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PREFACE 
 

MCEER is a national center of excellence dedicated to the discovery and development of new 
knowledge, tools and technologies that equip communities to become more disaster resilient in 
the face of earthquakes and other extreme events. MCEER accomplishes this through a system of 
multidisciplinary, multi-hazard research, education and outreach initiatives. 

Headquartered at the University at Buffalo, State University of New York, MCEER was 
originally established by the National Science Foundation (NSF) in 1986, as the first National 
Center for Earthquake Engineering Research (NCEER). In 1998, it became known as the 
Multidisciplinary Center for Earthquake Engineering Research (MCEER), from which the 
current name, MCEER, evolved. 

Comprising a consortium of researchers and industry partners from numerous disciplines and 
institutions throughout the United States, MCEER’s mission has expanded from its original 
focus on earthquake engineering to one which addresses the technical and socioeconomic 
impacts of a variety of hazards, both natural and man-made, on critical infrastructure, facilities, 
and society. 

MCEER investigators derive support from the State of New York, National Science Foundation, 
Federal Highway Administration, National Institute of Standards and Technology, Department of 
Homeland Security/Federal Emergency Management Agency, other state governments, academic 
institutions, foreign governments and private industry. 

This report presents a study on the use of fluidic devices as elements of self-centering systems for 
buildings. The behavior of these devices is described based on experimental and analytical 
results for varying conditions of preload, history of motion and temperature. Mathematical 
models of the behavior of the devices are presented and validated by comparison to experimental 
results. Analyses of systems for a wide range of parameters are performed and the results are 
used to verify simplified methods of analysis and to develop design and analysis procedures for 
buildings with fluidic self-centering systems that follow the paradigm of Chapter 18 of the ASCE 
7 Standard. Three and six-story buildings without and with self-centering systems are designed 
per the developed procedures and analyzed by nonlinear response history analysis with due 
considerations for the behavior of the devices and of the yielding structural system. The seismic 
risk-assessment of these buildings is also investigated in terms of collapse and residual drift for 
a particular site location by applying the probabilistic approach of FEMA P695. Finally, a pilot 
study of using fluidic self-centering devices instead of fluid damping devices as elements of 
seismic isolation systems is presented. 

 
 





ABSTRACT 

This report presents a study on the use of fluidic devices as elements of self-centering systems for buildings. 

These devices provide the functions of preload, stiffness and viscous damping incorporated in a single 

compact device. The main effect of these devices is a substantial reduction of residual displacements in 

earthquakes. Since they incorporate fluid damping, they also offer the benefit of reduction of drift. The 

report presents a description of the behavior of these devices and presents results on the behavior of small 

and large fluidic self-centering devices for varying conditions of preload, history of motion and temperature. 

Mathematical models of the behavior of the devices are presented and validated by comparison to 

experimental results. Analyses of systems for a wide range of parameters are performed and the results are 

used to validate simplified methods of analysis and to develop design and analysis procedures for buildings 

with fluidic self-centering systems that follow the paradigm of Chapter 18 of the ASCE 7-2010 Standard. 

Three and six-story buildings without and with self-centering systems are designed per the developed 

procedures and analyzed by nonlinear response history analysis with due considerations for the behavior of 

the devices and of the yielding structural system. The results demonstrate that the design of buildings with 

fluidic self-centering devices per the developed procedures offers benefits of substantial reduction in 

residual drift but also reduced peak drift, peak acceleration, peak shear and base shear forces, and reduced 

floor response spectra by comparison to the code-compliant buildings without fluidic self-centering devices.  

The seismic collapse performance of these buildings is then quantified using the FEMA P695 procedures 

and is compared to the collapse performance of conventional buildings. It is concluded that buildings with 

fluidic self-centering devices designed by the procedures presented in this report have a collapse 

performance comparable to that of conventionally designed buildings. The study also determined that 

increases in the preload, increases in the displacement capacity or increases in the viscous damping constant 

of the self-centering devices have marginal or insignificant effects on the collapse margin ratio. Rather, an 

increase in the collapse margin ratio is obtained for frames having a device-braced system with increased 

ultimate capacity. Also, a study is conducted on the residual drift fragility of buildings with fluidic self-

centering systems, which is calculated and compared to that of conventional buildings. It is shown that 

buildings with fluidic self-centering systems, designed per the procedures of this document, have substantial 

reduction of the probability of exceeding the residual drift limits of 0.2% and 0.5% for any level of 

earthquake. The buildings without and with fluidic self-centering systems are further analyzed to obtain 

information of the mean annual frequency of collapse, the mean annual frequency of exceeding the residual 

drift limits of 0.2%, 0.5%, 1% and 2%, and the related probability of collapse or of exceeding the residual 

drift limits in 50 years. It is concluded that all analyzed systems have a probability of collapse in 50 years 
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of about 1% or less, and that the structures with fluidic self-centering systems have much lower probabilities 

in 50 years of exceeding the residual drift limits of 0.2% and 0.5% than conventional structures. This 

information is of much interest to engineers, building officials, government officials, owners and insurers.
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SECTION 1  
INTRODUCTION 

 

The state-of-practice in the design of building structures is based on the allowance of inelastic action in 

pre-determined locations utilizing a variety of inelastic mechanisms such as yielding beams, yielding 

braces and specially detailed devices like buckling-restraint braces (BRB) and other yielding steel or other 

metallic devices (Constantinou et al., 1998, Christopoulos and Filiatrault, 2006). This approach reduces 

the force demand in the structural elements but at the expense of (a) structural damage to members 

supporting the weight or damage to replaceable parts or devices, and (b) permanent or residual 

deformations of the structure. Seismic protective systems such as seismic isolation and damping systems 

may provide increased protection by reduction of both force and displacement demands as a result of the 

lengthening of the period and an increase in damping (Naeim and Kelly, 1999, Ramirez et al., 2001, 

Constantinou et al., 2007). However, if inelastic action is allowed in the structural system, exclusive of 

the seismic isolation or damping system, residual deformation in the structural system will still occur.  

Only the technology of seismic isolation is capable of and has been used to economically eliminate 

inelastic action in the design earthquake and for important structures for the maximum earthquake. Some 

seismically isolated hospitals in California in the past few years have been designed to be essentially 

elastic in the maximum earthquake (e.g., analysis and design per ASCE 7-2010 (ASCE 7-10, 2010) using 

the maximum earthquake with R=1).  

 

Residual deformations received increased attention in recent years (MacRae and Kawashima, 1997; 

Kawashima et al., 1998; Ruiz-Garcia and Miranda, 2006a and 2006b; Erochko et al., 2011). It is now 

recognized that residual drift is a performance index in building design as it affects building occupancy 

and repair following an earthquake. The guidelines in FEMA P-58 (FEMA, 2012) present more detailed 

information on the relation between the residual story drift and the damage state. Table 1-1 presents this 

information directly from FEMA P-58. The guidelines present the limit of 1% on the residual story drift 

as the threshold where it may be uneconomical and impractical to repair. Moreover, there is increasing 

evidence that a residual drift of 0.5% should be considered as the threshold beyond which a building may 

be more economical to replace rather than repair (McCormick et al., 2008, Erochko et al., 2011, Erochko, 

2013). Another problem with permanent deformations is that they may accumulate to large values and 

result in collapse of the structure.  

 

 



2 

 

Table 1-1 Damage State and Residual Story Drift Ratio (FEMA, 2012) 

Damage 

State 
Description Residual Story Drift Ratio '/h(1) 

DS1 

No structural realignment is necessary for structural
 stability; however, the building may require 
adjustment and repairs to nonstructural and  
mechanical components that are sensitive to 

building alignment  
(e.g., elevator rails, curtain walls, and doors). 

0.2% 

(equal to the maximum out-of-plumb 
tolerance typically permitted in new 

construction) 

DS2 

Realignment of structural frame and related 
structural repairs required to maintain permissible 

drift limits for nonstructural and mechanical  
components and to limit degradation in structural  

stability 
(i.e., collapse safety) 

0.5% 

DS3 

Major structural realignment is required to restore 
margin of safety for lateral stability; however, the 

required realignment and repair of the structure may
 not be economically and practically feasible  

(i.e., the structure might be at total economic loss).

1% 

DS4 
Residual drift is sufficiently large that the structure 
is in danger of collapse from earthquake aftershocks
 (note: this performance point might be considered 
as equal to collapse, but with greater uncertainty). 

High Ductility Systems 

4% � 0.5Vdesign/W 

Moderate Ductility Systems 

2% � 0.5Vdesign/W 

Limited Ductility Systems 

1% � 0.5Vdesign/W 

Notes: (1) h is the story height 
 

Self-centering systems were developed as means to minimize or eliminate permanent deformations and 

thus mitigate the problems associated with such deformations and achieving a higher performance level.  

Self-centering systems and devices are characterized by “flag-shaped” hysteresis; that is, they exhibit 

nonlinear-elastic behavior with some superimposed mechanism for energy dissipation. Many studies have 

demonstrated that systems with this type of behavior have about the same maximum drift as comparably 
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designed conventional systems (bilinear hysteretic behavior) but with substantially less residual drift 

(Christopoulos et al., 2002a; Christopoulos et al., 2003; Pampanin et al., 2003, Tremblay et al., 2008, etc.).  

Notable examples of developed self-centering systems and devices are described in (Christopoulos and 

Filiatrault, 2006). The most recent work on the development of practical self-centering devices at sizes 

suitable for applications (Braconi et al. 2012, Erochko 2013, Erochko et al, 2013, Kammula et al, 2014, 

Chou and Chen, 2015) utilize pre-stressed tendons within large structural tubes to develop the preload, 

and friction devices to provide rigidity and the desired energy dissipation capability. The devices are 

meant to be used as braces. A full scale device that was built and tested (the Telescopic Self-Centering 

Energy Dissipating or T-SCED brace) had a length (excluding connections) of over 6500mm, section 

dimensions of about 300mm by 500mm, preload of about 400kN and force at the displacement capacity 

of 70mm equal to about 800kN. The large size of the device for the output force and displacement 

capacity is apparent. Its complexity is also noted due to a large number of tendons (16) and related 

anchorage details, bolted slotted connections and sliding interfaces. Its lifetime behavior is also unknown 

due to the expected relaxation of load on the frictional interfaces and uncertainties in friction. 

