74 4 0.6 0.868 0.32 4.9 OK 
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Table 131: SCB designs for 20-story SC ratio 2.0  model 

SMF design SCB-MF design 

W-

section  
Ix 

(in
4
) 

W-

Section 
Outer Tube 

Section 
Inner Tube 

Section 

Keff-SCB 

(k-

in/rad) 

Ieff  

(in
4
) 

Kend,θ 

(kip-

in/rad) 

W33x169 9290 W36x194 HSS14x14x1/2 HSS12x10x1/2 12638494 8716 9361931 

W33x169 9290 W36x194 HSS14x14x1/2 HSS12x10x1/2 12923994 8913 9678688 

W33x169 9290 W36x194 HSS14x14x1/2 HSS12x10x1/2 12695700 8756 9424847 

W33x169 9290 W36x194 HSS14x14x1/2 HSS12x10x1/2 12385981 8542 9087461 

W33x169 9290 W36x194 HSS14x14x1/2 HSS12x10x1/2 12086595 8336 8768742 

W33x169 9290 W36x194 HSS14x14x1/2 HSS12x10x1/2 11796624 8136 8466763 

W33x169 9290 W36x170 HSS12x12x3/8 HSS10x10x5/8 11225503 7742 8509099 

W33x169 9290 W36x170 HSS12x12x3/8 HSS10x10x5/8 11081653 7643 8344876 

W33x141 7450 W36x170 HSS12x12x3/8 HSS10x10x5/8 10555935 7280 7762625 

W33x141 7450 W36x170 HSS12x12x3/8 HSS10x10x5/8 10449918 7207 7648500 

W33x141 7450 W36x170 HSS12x12x3/8 HSS10x10x5/8 10165410 7011 7347476 

W33x141 7450 W36x170 HSS12x12x3/8 HSS10x10x5/8 9485509 6542 6657636 

W33x141 7450 W36x170 HSS12x12x3/8 HSS10x10x5/8 8740750 6028 5946405 

W33x141 7450 W36x170 HSS12x12x3/8 HSS10x10x5/8 8546558 5894 5768082 

W30x108 4470 W33x141 HSS12x12x3/8 HSS10x10x5/8 6629219 4572 4480248 

W30x108 4470 W33x141 HSS12x12x3/8 HSS10x10x5/8 7184840 4955 5003224 

W30x108 4470 W33x141 HSS10x8x1/4 HSS9x7x1/2 4333182 2988 2767827 

W30x108 4470 W33x141 HSS10x8x1/4 HSS9x7x1/2 4090789 2821 2573056 

W24x62 1550 W24x62 HSS9x7x3/8 HSS7x5x3/8 1071502 739 671896.5 

W24x62 1550 W24x62 HSS9x7x3/8 HSS7x5x3/8 722555.9 498 418456 
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Story height 
Ext col 

section 
Int col 

section 

No 

of 

cols Mpc_Ex Mpc_In 

1 166.5 W14x257 W24x335 2 50198.225 108958 

2 156 W14x257 W24x335 2 50373.857 109622.2 

3 156 W14x257 W24x335 2 50373.857 109622.2 

4 156 W14x257 W24x335 2 50373.857 109622.2 

5 156 W14x257 W24x335 2 50373.857 109622.2 

6 156 W14x257 W24x335 2 50373.857 109622.2 

7 156 W14x257 W24x335 2 50373.857 109622.2 

8 156 W14x257 W24x335 2 50373.857 109622.2 

9 156 W14x211 W24x207 2 40245.157 64719.02 

10 156 W14x211 W24x207 2 40245.157 64719.02 

11 156 W14x211 W24x207 2 40245.157 64719.02 

12 156 W14x211 W24x207 2 40245.157 64719.02 

13 156 W14x211 W24x207 2 40245.157 64719.02 

14 156 W14x211 W24x207 2 40245.157 64719.02 

15 156 W14x132 W21x147 2 24065.873 39340.63 

16 156 W14x132 W21x147 2 24065.873 39340.63 

17 156 W14x132 W21x147 2 24065.873 39340.63 

18 156 W14x132 W21x147 2 24065.873 39340.63 

19 156 W14x132 W21x57 2 24065.873 13558.97 

20 156 W14x132 W21x57 1 12032.936 6779.484 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



355 

 

Table 133: Beam-column moment ratio check for 20 story SC 2.0 model 

Med_U Mpt_U Mpr Mv_Ex Mv_In Mpb_ext Mpb_in 

 

Ratio_Ex Ratio_In 

11780.7 50428.4 31104.5 4015.3142 5584.7 35119.86 73378 

 

1.43 1.48 

12250 50428.4 31339.2 4045.6083 5626.8 35384.83 73932 

 

1.42 1.48 

11873.6 50428.4 31151 4021.3137 5593 35172.34 73488 

 

1.43 1.49 

11376.7 50428.4 30902.6 3989.242 5548.4 34891.82 72902 

 

1.44 1.50 

10910.8 50428.4 30669.6 3959.1701 5506.6 34628.8 72352 

 

1.45 1.52 

10472.5 50428.4 30450.4 3930.8758 5467.2 34381.32 71835 

 