 

Work in self-centering systems has overlooked that modern devices having the desired characteristic flag-

shaped hysteresis have been in use in military and industrial applications over the last 50 years and that 

they have been experimentally and analytically studied as re-centering devices in seismic isolation 

systems some two decades ago. Fluidic self-centering devices operate on principles similar to those of 

fluid viscous dampers (Constantinou and Symans, 1992, 1993; Tsopelas and Constantinou, 1994) and 

utilize the same time-tested technologies. They are highly engineered manufactured products that also 

allow the development of a range of properties within the confined dimensions of a compact unit. For 

example, one such device tested as part of the work in this report was 750mm long (excluding 

connections), had a diameter of 180mm, adjustable preload of 40 to 180kN and maximum force at 50mm 

displacement equal to about 450kN (for the preload of 180kN). The device could be designed to deliver 

viscous damping of linear or nonlinear form and could also be configured to have different damping 

characteristics depending on the direction of motion (more when moving away from the neutral position 

and less when returning towards the neutral position or vice versa). Its major characteristics are 

compactness, capability to deliver a range of properties, ease in adjustability of properties (even in-situ) 

and reliability.  

 

The development of self-centering devices began with the development of large fluidic damping devices 

when large breech loaded cannons were developed in the latter half of the 19th century. In 1862 the British 

Army was the first to use fluidic spring-dampers on gun carriages. At about the same time, the French 
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mass-produced fluidic recoil dampers for their 75mm M1897 artillery piece. The device was a 1.2m 

stroke fluidic damper combined with spring action to attenuate recoil energy and return the gun to the 

battery (Taylor, 2014; Hogg, 1971). The device had all the elements of a modern fluidic spring-damper 

system, albeit for one directional motion and with primitive fluid sealing technology. A modern fluidic 

damper or a fluidic self-centering spring-damper device operates on the same principles but with modern 

seals that provide substantially greater life, higher fluid pressures and complex orificing to produce the 

desired damping functions (Taylor, 2014).  

 

Self-centering devices as elements of seismic protective systems were analytically and experimentally 

studied at the University of California, Berkeley and the University at Buffalo starting in about 1990.   

Richter et al. (1990) described a mechanical device (Energy Dissipating Restraint or EDR) that had the 

desired flag-shaped hysteresis for a self-centering system. The device consisted of a steel tube with an 

integrated friction damper and a preloaded spring in the tube. Small scale tests were also reported (Aiken 

et al, 1992, 1993). The EDR device was never used and the reasons may be attributed to the inability to 

produce compact large force output devices and due to concerns with the longevity of the device (bronze 

on steel sliding interfaces). Aiken et al. (1992, 1993) also reported on testing of shape memory alloy 

devices as energy dissipation systems where they recognized that the flag-shaped hysteresis of these 

materials might be explored for providing limited self-centering capability. More recent studies on shape 

memory alloy devices have highlighted the potential of such materials in self-centering systems (Dolce et 

al., 2000, 2005; Miller et al., 2012; Eatherton et al., 2014). 

 

Fluidic self-centering devices were used in combination with sliding bearings in the testing of a seismic 

isolation system with precise re-centering capability at the University at Buffalo (Taisei Corp., 1993; 

Tsopelas and Constantinou, 1994). (The two devices tested in 1992 at the University at Buffalo have been 

re-tested as part of the work presented in this report). The tested devices were virtually identical to the 

arresting centering spring-damper on the carrier-based Lockheed S-3Viking aircraft. Devices of this type 

and with force output up to 1500kN have been in use by the US Military since the 1970¶s as elements of 

shock isolation systems for missiles, submarines and ships. Moreover, compression-only versions of these 

devices have been in use as shock absorbers in industrial applications dating earlier than 1970. In the 

USA alone, thousands of fluidic devices with re-centering characteristics have been produced and are in 

use today in military and industrial applications. One building complex, the Quebec Iron and Titanium 

Smelter in Tracy, Canada was fitted in 1997 with fluidic self-centering devices as elements of a seismic 

protective system (Taylor Devices on-line catalog of projects).  
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Pekcan et al. (1995, 1999a) investigated the seismic performance of buildings with a self-centering device, 

called Elastomeric Spring Damper (ESD), which operated on principles similar to those of the fluidic 

device investigated by Tsopelas and Constantinou (1994) but the device utilized pressurized elastomer 

(with the substance of silly-putty) instead of oil. These devices were also based on proven hardware 

already in use in industrial applications as shock absorbers. Shake table tests of a concrete model with 

diagonally configured devices and a steel model with an innovative configuration system were conducted.  

Interestingly, the studies of Peckan et al. (1995, 1999a) and the earlier studies of Tsopelas and 

Constantinou (1994) have been completely ignored by investigations that followed despite the fact that 

they were based on existing proven technologies. Instead, efforts that followed concentrated on the 

development of new hardware and in studying the behavior of structures with flag-shaped hysteresis.  

 

Filiatrault et al. (2000) investigated a self-centering device called the Friction Spring Seismic Damper 

(FSSD). The device, originally described in Kar et al. (1996), consisted of a stack of friction or ring 

springs enclosed in a cylinder. The rings consist of two groups, one outer group operated in tension and 

one inner group operated in compression so that preload, stiffness and friction force could be generated.  

The configuration of the device made it difficult to achieve high preload or to easily adjust the preload. 

For example, the device tested by Filatrault et al. (2000) had a preload of 9kN and a total force of 110kN 

at 25mm displacement. The device has a very high restoring force by comparison to the preload (ratio of 

12) whereas a practical limit on the basis of practical large size devices is to have the force at the 

displacement capacity of the device about twice the preload (Erochko, 2013). Nevertheless, the device 

appears to have potential for application but for the issue of friction and its reliability when produced by 

the contact of metal on metal. Particularly, the use of the same metals in the two groups of friction rings 

ensures that friction will substantially change with time when the device is motionless due to cold 

welding (Rabinowicz, 1995). Even when dissimilar metals are used, corrosion becomes a major issue 

(British Standards Institution, 1990, Constantinou et al. 2007). 

 

Starting in about 2000, a number of researchers looked at post-tensioned seismic-resistant connections 

and post-tensioned rocking walls (Ricles et al., 2001; Christopoulos et al., 2002b; Stanton and Nakaki, 

2002; Kurama, 2000) which could be configured to produce flag-shaped hysteresis suitable for self-

centering systems. Earlier studies of Priestley and Tao (1993) and MacRae and Priestley (1994) utilized 

un-bonded post-tensioning which provided self-centering capability but did not dissipate significant 

energy. Energy dissipation is now understood as an important component in self-centering systems.  
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A number of analytical studies since about 2001 have demonstrated the utility of self-centering systems in 

reducing or eliminating residual deformations and have explored the significance of energy dissipation 

and its form (Christopoulos et al., 2002a; Christopoulos et al., 2003; Pampanin et al., 2003; Christopoulos, 

2004, Kam et al., 2008, Kam et al., 2010; Karavasilis and Seo, 2011; Eartherton and Haijjar, 2011).  

 

More recently and having recognized that post-tensioning connections are cumbersome, the efforts 

concentrated on the development of self-centering bracing systems (Tremblay et al., 2008; Christopoulos 

et al., 2008; Erochko, 2013, Erochko et al., 2014a, 2014b; Eatherton et al., 2014, Kammula et al., 2014).  

These works resulted in the development of the Self-Centering Energy Dissipative Bracing System. The 

developed device consists of pre-stressed tendons within large structural tubes to develop the preload, and 

friction devices to provide rigidity and the desired energy dissipation capability. While they have the 

desired characteristics for a self-centering brace, they are clearly complex (many moving parts, large 

number of tendons, numerous connection details, frictional assemblies) and are very large in size.  

Moreover, the frictional assemblies, although consisting of materials that are much more reliable than the 

bimetallic interfaces of the EDR and FSSD, they are still subject to changes with time due to relaxation, 

aging and contamination.   

 

This report concentrates on Fluidic Devices as elements of self-centering systems for buildings. It starts 

with a description of the behavior of these devices based on principles of mechanics. It proceeds with the 

presentation of test results on three devices, (a) a pair of small devices used in 1992 at the University at 

Buffalo in shake table testing of a model structure and re-tested to observe differences in behavior, (b) a 

large device tested under specific conditions of preload, initial temperature and a large number of cycles, 

and (c) a large device tested at three different levels of preload (easily accomplished by adjusting the 

initial pressure of the device) and various motion conditions. These test results are used to illustrate the 

behavior of the devices, to show the effects of time and temperature on their behavior, and to demonstrate 

ease in adjustability of their properties. Mathematical models of the behavior of the devices are presented 

and validated by comparison to experimental results. Analyses of single-degree-of-freedom systems for a 

wide range of parameters are performed and the results are utilized to (a) illustrate the effect of the added 

fluidic self-centering devices on the behavior of the structural system, and (b) to arrive at conclusions on 

the appropriate strategy for selection of the device properties in design. On the basis of these observations, 

a design strategy is developed that parallels the design strategy for buildings with damping systems as 

presented in ASCE 7-2010 (2010). Simplified methods of analysis are presented, again on the basis of the 

procedures for the design of buildings with damping systems (ASCE 7-10, 2010; Ramirez et al., 2001), 

and verified by comparison to rigorous response history analysis results. Three and six-story buildings 
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without and with self-centering systems are designed per ASCE 7-10 (2010) procedures (for the 

conventional buildings) and per procedures developed in this report (for the buildings with self-centering 

fluidic devices). The response of the buildings is then obtained by simplified analysis and by nonlinear 

response history analysis with due considerations for the behavior of the devices and of the yielding 

structural system. 