1.47 1.53 

10019.2 39232.8 24626 3178.9929 4421.5 27804.99 58095 

 

1.81 1.89 

9810.35 39232.8 24521.6 3165.5124 4402.7 27687.09 57849 

 

1.82 1.89 

9071.33 39232.8 24152.1 3040.9646 4138.8 27193.03 56582 

 

1.48 1.14 

8926.74 39232.8 24079.8 3031.862 4126.4 27111.63 56412 

 

1.48 1.15 

8545.76 39232.8 23889.3 3007.8773 4093.8 26897.16 55966 

 

1.50 1.16 

7674.77 39232.8 23453.8 2953.0448 4019.1 26406.83 54946 

 

1.52 1.18 

6907.06 29424.6 18165.8 2287.2434 3113 20453.08 42558 

 

1.97 1.52 

6683.29 29424.6 18053.9 2273.156 3093.8 20327.1 42295 

 

1.98 1.53 

5822.63 27385.7 16604.2 2015.1403 2551 18619.29 38310 

 

1.29 1.03 

6555.92 27385.7 16970.8 2059.637 2630.5 19030.43 39203 

 

1.26 1.00 

4699.19 17374 11036.6 1339.444 1710.7 12376.06 25495 

 

1.94 1.54 

4331.98 17374 10853 1317.1608 1682.2 12170.17 25070 

 

1.98 1.57 

2600.33 6292.8 4446.57 539.65151 669.01 4986.218 10231 

 

4.83 1.33 

1494.1 6292.8 3893.45 472.52336 585.79 4365.974 8958 

 

2.76 0.76 
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Table 134: Story Drift Checks for 20 story Model 

Story 
Elevation 

(in.) 

Story 

height 

(in) 

disp 

(in) 
interstory 

drift 
limit 

(in) 
Check 

1 166.55 166.55 0.211 0.211 0.41638 0.51 

2 322.55 156 0.448 0.237 0.39 0.61 

3 478.55 156 0.69 0.242 0.39 0.62 

4 634.55 156 0.936 0.246 0.39 0.63 

5 790.55 156 1.183 0.247 0.39 0.63 

6 946.55 156 1.433 0.250 0.39 0.64 

7 1102.55 156 1.685 0.252 0.39 0.65 

8 1258.55 156 1.937 0.252 0.39 0.65 

9 1414.55 156 2.225 0.288 0.39 0.74 

10 1570.55 156 2.517 0.292 0.39 0.75 

11 1726.55 156 2.809 0.292 0.39 0.75 

12 1882.55 156 3.093 0.284 0.39 0.73 

13 2038.55 156 3.362 0.269 0.39 0.69 

14 2194.55 156 3.622 0.260 0.39 0.67 

15 2350.55 156 3.952 0.330 0.39 0.85 

16 2506.55 156 4.281 0.329 0.39 0.84 

17 2662.55 156 4.59 0.309 0.39 0.79 

18 2818.55 156 4.879 0.289 0.39 0.74 

19 2974.55 156 5.222 0.343 0.39 0.88 

20 3130.55 156 5.54 0.318 0.39 0.82 

 

 

 

 

 

 

 

 

 

 

 

 



357 

 

Table 135: P-delta checks for 20 story model 

Story Vh 
Story 

shear 

capacity 
beta θmax 

interstory 

drift 
P θ 

1 216 1201.957 0.179707 0.25 0.211 16530.9 0.09696 

2 211.6 1298.6 0.162945 0.25 0.237 15693.7 0.11268 

3 204.4 1285.976 0.158945 0.25 0.242 14862.8 0.1128 

4 196.9 1269.31 0.155124 0.25 0.246 14031.9 0.11238 

5 190.4 1253.683 0.151872 0.25 0.247 13201 0.10978 

6 184.4 1238.981 0.148832 0.25 0.250 12370.1 0.1075 

7 178.2 1223.778 0.145615 0.25 0.252 11539.2 0.1046 

8 171.4 1216.773 0.140864 0.25 0.252 10708.3 0.10092 

9 165.18 956.801 0.172638 0.25 0.288 9877.35 0.1104 

10 159.56 951.9786 0.167609 0.25 0.292 9046.45 0.10612 

11 154 939.2719 0.163957 0.25 0.292 8215.55 0.09986 

12 146 910.2226 0.1604 0.25 0.284 7384.65 0.09208 

13 128 892.4342 0.143428 0.25 0.269 6553.75 0.08829 

14 120 884.971 0.135598 0.25 0.260 5722.85 0.07948 

15 111.2 582.6481 0.190853 0.25 0.330 4891.95 0.09306 

16 101.7 607.4562 0.167419 0.25 0.329 4061.05 0.08421 

17 93.36 545.8061 0.17105 0.25 0.309 3230.15 0.06853 

18 75.8 533.6133 0.14205 0.25 0.289 2399.25 0.05864 

19 75 223.617 0.335395 0.18635 0.343 1568.35 0.04598 

20 42.2 187.2148 0.225409 0.25 0.318 737.45 0.03562 

 

 

 

 

 

 