 

The seismic collapse performance of the two buildings is quantified using the FEMA P695 procedures 

(FEMA P695, 2009; Vamvatsikos and Cornell, 2002; Haselton, 2006; Haselton and Deierlein, 2007; 

Haselton et al., 2008; Liel et al., 2011; Lignos and Kranwinkler, 2011, 2013) and compared to that of 

conventional buildings. It is concluded that buildings with fluidic self-centering devices designed by the 

procedures presented in this report have a collapse performance comparable to that of conventionally 

designed buildings (in terms of the collapse margin ratio for the Maximum Earthquake). Moreover, the 

study varies the parameters of the fluidic devices, of the bracing system and of the strength of the frame. 

It is determined that increases in the preload, increases in the displacement capacity or increases in the 

linear viscous damping constant of the devices have marginal or insignificant effects on the collapse 

margin ratio. Rather, an increase in the collapse margin ratio was calculated for frames having a device-

braced system with increased ultimate capacity and for frames with increased frame strength. 

 

The study is then extended to study the residual drift fragility of buildings with fluidic self-centering 

systems and to compare them with those of conventional buildings. It is shown that buildings with fluidic 

self-centering systems, designed per the procedures of this document have substantial reduction of the 

probability of exceeding the residual drift limits of 0.2% and 0.5% for any level of earthquake. 

 

Buildings without and with fluidic self-centering systems are further analyzed to obtain information of the 

mean annual frequency of collapse, the mean annual frequency of exceeding the residual drift limits of 

0.2%, 0.5%, 1% and 2%, and the related probability of collapse or of exceeding the residual drift limits in 

50 years (Medina and Krawinkler, 2004; Ibarra and Krawinkler, 2005; Krawinkler et at., 2006; Champion 

and Liel, 2012; Eads et al, 2013; Elkady and Lignos, 2014). This information is of much interest to 

engineers, building officials, government officials, owners and insurers. It is concluded that all analyzed 

systems have a probability of collapse in 50 years of about 1% or less, which is desirable. Also, the 

structures with fluidic self-centering systems have much lower probabilities in 50 years of exceeding the 

residual drift limits of 0.2% and 0.5% than conventional structures. 
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Finally, a study is presented on the effects of replacing viscous damping devices in seismic isolation 

systems by equivalent fluidic self-centering devices with identical damping characteristics and preload 

related to the minimum strength in the isolation system. It is observed that the use of the fluidic self-

centering devices results in reduction of the residual displacements by four fold to six fold, in a small 

reduction of the peak isolator displacement and an increase in the peak floor accelerations and story drift 

ratio by as much as 15%. 
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SECTION 2  
PRINCIPLES OF OPERATION AND MODELING OF FLUIDIC SELF-

CENTERING DEVICES 
 

2.1 Introduction 
This section describes the principles of operation of the fluidic self-centering device.  It is largely based 

on Tsopelas and Constantinou (1994) and Taylor and Lee (undated). The device is a compact 

compression-only fluidic spring-damper that is pressurized to develop preload. Spring force is developed 

by compressing the silicone oil in the device. Damping forces are developed by orificing the silicone oil 

at the time it is compressed. A mechanism is added to the compression-only device to maintain 

compression of the fluid whenever the device is in the compression or tension. (Details will be provided 

in the sequel). The device operates at high fluid pressure with special seal design. The seals consist of 

very soft material that flows under high pressure in order to seal microscopic surface roughness patterns 

and prevent oil leakage. Two devices manufactured by Taylor Devices and tested at the University at 

Buffalo in 1992 have been in storage without any leakage for 22 years. They were re-tested in 2014 and 

results will be presented in this report.   

 

2.2 Principles of Operation 
The principle of operation of the device is illustrated in Figure 2-1. A cylinder is completely filled with 

silicone oil. 

 

 
Figure 2-1 Principle of Operation of Fluidic Self-Centering Device  

A rod of area Ar is forced into the cylinder so that the fluid volume is reduced by 'V=Aru, where u is the 

imposed displacement of piston rod. The overpressure p in the cylinder is:  
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r

Fp
A

                                                                                (2-1) 

where F is the force acting on the rod. The overpressure p may be related to the change of volume using 

the volumetric relation: 

Vp K
V
'

                                                                            (2-2) 

where K is the bulk modulus of the oil and V is the fluid volume. Equations (2-1) and (2-2) result in: 
2
rKAF u

V
                                                                           (2-3) 

This relation is depicted in Figure 2-2 (a). 

  

 
Figure 2-2 Components of Force in Fluidic Self-centering Device 

 

Generally, this relation is nonlinear because the bulk modulus of the oil is dependent on the total pressure 

pT (initial pressure plus instantaneous pressure) and the fact that the volume V reduces with increasing 

displacement so that V=V0-Aru, where V0 is the initial fluid volume (at zero displacement). Therefore, 

more acurately: 

� � 2
T r

0 r

K p A
F

V A u
 

�³                                                                (2-4) 
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where K(pT) is the pressure dependent bulk modulus of the oil. An example of an empirical relation for 

bulk modulus to pressure dependency of one silicone oil used in damping devices was given in Symans 

and Constantinou (1995): 

� �864 4.166K p MPa �                                                       (2-5) 

Note the bulk modulus relation to the pressure is nonlinear and Equation (2-5) is only valid in a specific 

range of pressure (about 50 to 110MPa). The bulk modulus also depends on temperature so that the above 

equation is representative for a narrow range of temperatures. Considering a pressure in the range of 73 to 

116MPa (for which devices were tested and results are presented in this report), the values of the bulk 

modulus are in the range of about 1168 to 1347MPa, or about �7% from the mean value. This indicates 

that the nonlinearity due to the dependency of the bulk modulus of the oil to the pressure is small. Based 

on data on the bulk modulus to pressure relation, it is known that nonlinearity in stiffness reduces as the 

initial pressure increases. However, larger nonlinearities may be obtained when there is significant 

reduction of the fluid volume, where the increase in force is further amplified by the increase in the bulk 

modulus of the compressed fluid. This may be desirable and also is easily controlled by the selection of 

the geometric parameters of the device: initial volume and area of piston.  

  

Friction in the seal of the devices alters the force-displacement relation to the form depicted in Figure 2-2 

(b). Note that the friction force in this device is typically very small (about 5% of preload F0). 

By pressurizing the device to an initial pressure p0, a preload F0 develops as: 

0 r 0F A p                                                                          (2-6) 

The preload F0 must be exceeded for the rod to be moved. The resulting force-displacement relation is 

shown in Figure 2-2 (c). 

 

The piston head supports the rod and provides resistance to fluid transfer across the head during stroking. 

The area and shape of the orifices on the piston head determine the level and nature of the developed 

viscous damping force. This viscous damping force is related to the velocity of the piston rod. A complete 

force-displacement loop is depicted in Figure 2-2 (d). It may be noted that the loop in this figure is shown 

with viscous force being more in the direction of motion away of the centered position than the opposite 

direction when the motion is towards the centered position (this is also seen in actual loops of the tested 

devices in this report-see Figure 2-6 for a sample). This behavior is desirable in cases of very high 

velocity motion when the piston rod re-centering may be delayed by the large damping force on reversal 

of motion. The effect of the form of the damping force is investigated in the studies presented in this 

report. 
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A schematic of the self-centering device, including the mechanism for compression-tension operation, is 

shown in Figure 2-3. The device consists of a compression-only spring-damper of which the cylinder is 

identified in the figure. The cylinder is encased in an external sleeve, denoted as cylinder sleeve in the 

figure. Note that in the neutral position the over-center pins bear against the edge of a slot that is cut out 

of the cylinder and sleeve. A view of one of the tested devices in the neutral position is also shown in the 

figure. The capacity for displacement of this device is 50 mm.  

 

 
 

 

Figure 2-3 Schematic and View of Fluidic Self-Centering Device in Neutral Position  
When the device operates in compression, the piston clevis moves as shown in Figure 2-4. A view of a 

device during testing in compression is included in the figure. Note that the over-center pin moves within 

a slot through the cylinder and sleeve. 

SLOT THROUGH  
CYLINDER AND 

SLEEVE 

OVER-CENTER PIN 

CLEVIS 

DISPLACEMENT 
CAPACITY 
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Figure 2-4 Operation of Fluidic Self-Centering Device in Compression 

 

When the device operates in tension, the over-center pins react against the edge of the slot through the 

cylinder and sleeve so that the sleeve and cylinder move as shown in Figure 2-5.   

 

 
Figure 2-5 Operation of Fluidic Self-Centering Device in Tension 

The schematic in Figure 2-6 provides a clearer illustration of the operation of the device.   

 

CYLINDER MOVES 
OUTWARDS 

OVER-CENTER PIN 
MOVES IN SLOT 
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Figure 2-6 Illustration of Behavior of Device in Compression and Tension (dimensions shown are 

for the tested large size device of Section 3) 
 

The compression-tension device has identical behavior in tension and compression owing to the fact that 

it only operates in compression. An example of force-displacement loops is shown in Figure 2-7 where 

the basic properties of preload F0 and stiffness K0 are identified. Note that the stiffness in this example is 

essentially independent of the displacement as a result of the selection of the fluid volume and piston area.   
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Figure 2-7 Typical Force-displacement Loops of Fluidic Self-Centering Device 

 

2.3 Mathematical Modeling 
The force in a fluidic self-centering device consists of the preload, the restoring force, the friction force in 

the seal and the fluid damping force. These four components are evident in the force-displacement loops 

of Figure 2-7. The following equation has been proposed by Tsopelas and Constantinou (1994) to 

describe the behavior of the device:  

� � � � � �0 0 min 01 exp sgn sgnt dF F u u K u F K u Z F uG ]ª º � � � � ª � º �¬ ¼¬ ¼ �                 (2-7) 

where the first term represents the preload, the second term the restoring force, the third term the seal 

friction force and the last term the fluid damping force. 

 

The preload term could, for ideal conditions, be represented by a term F0sgn(u), which presumes infinite 

stiffness at zero displacement. In reality, the stiffness of the device is not infinitely large at zero 

displacement. Rather, it has a large value which is dependent on the velocity of motion of the piston rod. 

This behavior is accounted for in the model by the exponential term for the preload. Note that the initial 

stiffness (at zero displacement) is given by Kin=F0G� and that parameter G is dependent on velocity and 

represents the inverse of a displacement at which the slope changes from the initial value Kin to K0. 

 

DISPLACEMENT u 

FORCE F

K0

F0

-F0

STATIC

DYNAMIC
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Tsopelas and Constantinou (1994) proposed an equation to describe the velocity dependence of parameter 

δ and, therefore, the initial stiffness. That equation was generalized as presented below (the original 

equation had Gmin=0): 

� � � �min 0 min 1exp uG G G G G � � � �    (2-8) 

� 0 1

0 1

Equation (2-8) is generally valid for velocities less or equal to 600mm/sec. For larger values of velocity 

the limit value of į calculated for the velocity of 600mm/sec should be used. Note that the initial stiffness 

for quasi-static conditions (ݑሶ ൌ 0) is given by F0G ��The values of parameters G , Gmin and G  are obtained 

experimentally. Values of parameters proposed by Tsopelas and Constantinou (1994) and based on 

observation of the behavior of a tested small size device is G =1.78mm-1, Gmin=0 and G =0.00385sec/mm.  

The second term in Equation (2-7) represents the restoring force. In general, the device has nonlinear 

restoring force but the nonlinearity typically is often too small to be of practical significance. In the 

test results of various devices presented in the next section, the nonlinear behavior is noticeable only in 

cases in which the initial pressure (preload) was low. 

The third term in Equation (2-7) represents the seal friction. The sub-term ]K0_u_ accounts for increased 

friction in the seal as a result of increased internal pressure during stroking. The value of ] is obtained 

from observation of the force-displacement loops under quasi-static conditions. The increase in friction is 

not significant, so that a typical value for parameter ] is zero.  Parameter  Zt represents a continuous 

representation of sgn(ݑሶ ) and is based on modeling of sliding bearings (Constantinou et al, 1990).  

Parameter Zt is governed by the following equation: 
1 0t t t tYZ u Z Z u Z AuK KJ E�� � �  � � � �      (2-9) 

where the parameters have the following values based on theoretical considerations Y=0.25 mm, A=1, 

E=0.1, J=0.9, η=2. 

The fourth term in Equation (2-7) represents the fluid viscous damping force. The device may be 

configured to produce damping force within a range of behaviors as described below: 
1

1 1
2

2 2

0

0
d

F C u when uu
F

F C u when uu

D

D

  !° ®
 �°̄

� �

� �
 (2-10) 

The damping force described by Equation (2-10) is nonlinear viscous and the values of parameter αi can 

be reliably delivered in the range of 0.4 to 1.2. Also, Equation (2-10) describes a damping force that 

differs depending on the direction of motion, as expressed by the sign of the product of displacement and 
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velocity. This is accomplished by utilization of a lower orifice area when stroke increases (uu̇!0) than 

when the stroke decreases (uu̇�0).  

 

The various parameters in the model are graphically shown in Figure 2-8.  

 

 
Figure 2-8 Definition of Terms in Model of Fluidic Self-centering Device 

 

The mathematical model described in this section has been incorporated into program OpenSees 

(McKenna, 1997). Comparisons of experimental and analytical results are presented in Section 3.  
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SECTION 3  
BEHAVIOR OF FLUIDIC SELF-CENTERING DEVICE AND MODEL 

VALIDATION 

3.1 Introduction 
This section presents experimental results on the behavior of two devices: (a) one small size device 

originally tested in 1992 (Tsopelas and Constantinou, 1994) and re-tested in 2014, and (b) a large size 

device of which two identical units were tested, one in 2009 and another in 2014. The latter device has 

been tested at three different values of initial pressure in the range of 29 to 116MPa, resulting in preload 

in the range of 44kN to 178kN. The devices were tested at temperature in the range of zero to 50oC to 

reveal the effect of temperature on their behavior.   

The experimental results are compared with analytical predictions based on the model presented in 

Section 2. The comparison serves the purpose of validating the analytical model.  

3.2 Small Size Device 
Two small size devices were used in 1992 in the shake table testing of a precise-positioning seismic 

isolation system (Taisei, 1993, Tsopelas and Constantinou, 1994). These two devices were kept in storage 

since 1994 and were re-tested in 2014. Figure 3-1 shows a drawing and a photograph of one of the 

devices. 

The device is virtually identical to the arresting centering spring-damper on the carrier-based Lockheed S-

3 Viking aircraft.  Figure 3-2 shows an S-3 Viking aircraft during an approach to land on a carrier.  The 

arresting hook is visible.  The S-3 was retired from front-line fleet service aboard aircraft carriers in 2009.  
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. 

 

Figure 3-1 Tested Small Size Fluidic Self-Centering Device (manufactured in 1992) 
 

 

 
Figure 3-2 S-3 Viking Aircraft during Landing (arresting hook with centering spring-damper is 

visible) (http://www.navy.mil/view_image.asp?id=7171) 

 
The two devices were tested in accordance with the test matrix of Table 3-1. 

 

ARRESTING 
CABLE 
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WITH CENTERING 
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Table 3-1 Test Matrix for Small Size Device 

Test  
No. 

Device  
No. 

Frequency 
Hz 

Amplitude 
mm 

Number of  
Cycles 

Recorded Temperature 
at Start of Test 

Ԩ 
1 1 0.01 45 5 21 
2 1 0.5 45 5 21 
3 1 1.0 12.5 5 24 
4 1 1.0 25 5 24 
5 1 1.0 37.5 5 24 
6 1 1.0 45 5 24 
7 1 0.01 45 5 51 
8 1 1.0 45 5 52 
9 1 0.01 45 5 1 
10 1 1.0 45 5 2 
11 2 0.01 45 5 21 
12 2 0.5 45 5 21 
13 2 1.0 12.5 5 23 
14 2 1.0 25 5 23 
15 2 1.0 37.5 5 23 
16 2 1.0 45 5 21 

 

 

Testing was conducted by imposing five cycles of sinusoidal history of displacement with specified 

amplitude and frequency. The surface temperature of the device at the start of each experiment was 

recorded. Sufficient idle time between tests was allowed for any heating effects to diminish. Figure 3-3 

shows a view of the test set-up. Note that the load cell is mounted at the reaction frame so that it measures 

the reaction (so that the measured force did not include any inertia effects of the moving actuator parts). 

Also note that the arrangement shown is for the testing at elevated temperature (hence the heating tape). 

The low temperature tests were conducted with a plastic bag containg ice placed around the device. 
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Figure 3-3 Test Set-up for Small Size Device 

 
Figure 3-4 present the recorded force-displacement loops of devices No. 1 and 2 at normal temperature.  

Note that device No. 2 has a slightly lower preload than device No. 1. Unfortunately, data from the 1992 

testing were available for only one of the two devices and unknown for which of the two devices.  Thus, it 

is not known if the difference existed since the manufacturing of the devices or it is the result of 22-year 

aging. The difference is small and within the typical �15% of tolerance in properties allowed in 

production.  

 

Figure 3-5 compares the force-displacement loops of both devices tested in 2014 to the loops of the one 

device available from the testing in 1992.  Note that it was not known which of the two devices was tested 

in 1992.  The test data of device No.1 are essentially the same as those of the device tested in 1992.  We 

presume that this was device No. 1 and, therefore, there was insignificant change in behavior over a 

period of 22 years. 

 

Figure 3-6 compares the recorded force-displacement loops of device No. 1 for various values of the 

temperature at the start of the test (about 1oC, 20oC and 50oC).  It is evident that temperature affects the 

value of preload but not the stiffness or the fluid damping force.  This is due to changes in the initial 

pressure of the device, which proportionally affects the preload but only marginally affects the stiffness 

and damping force.  The relation of preload F0 and temperature T is essentially linear (for the tested 

device, F0=4.4�(T-20) in units of kN and degrees centigrade).  The relation will be further discussed in 

the testing of a large device later in this section. 

 

 

DEVICE
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Figure 3-4 Recorded Force-Displacement Loops of Devices No. 1 and 2 
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Figure 3-4 (Continued) 
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Figure 3-5 Comparison of Force-Displacement Loops of Devices No. 1 and 2 Tested in 2014 and 

Device Tested in 1992 
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Figure 3-5 (Continued) 
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Figure 3-6 Effect of Temperature on Behavior of Device No. 1  

 

3.3 Large Size Device 
Two identical units of a large size device were tested at the testing facility of Taylor Devices in North 

Tonawanda, NY.  Figure 3-7 shows a drawing of the device and a view of one of the devices during 

testing.  Note that the force is measured by a load cell mounted on the moving actuator rod. The weight of 

the moving parts (including those of the device, actuator head and half of load cell) equaled 1500N when 

moving in compression and to 1785N when moving in tension.  The resulting peak inertia force during 

testing was less than 2.7kN based on the highest recorded acceleration of 1.5g.  When the recorded force 

was corrected for inertia effects, there was no observable difference in the results.  
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Figure 3-7 Tested Large Size Fluidic Self-Centering Device 
 

The first unit was a production device for an application in a military shock isolation system of which the 

details are unknown to the authors of this report. The device had an initial pressure of 73MPa at the 

temperature 20oC. The piston rod area was 1534mm2 (diameter of piston rod equal to 1.74in or 44.2mm) 

and the displacement capacity was �50mm. The device was tested quasi-statically at three different 

temperatures (-1, 20 and 51oC at the start of testing) to reveal the effect of temperature on the preload and 

seal friction. Results are presented in Figure 3-8. The device was conditioned in an environmental 

chamber for a minimum of 18 hours and then moved to the testing equipment and tested within 30 

minutes. Note that the temperature shown in the graphs was recorded at the start of each test. 
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The data demonstrate a linear relation between preload and temperature, which for the tested device is 

given by F0=113�1.6(T-20) in units of kN and degrees centigrade.  This relation is predictable by 

assuming that the change of temperature does not result in any change of volume of the device cylinder 

(the coefficient of linear thermal expansion of the 17-4 Precipitation Hardening stainless steel used for the 

cylinder is 1.1x10-5/oC or about 80 times smaller than the volumetric thermal expansion coefficient of the 

silicone oil).  Accordingly, the change in preload is given by 

0 rF KA TD'  '                                                               (3-1) 

where α is the volumetric thermal expansion coefficient of the silicone oil (=0.0009/oC), K is the bulk 

modulus of the fluid, Ar is the piston rod area and ǻT is the change in temperature.  Using Equation (2-5) 

and initial pressure of p0=73MPa at the temperature of 20oC, K=1168MPa, and for the piston area of 

1534mm2 (piston rod diameter 44.2mm), we calculate a preload F0=p0Ar=112kN and αKAr=1.61kN/oC, 

which agree very well with the experimental values of 113kN and 1.6kN/oC, respectively. 

 

 
Figure 3-8 Effect of Temperature on Force-Displacement Loops of Large Size Fluidic Self-

Centering Device under Quasi-static Conditions 
 

The second large size unit was manufactured as an extra device during manufacturing of production 

devices for an unknown military application.  The device was identical in geometry and materials as the 

previously tested device but the internal pressure was adjusted in order to demonstrate the effect on 

behavior.  The device was pressurized to three different pressures, 29, 72.5 and 116MPa, and testing was 

conducted at a temperature of about 23oC.  The process of pressurizing the device and testing (total of 12 

tests) took a total of two hours.  This demonstrates the ease by which the internal pressure and preload can 

be adjusted. 
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Figures 3-9 to 3-11 present the recorded force-displacement loops in the testing of the device for the three 

cases of initial pressure.  For each case, a quasi-static test was conducted at amplitude of 50mm, followed 

by three dynamic tests, each of 5 cycles at amplitude of 38mm and frequency of 0.5, 1.0 and 2.0Hz.  The 

figures also include analytically predicted force-displacement loops, for which the analysis will be 

described in the sequel.  Note that the loops show some fluctuation in the force. This is due to fluctuations 

in the velocity of the imposed motion, which was not of perfect sinusoidal form.  For example, Figure 3-

12 shows the imposed histories of displacement and velocity in the test of the device at pressure of 

116MPa and frequency of 2Hz.   
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Figure 3-9 Recorded Force-Displacement Loops of Device at Initial Pressure of 29MPa 
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Figure 3-10 Recorded Force-Displacement Loops of Device at Initial Pressure of 72.5MPa 
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Figure 3-11 Recorded Force-Displacement Loops of Device at Initial Pressure of 116MPa 

 

   
 

 
 

Figure 3-12 Recorded Histories of Imposed Displacement and Velocity in Test of Device at Pressure 
of 116MPa and Frequency of 2Hz 
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(1) The preload is the nominal value obtained by use of Equation (2-6) with the nominal value of

pressure and a piston road area Ar=1535mm2.  Note that the nominal pressure in the table has a

tolerance of �0.7MPa. The value of preload is thus predictable within a range.  For example, for

the device at pressure of 29MPa, the range of values of preload is 43.4 to 45.6kN.

(2) The friction force Fmin was assigned a value equal to 0.06 times the nominal value of the preload.

The value of 0.06 is consistent with observations of behavior of devices of small and large size.

(3) The value of the stiffness K0 was based on the test data under quasi-static conditions.  The value

is simply the peak force at maximum displacement minus the preload and divided by the

maximum displacement (=50mm).  This provides a representative effective stiffness, whereas the

actual stiffness may have some nonlinear relation to the displacement.  This is evident in the

force-displacement loops of the device at the lowest pressure of 29MPa in Figure 3-9. The

stiffness can be predicted by theory on the basis of Equations (2-3) and (2-4) but with corrections

to account for the effect the cylinder deformation under the action of the fluid pressure and using

a detailed representation of the bulk modulus to pressure relation. The manufacturer of the device

actually predicted the value of stiffness with good accuracy but detailed calculations are

proprietary and therefore not be presented in this report. Specifically, the predicted values of

stiffness (based on the nominal pressure) were 1.9kN/mm, 2.6kN/mm and 3.4kN/mm.  Note that

the predicted values are within �15% of the actual values determined in the experiment, which is

the typical manufacturing tolerance.

(4) The damping force was based on prediction by the manufacturer of the devices (the calculations

are highly empirical and proprietary).  The form of the damping force followed the model of

Equations (2-10) with nominal values C1=7.32 kN (sec/mm)0.4, C2=5.86 kN (sec/mm)0.4, and

D1=D2=0.4.  The manufacturing drawings indicated that the damping force is given by Equations 

(2-10) with a tolerance of �10%.  Accordingly, constants C1 and C2 are expected to be in the 

range of 6.6 to 8.1 kN (sec/mm)0.4 and 5.3 to 6.5 kN (sec/mm)0.4, respectively.   

(5) Other parameters were assigned the values ȗ=0, G0=1.78mm-1, Gmin=0 and G1=0.00385sec/mm on

the basis of recommendations by Tsopelas and Constantinou (1994).

Table 3-2 Parameters in Analytical Model of Large Size Fluidic Self-Centering Device 

Nominal Pressure (MPa) F0 (kN) Fmin (kN) K0 ( kN/mm) 
29.0 44.4 2.6 2.1 
72.5 111.2 6.7 2.7 

116.0 177.9 10.7 3.0 
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The analytically determined force-displacements loops of the device in Figures 3-9 to 3-11 are in good 

agreement with the experimental loops.  Given that the analytical prediction was based on theory and 

experience without actual use of the test results (apart for the values of stiffness K0), the model used may 

be declared validated.  Note that the use of theory and experience can predict the values of peak forces 

within a typical range of �15% of the peak forces predicted by use of the nominal values of the model 

properties.  Within the context of bounding analysis, analyses need to be performed with upper and lower 

bound values of properties in the model to obtain bounds on the response of the analyzed structural 

system.  This would require application of factors of 1.15 and 0.85 (per ASCE 7-2016 terminology-see 

McVitty and Constantinou, 2015- these will be the Ȝtest values) on the values of preload F0, stiffness K0, 

and coefficients C1 and C2.  Other parameters may be assigned the values used in the model in this report 

(see item 5 above) and a value of Fmin=0.06 F0. 



SECTION 4  
SEISMIC RESPONSE OF SINGLE-DEGREE-OF-FREEDOM SYSTEM 

WITH FLUIDIC SELF-CENTERING DEVICES 

4.1 Introduction 
A number of studies investigated and compared the behavior of structural systems having bilinear 

hysteretic behavior and flag-shaped hysteretic behavior by analyzing single-degree-of-freedom 

representations (Christopoulos et al., 2002a, 2003; Christopoulos 2004; Kam et al, 2010; Karavasilis and 

Seo, 2011; Eatherton and Hajjar, 2011). The studies utilized generic representations of conventional 

structural systems and self-centering systems in which the conventional structural system behavior was 

modelled as bilinear hysteretic (perfect or deteriorating) and the self-centering system was modelled as 

bilinear elastic with added energy dissipation capability in hysteretic or viscous forms. Also, the studies 

utilized different ground motion suites, with some studies only considering far-field motions and others 

considering both far-field and near-fault motions. Invariably, these studies demonstrated that self-

centering systems reduce or eliminate residual deformations. Some studies also showed that the self-

centering systems generate higher peak acceleration response (or peak shear force) than that of 

comparable elasto-plastic systems and that they result in residual deformations that are not sensitive to 

decreasing values of post-yielding stiffness.  

The study reported in this section of the report follows the paradigm of these studies but concentrates on 

the behavior of inelastic structural systems with added fluidic  self-centering having the behavior  

described in Section 3 of this report. That is, the fluidic self-centering devices are viewed as devices 

similar to damping devices that are added to a structural system that has by itself resistance to lateral loads. 

Furthermore, it considers viscous damping behavior not previously contemplated as possible but readily 

deliverable with fluidic devices such as asymmetric force (e.g., more on loading than on unloading) and 

with linear and nonlinear dependency on the velocity of motion. Moreover,  the  study  (a) considers  

seismic motions with far-field and near-fault characteristics, (b) distinguishes between motions with 

pulse-like and non-pulse-like characteristics based on contemporary classifications (Baker, 2007), (c) 

distinguishes between design level and maximum earthquake level, and (d) selects and scales motions on 

the basis of the currently applicable ASCE 7-2010 standard. 

Results are presented with the particular intention of (a) identifying values of preload as a fraction of the 

structural system¶s strength exclusive of the self-centering devices that result in acceptably low residual 
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deformations, (b) observing the effect of the form of viscous damping (linear, nonlinear and asymmetric) 

on the response, and (c) comparing the ductility demand, peak displacement, residual displacement and 

peak acceleration of systems with and without fluidic self-centering devices. 

 

4.2 Selection and Scaling of Earthquake Ground Motions 
Analysis of generic single-degree-of-freedom systems with fluidic self-centering devices was conducted 

with seismic motions selected from historic events and scaled to represent in an average sense particular 

response spectra at the design and the maximum earthquake levels. A Risk-Targeted Maximum 

Considered Earthquake (MCER) response spectrum was constructed per ASCE 7, 2010 for a location in 

California (latitude 37.8814oN, longitude 122.08oW) with characteristic values of SMS=1.875g and SM1= 

0.9g. The Design level response spectrum (DE) has characteristic values equal to 2/3 of those of the 

MCER, so SDS=1.25g and SD1= 0.6g. The spectra of the two levels of earthquake are shown in Figure 4-1. 

 
Figure 4-1 MCER and DE Response Spectra (5-% damped) Considered in Study 

 

Sets of motions representative of the MCER spectrum and with near-fault pulse-like, near-fault non-pulse-

like or far-field ground characteristics were used in the study. The distinction between pulse-like and non-

pulse-like motions was necessitated by the recognition that substantially larger displacement demands 

occur in the case of pulse-like motions than in the case of non-pulse-like motions when systems with 

large effective period are considered (Pant et al., 2013). The selection of the near-fault ground motions 

was based on the procedure described in Pant et al. (2013), which was based on the classification of Baker 

(2007). The selection of far-field ground motions was based on FEMA (2009). The ground motions 

selected and some of their characteristics are presented in Tables 4-1 to 4-3 for the near-fault pulse-like 

motions, the near-fault non-pulse-like motions and the far-field motions, respectively. Note that each 

selected ground motion was rotated along the fault-normal and fault-parallel directions and that only the 

0.0

0.5

1.0

1.5

2.0

0 1 2 3 4 5

Sp
ec

tra
l a

cc
el

er
at

io
n 

(g
) 

Period (second)

MCER response spectrum 

DE response spectrum 



39 

 

fault normal components were used in the analysis (the fault-parallel components are typically less 

intense and disregarded in this study). Each of the three ensembles of motions consisted of seven 

components. 

 

The selected ground motions were spectrally matched to the MCER response spectrum using procedures 

described in Hancock et al. (2006). The average of the scaled motions is compared to the target MCER 

spectrum in Figures 4-2 to 4-4 for near-fault pulse-like, near-fault non-pulse-like and far-field ground 

motions, respectively. Histories of the scaled ground motions are shown in Figure 4-5 for the near-fault 

pulse-like and non-pulse-like cases and Figure 4-6 for the far-field ground motions. Note that each of the 

scaled motions was lengthened with 15 seconds of zeroes to allow for the calculation of the free vibration 

response and any residual deformation. 

 

Table 4-1 Near-Fault Pulse-Like Ground Motions (Fault Normal Components) 

No. Event Year Station Magnitude Site
class 

PGA
>g@ 

PGV 
>cm/s@

1 Imperial Valley 1979 El Centro Array �7 6.5 D 0.46 108.8
2 Loma Prieta 1989 LGPC 6.9 C 0.94 96.8 
3 Loma Prieta 1989 Saratoga, W. Valley Coll. 6.9 C 0.40 71.2 
4 Northridge 1994 Jensen Filter Plant 6.7 C 0.52 67.6 
5 Northridge 1994 Sylmar, Converter Sta. East 6.7 C 0.84 116.2
6 Kobe, Japan 1995 Takarazuka 6.9 D 0.65 72.7 
7 Duzce, Turkey 1999 Bolu 7.1 D 0.78 55.0 

 

 

Table 4-2 Near-Fault Non-Pulse-Like Ground Motions (Fault Normal Components) 

No. Event Year Station Magnitude Site
class 

PGA
>g@ 

PGV 
>cm/s@

1 Gazli, USSR 1976 Karakyr 6.8 C 0.60 64.9 
2 Imperial Valley 1979 Bonds Corner 6.5 D 0.76 44.2 
3 Northridge 1994 LA-Sepulveda VA Hospital 6.7 C 0.73 63.2 
4 Northridge 1994 Pacoima Kagel Canyo 6.7 C 0.53 56.0 
5 Kobe, Japan 1995 Nishi-Akashi 6.9 C 0.48 33.7 

6 Chi-Chi,  
Taiwan 1999 TCU067 7.6 C 0.56 91.7 

7 Hector 
Mine 1999 Hector 7.1 C 0.34 37.0 
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Table 4-3 Far-Field Ground Motions (Fault Normal Components) 

No. Event Year Station Magnitude Site
class 

PGA
>g@ 

PGV 
>cm/s@

1 Superstition  
Hills 1987 El Centro Imp. Co. 6.5 D 0.36 46.0 

2 Loma Prieta 1989 Capitola 6.9 D 0.53 35.0 
3 Kobe, Japan 1995 Shin-Osaka 6.9 D 0.24 38 

4 Kocaeli,  
Turkey 1999 Duzce 7.5 D 0.36 59 

5 Kocaeli,   
Turkey 1999 Arcelik 7.5 C 0.22 40 

6 Friuli, Italy 1976 Tolmezzo 6.5 C 0.35 31 
7 Northridge 1994 Canyon Country ± WLC 6.7 D 0.48 45.0 

 

  

 

 

 

 

 

 

  
 

Figure 4-2 Comparison of Response Spectra of Scaled Near-Fault Pulse-Like Motions and Target 
Spectrum 

 

 

 

 

 

 

 

 

 
Figure 4-3 Comparison of Response Spectra of Scaled Near-Fault Non-Pulse-Like Motions and 

Target Spectrum 
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Figure 4-4 Comparison of Response Spectra of Scaled Far-Field Motions and Target Spectrum 

 

Figure 4-5 Histories of Acceleration of Scaled Near-Fault Motions  
(Left Column: Pulse-Like, Right Column: Non-Pulse-Like) 
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Figure 4-5 (Continued) 
 

  

  

  
 

Figure 4-6 Histories of Acceleration of Scaled Far-Field Motions 
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Figure 4-6 (Continued) 

 
4.3 Analyzed Single-Degree-of-Freedom Systems 
The analyzed system consisted of a SDOF system with smooth bilinear hysteretic behavior representing 

the primary structural system and with added fluidic self-centering devices. The selection of parameters 

of the primary structural system followed the paradigm of Ramirez et al (2001) in the study of damping 

systems. Figure 4-7 shows the lateral force-displacement relation of the primary system. The system is 

represented as a SDOF system with mass m, elastic stiffness Ke, base shear (yield) strength Fy, yield 

displacement Dy, and inherent damping ratio Ei. The post-elastic stiffness is expressed as a fraction of the 

elastic stiffness and given by DKe.  

 

When fluidic self-centering devices are added to the primary structural system, the force-displacement 

relation is shown in Figure 4-8. The basic parameters of the fluidic self-centering devices are the preload 

F0, the stiffness K0, the friction force Fmin and the damping force, which will be described in more detail 

later in this section. 
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Figure 4-7 Force-displacement Relation of Primary Structural System 

 

 

 

 

 

 

 

 

 
 

 

Figure 4-8 Force-displacement Relation of System with Added Fluidic Self-centering Device 
 

The equation of motion of a single-degree-of-freedom system with these characteristics may be written as 

follows:  

PS effi FSC g( ) ( ) ( ) ( ) ( )mu t F t C u t F t ma t� � �  ��� �                                     (4-1) 

where m is the mass, u�  is the relative velocity, u��  is the relative acceleration, ga  is the ground 

acceleration, effiC  is the inherent damping constant to produce a damping ratio iE , FSCF  is the force 

from the fluidic self-centering device, and PSF  is the force from inelastic bilinear hysteretic primary 

structural system. Importance in this equation is the description of inherent damping, which is described 

as linear viscous with damping ratio equal to iE . This ratio is defined with respect to the effective (or 

secant) stiffness effK  of the primary system (equal to the peak force in the primary system divided by the 
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peak displacement). The use of the inherent damping ratio defined in this way is important in avoiding 

amplification of the inherent damping as the system undergoes inelastic action (Tsopelas et al., 1997, 

Ramirez et al., 2001). The inherent damping ratio iE  is constant regardless of the amplitude of motion 

and set in the analysis equal to 0.05. This requires iterative analysis (e.g., Tsopelas et al., 1997) or some 

simplification as implemented in this report and described below.  

 

The behavior of the primary structural system is described by the following parameters: 

(a) Elastic period, Te: 

1/2

y
e

y

2
D

T
A

S
§ ·

 ¨ ¸¨ ¸
© ¹

                                                                    (4-2) 

where Ay represents the acceleration at yield of the primary system (=Fy/m). 

(b) Post-yielding to elastic stiffness ratio: D  

(c) Ductility-based portion of the R-factor 

ae e i
ȝ

y

( , )S TR
A

E
                                                                    (4-3) 

where Sae(Te, Ei) is the spectral acceleration in the Design Earthquake (DE) at period Te and damping ratio  

Ei=0.05 (elastic conditions). 

 

RP and Te are taken as variable parameters. 1, 2, 3, 4 and 5 are used for RP�and 0.3, 0.5, 0.7, 1.0, 1.5, 2.0 

and 3.0 are used for Te.  

 

To avoid iterative analysis in the calculation of the inherent damping constant, the assumption is made 

that the effective period eff e e ȝT T T RP   where y/D DP   (ductility ratio) and that the ductility 

ratio is equal to the ductility-based portion of the R-factor. This is consistent with observations in the 

analysis of a large number of systems in Ramirez et al. (2001) provided that the structural system is 

flexible enough (Te larger than about 0.3sec). This assumption is important in the simplified method of 

analysis (Equivalent Lateral Force procedure) of ASCE 7, 2010 for structures with damping systems. This 

leads to: 
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                                                                 (4-4) 

The behavior of the fluidic self-centering device added to the primary structural system is described by 

the following parameters: 

(d)  Ratio of preload to strength of the primary structural system: 0

y

F
F

     

(e)  Ratio of device friction force to preload: min

0

F
F

 

(f) Stiffness after overcoming the preload: K0 

The stiffness is assumed zero as this appears to be the most desirable value for resulting in the 

least acceleration. The implications of this assumption are assessed by considering realistic 

values of stiffness in selected analyses. 

 

(g)  Damping force, considered to have one of four different types: linear-viscous damping, non-      

linear-viscous damping, upper-half viscous damping and lower-half viscous damping. The 

four types are illustrated in Figure 4-9. In general, the damping force will be described by 

parameters Ev and α that are discussed below.   

 

 

 

 

 

 

 

 

 

 

 

Figure 4-9 Forms of Viscous Damping Force Considered  
 

Note that the upper half viscous damping force is an idealization of actual behavior where the damping 

force is less when the device piston rod moves towards the neutral position than when it moves away 
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from the neutral position (see Section 3 for test data). This behavior is desirable in high speed shock 

isolation applications where the piston rod needs to quickly return to the neutral position. Moreover, this 

form of damping may result in further reduction of the residual deformation by comparison to either 

linear or nonlinear viscous damping. In three of the four cases (linear, upper half and lower half), the 

damping force is described by:  

D DF C u �                                                                        (4-5) 

in which the damping constant is related to a damping ratio Ev under elastic conditions (note that the dam-

ping ratio is defined for the primary structural system under elastic conditions) by: 

v
D

e

4 mC
T
S E

                                                                    (4-6) 

It should be noted that for a given value of the damping ratio Ev, constant CD is the same for the three 

cases of damping type. The distinction between the three cases has been illustrated in Figure 4-9. In the 

fourth case, the damping force is described as nonlinear viscous (Ramirez et al., 2001):  

� �D N sgnaF C u u � �                                                              (4-7) 

Parameter CN is again related to an effective damping ratio Ev defined for the primary system under elastic

 conditions (see Ramirez et al., 2001): 

� �1v n n
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S E Z Z
O
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                                                         (4-8) 
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                                                             (4-9) 

Note that D is the maximum displacement of the primary system (exclusive of the self-centering system) 

in the Design Earthquake at period Te and damping ratio Ei�Ev. That is,   
2 2

ae e i e( , ) / (4 )D S T T BE S                                                      (4-10) 

in which B is a parameter to account for the effect of damping Ei�Ev that is different than 5% of critical on 

the maximum displacement. Parameter B is given in Table 18.6-1 of ASCE 7-2010. Also, *(-) is the 

gamma function.  

 

For dynamic analysis, the force of the fluidic self-centering device is described by Equations (2-7) to (2-

9) and using the following values of parameters: Fmin/F0=0.05, G0=2mm-1, Gmin =0, G1 =0.004 sec/mm, ȗ=0, 

Y=0.25mm, A=1, E=0.1, J=0.9 and η=2. Note that the values of these parameters are those used in 

modeling the behavior of tested devices per Sections 2 and 3 (or closely rounded values). Also, for the 
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case of nonlinear viscous damping only the case of exponent a=0.5 was considered. Analysis was 

conducted with a range of values of the other parameters as presented in Table 4-4. A total of 6,300 

different systems were considered (5 values of RP����values of period, 5 values of damping ratio, 9 values 

of ratio of preload to strength and 4 different cases of viscous damping force). However, not all cases 

were analyzed when it became evident that high values of the preload to strength ratio were undesirable 

so that for some cases the value of this ratio was limited to 0.25. Also, in many cases the values of 

parameter RP�were limited to 1, 2 and 5 as it become evident that higher resolution was not necessary to 

observe trends in the key response quantities considered. For each case, 42 response history analyses were 

conducted using the 3 groups of scaled motions described in Section 4.2, for the Design Earthquake and 

again for the Maximum Earthquake. A total of over 200,000 analyses were conducted.  

 

Table 4-4 Values of Parameters of Primary Structural System and Fluidic Self-Centering Device 

RP 
Te 

(sec) Ev F0/Fy 

1 0.3 0.00 0.00 
2 0.5 0.05 0.05 
3 0.7 0.10 0.10 
4 1.0 0.15 0.15 
5 1.5 0.20 0.20 
 2.0  0.25 
 3.0  0.50 
   0.75 
   1.00 

Post-elastic to elastic stiffness ratio (primary structural system) D ���� 
Nonlinear damping exponent a=0.5 
ȗ=0, Ei=0.05, Fmin/F0=0.05, G0=2mm-1, Gmin =0, G1 =0.004 sec/mm,  
Y=0.25mm, A=1, E=0.1, J=0.9, η=2 
K0=0 unless otherwise noted 

 

4.4 Results on Peak Response of Primary Structural System 
Results are presented in terms of the average of the peak response quantities obtained in the 7 analyses in 

each group of scaled motions:  

1) Absolute acceleration Amax. 

2) Displacement or drift Dmax.  

3) Residual displacement DRes.  

4) Ductility ratio Pf, defined as follows and calculated using the value of Dmax: 
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5) Floor response spectra. 

 

4.4.1 Structural System without Fluidic Self-Centering Devices 
A total of 1,470 non-linear response history analyses were conducted for the structure exclusive of any 

self-centering system and without any viscous damping force (other than inherent damping) for 5 values 

of RP, 7 values of elastic period Te, 21 ground motions and 2 types of earthquake level (DE and MCE). 

Figures 4-10 to 4-12 present the peak calculated response for the three cases of near-fault pulse-like, near-

fault non-pulse-like and far-field motions, respectively. For each figure, the graphs on the left are for the 

DE level and the graphs on the right are for the MCE level. 

  

The results in Figures 4-10 to 4-12 represent the benchmark by which the results of the system with the 

fluidic self-centering devices will be compared. The results also demonstrate the significance of motions 

with pulse-like characteristics as they result in larger maximum displacements and larger residual 

displacements that when non-pulse-like and far-field motions are considered. This is particularly 

pronounced for systems with period larger than about 2sec. The importance of considering the Maximum 

Earthquake is also evident in the results of these figures. Note that the design is based on the Design 

Earthquake (values of parameter RP are based on the DE spectrum).  

 

Most important observations in the results that for the MCE the response in terms of ductility demand is 

excessive for some systems. Also, the residual displacement is very large as it is about half of the 

maximum displacement for the pulse-like motions but only about a fifth of the maximum displacement 

for the non-pulse-like and far-field motions.   
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Figure 4-10 Peak Response of System without Self-Centering Devices for Near-Fault Pulse-Like 

Motions 
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Figure 4-11 Peak Response of System without Self-Centering Devices for Near-Fault Non-Pulse-

Like Motions 
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Figure 4-12 Peak Response of System without Self-Centering Devices for Far-Field Motions 
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4.4.2 Structural System with Fluidic Self-Centering Devices 

More than 200,000 non-linear response history analyses were conducted for values of RP�equal to 1, 2 and 

5, other parameters as in Table 4-4 and DE and MCE earthquake levels. Results for all analyzed cases are 

presented in Appendix A. Selected results are presented in this section by concentrating on the following 

cases: (a) near-fault pulse-like motions that resulted in the largest displacements and residual 

displacements, (b) linear viscous damping with Ev=0.10 and (c) preload to strength ratio F0/Fy=0.20. This 

combination of parameters resulted in sufficiently low residual displacements. Results are also shown that 

demonstrate that the form of damping does not have a significant effect (but for some special cases), that 

higher damping results in improved performance, and that larger values of preload result in less residual 

displacement but larger acceleration. Also, results are compared for the case where the stiffness of the 

fluidic self-centering system is considered to have realistic values to the case where the stiffness is 

assumed to be zero.  

 

Figure 4-13 compares the peak response of the analyzed system with and without the fluidic self-

centering system for the case of near-fault pulse-like motions, linear viscous damping with Ev=0.10 and 

preload to strength ratio F0/Fy=0.20. It is evident that the addition of the fluidic self-centering device 

results in (a) reduction of the maximum displacement, and proportionally the ductility demand, (b) 

reduction in the residual displacement so that is essentially trivial for the DE level (but for the case of 

RP ��and elastic period larger than 2sec) and (c) some small increase in acceleration when RP!���To 

further illustrate the effect of the added fluidic self-centering device, Figure 4-14 compares the calculated 

maximum and residual displacements for the three cases of motion (pulse-like, non-pulse-like and far-

field) for the MCE level and for two cases of RP 2 and 5. It may be seen that the type of motion affects 

the maximum displacement and the residual displacement especially for flexible structures. The effect of 

pulse-like near-fault motions on the displacement demand in flexible systems was known (e.g., Pant et al., 

2013) but the effect on residual displacement is newly observed. Note that one would intuitively expect 

more residual displacement for the case of RP 5 than the case of RP 2 but this is not always true. 

 

The effect of the form of damping and its value is illustrated in Figure 4-15 where the response of the 

system with F0/Fy=0.2 and RP=2 is compared for three types of damping (linear, nonlinear and upper 

linear) and two values of damping ratio (Ev=0.1 and 0.2) in the case of the pulse-like, near fault motions at 

the MCE level.   
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Figure 4-13 Comparison of Response of Structure with and without a Self-Centering System for 

Near-Fault Pulse-Like Motions, Linear Viscous Damping with Ev=0.10 and F0/Fy=0.20 
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(a) Maximum dislacement, RP=2 (b) Maximum dislacement, RP=5 

(c) Residual dislacement, RP=2 (d) Residual dislacement, RP=5 
Figure 4-14 Effect of Ground Motion Type on Maximum and Residual Displacements in MCE for 

Case of Linear Viscous Damping with Ev=0.10, RP=2 and 5 and F0/Fy=0.20 
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and Ev=0.2). This is understandable as the upper half damping allows for quick re-centering as the 

damping force vanishes when the system moves towards the neutral position.   

 

Note that the lower half damping type was found to be undesirable as illustrated in Figure 4-16, where the 

lower half damping form is shown to result is a general increase in displacement response by comparison 

to the linear damping, and some minor reduction of acceleration in cases of large values of RP.  

 

(a) Maximum acceleration (b) Maximum dislacement 

(c) Residual dislacement (d) Ductility ratio 
Figure 4-15 Effect of Type of Damping and Damping Value (Ev=0.10 and 0.20) on Peak Response in 

MCE Level Pulse-Like, Near-Fault Motions for F0/Fy=0.20 and RP=2 
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Figure 4-16 Comparison of Peak Response of System with Linear and Lower Half Damping both 

with Ev=0.10 in MCE Level Pulse-Like, Near-Fault Motions for F0/Fy=0.2 
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Results presented in this section were exclusively for the case of preload to strength ratio F0/Fy=0.20.  

This is based on the fact that this value of preload resulted in acceptable residual displacements as 

illustrated in the numerous results of Appendix A. A sample of these results is presented in Figure 4-17 

where the effect of the preload on the residual displacement is compared in the case near-fdault pulse-like 

motions, RP=2 and the three types of useful damping with Ev=0.10. Evidently, the case F0/Fy=0.5 results 

in nil residual displacements but the value F0/Fy=0.2 systematically results in low values of residual 

displacements in the DE and acceptably low values in the MCE. 
 

  

  

  
Figure 4-17 Effect of Preload on the Residual Displacement in Pulse-Like, Near-Fault Motions for 

RP=2 and Three Types of Useful Damping with Ev=0.10 
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Additional results in Figures 4-18 demonstrate the effect on the residual displacement of the amount and 

type of viscous damping for the three useful cases of damping in pulse-like, near-fault motions for 

F0/Fy=0.2 and RP=2.  It is evident that linear and nonlinear damping has essentially the same effect but the 

upper half damping offers some small advantage in flexible systems subjected to pulse like, near-fault 

motions (see also Appendix A). 

 

  

  

  

Figure 4-18 Effect of Amount and Type of Damping on the Residual Displacement of System in 

Pulse-Like, Near-Fault Motions for RP=2 and F0/Fy=0.2 
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Figure 4-19 compares the peak responses of (a) a structure without a self-centering system and RP=2 and 

(b) a structure with a fluidic self-centering system but RP=3, F0/Fy=0.2 and upper half damping with 

Ev=0.1, all in the case of near-fault pulse-like motions at the DE and MCE level. Note that it has been 

already determined that a preload to strength ratio F0/Fy=0.2 and upper half damping with Ev=0.1 result in 

acceptable residual displacements.  Also, and on the basis of the procedures followed for the design of 

structures with damping systems (see ASCE 7-2010 and Ramirez et al, 2001), a structure with a self-

centering system will be designed for a strength (exclusive of the self-centering system) that is less than 

that of the conventional structure. Hence, the comparison of response for two different values of RP��Note 

that based on the values of RP, the strength of the structure with the self-centering system (but exclusive 

of the self-centering devices) is 2/3 or 0.66 times that of the conventional structure.  Based on this 

comparison, the structure with the self-centering system has the same ductility ratio and acceleration as 

the conventional structure but less drift, and less residual displacement by a factor of 2 to 3. Note that the 

structure with the self-centering system has lesser peak displacement but the same ductility as the 

conventional structure of the same elastic period. This is due to the fact that for the same elastic period, 

the conventional structure has large yield displacement.  Actually, the conventional structure with larger 

strength will also be stiffer so that the yield displacement will be less, leading to increased ductility 

demand for the conventional structure (see Ramirez et al., 2001 for a similar observation in the case of 

damped structures).   

 

This indicates that the design of the structures with self-centering systems could be based on lateral forces 

that are 0.66 of those prescribed for conventional structures and it is expected that they will have a 

comparable performance in terms of ductility demand but substantially less residual displacements.  This 

approach will be followed in the design of structures with fluid self-centering devices, but in similarity to 

the approach followed for structures with damping systems in ASCE 7-2010, the factor used will be 0.75 

instead of 0.66.   
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Figure 4-19 Comparison of Peak Responses in Near-Fault Pulse-Like Motions of Structure without 

and with Fluidic Self-Centering System with F0/Fy=0.2 and Linear Damping with Ev=0.1 
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4.5 Non-Structural Response 
Results presented so far concentrated on the structural response. Some results related to the response of 

non-structural elements are presented in this section by presenting floor response spectra calculated from 

the acceleration histories. For brevity, the presented spectra are limited to selected results for the structure 

with elastic period Te=0.5 or 1.0sec and with a fluidic self-centering system having preload to strength 

ratio F0/Fy=0, 0.2 or 0.50, viscous damping with Ev=0, 0.1 or 0.2, and stiffness K0=0. All floor spectra are 

constructed for 5% damping ratio. 

 

Figures 4-20 to 4-25 present comparisons of floor spectra to illustrate the effects of (a) the addition of the 

self-centering system (Fig. 4-20 and 4-21), (b) the type of input motion (Fig. 4-22), (c) the type of 

damping (Fig. 4-23), (d) the level of preload (Fig. 4-24) and (f) the amount of damping (4-25).  The 

results demonstrate the following expected effects: 

(1) The addition of the self-centering system causes an increase in effective stiffness and damping in 

the system as evident by the shift in the location of the peaks of the spectra and in the widening of 

the spectra.  There is an increase in spectral acceleration values in the high frequency range for 

inelastic structural systems (RP!1) when the self-centering devices are added (for same value of 

RP for the conventional and self-centering systems). 

 

  
Figure 4-20 Comparisons of Floor Spectra of Structures without and with Self-Centering Devices 

for F0/Fy=0.20, Linear Damping with Ev=0.1 and Te=1.0sec in Near-Fault Pulse-Like Motions 

 

0.3 1 2 10 20
0

0.5

1

1.5

2

2.5

3

3.5

Frequency [Hz]

Sp
ec

tra
l A

cc
el

er
at

io
n 

[g
]

30 0.3 1 2 10 20
0

0.5

1

1.5

2

2.5

3

3.5

Frequency [Hz]

Sp
ec

tra
l A

cc
el

er
at

io
n 

[g
]

30

: w/   device 

: w/o device 

: RP=1

: RP=2
: RP=5

DE MCE 
5%-damped 5%-damped 



63 

 

  
Figure 4-21 Comparisons of Floor Spectra of Structures without and with Self-Centering Devices 

for F0/Fy=0.20, Linear Damping with Ev=0.1 and Te=0.5sec in Near-Fault Pulse-Like Motions 

 

(2) There is some but not significant difference in floor spectra obtained in the far-field, near-fault 

non-pulse- like and near-fault pulse-like seismic motions. 

 

  
Figure 4-22 Effect of Ground Motion Type on Floor Spectra of Structures with Self-Centering 

Devices for F0/Fy=0.20, Linear Damping with Ev=0.1 and Te=1.0 sec  

 

(3) The upper half damping type results in slightly higher floor spectra. The other three types result 

in similar floor spectra for all practical purposes. 
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Figure 4-23 Effect of Damping Type on Floor Spectra of Structures with Self-Centering Devices for 

F0/Fy=0.20, Ev=0.1 and Te=1.0 sec in Near-Fault Pulse-Like Motions 
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(4) Increases in preload result in marked increases in the floor spectral values. 

(5) Increases the damping ratio results in reduction in floor spectral accelerations is the resonance 

range and minor increases in spectral accelerations in the large frequency range.  

 

  
Figure 4-24 Effect of Preload on Floor Spectra of Structures with Self-Centering Devices for Linear 

Damping with Ev=0.1 and Te=1.0sec in Near-Fault Pulse-Like Motions 

 

  
Figure 4-25 Effect of Amount of Linear Viscous Damping on Floor Spectra of Structures with Self-

Centering Devices for F0/Fy=0.20, Te=1.0sec in Near-Fault Pulse-Like Motions 
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4.6 Effect of Stiffness of Fluidic Self-Centering Device on Response 
The results presented in the preceding sections applied for the case of the fluidic self-centering device 

having stiffness K0 zero. As discussed in Section 2, a fluidic self-centering device will have stiffness.  

Low stiffness is possible but would require a large volume of fluid and thus a large size device. Economy 

and compact size typically result in a restoring force that at the displacement capacity of the device is 

about equal to or larger than the preload. The implications of having non-zero stiffness are investigated in 

this section. 

 

The stiffness of the fluidic self-centering device in the studies of this section is selected so that: 

0
0

max

FK
D

  

where F0 is the preload and Dmax is maximum displacement obtained as the average of the analyses for the 

seven motions used to represent the response spectrum. This value of displacement was obtained from the 

analysis with stiffness K0=0. This method of describing the device stiffness was thought to be a better 

descriptor of actual behavior rather than arbitrarily selecting stiffness values and performing parametric 

studies. 

 

Figure 4-26 illustrates the stiffness relation and how it was incorporated in the model for analysis.  

 
Figure 4-26 Inclusion of Stiffness in Model of Fluidic Self-Centering Device 

Figure 4-27 compares the response of the structure with the fluidic self-centering device having stiffness 

zero or different than zero as described above, for near-fault pulse-like motions, preload to strength ratio 

F0/Fy=0.2 and linear viscous damping with Ev=0.1 (other parameters per Table 4-4). Evidently, the 

stiffness causes a minor increase in acceleration for elastic structure conditions (RP=1), whereas the 

maximum displacement and ductility are the same. Interestingly, the stiffness results in reduced residual 

displacement, a very desirable effect. 
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Figure 4-27 Comparison of Peak Responses in Near-Fault Pulse-Like Motions of Structure with 

Self-Centering System of Stiffness K0 = 0 or K0 ≠ 0, F0/Fy=0.2 and Linear Damping with Ev=0.1 
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Figure 4-28 compares the response of the structure with and without a self-centering system having K0≠0, 

F0/Fy=0.20 and linear viscous damping with Ev=0.10 in the near-fault pulse-like motions.  Evidently the 

addition of the fluidic self-centering system results in a substantial reduction of maximum displacements, 

ductility demands and residual displacements.  It also results in an increase in acceleration, which is 

slightly more for elastic structure conditions than the case of zero stiffness (K0=0). 

 

Figure 4-29 compares floor response spectra of the system with fluidic self-centering devices with zero 

and non-zero stiffness, F0/Fy=0.20 and linear viscous damping with Ev=0.10 in the near-fault pulse-like 

motions.  The system with stiffness has higher floor spectra under elastic structure conditions (RP=1)-with 

the differences diminishing as the structure undergoes increasing inelastic action (increasing RP).   

 

The floor spectra of the structure with the fluidic self-centering system with nonzero stiffness (K0≠0) are 

compared to those of the structure without a self-centering system in Figure 4-30 when F0/Fy=0.2, linear 

viscous damping with Ev=0.1, Te=1.0sec in near-fault, pulse-like motions.  Also, the addition of the self-

centering system results in an increase in floor spectral acceleration for the same value of elastic period 

and RP�  

 

4.7 Conclusions 
The results of this study show that the addition of a fluidic self-centering system to an inelastic structural 

system offers important advantages in reduction of maximum displacement, ductility demand and residual 

displacement. The acceleration and floor spectral acceleration will generally increase or remain about the 

same for the two systems having the same elastic period and strength to elastic demand ratio (RP). Based 

on the results, the following parameters for the structural system and the self-centering system provide the 

desired performance in terms of reduction or elimination of residual displacements, reduction of 

maximum displacement, and reduction of ductility without having a significant increase in accelerations: 
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Figure 4-28 Comparison of Response of Structure with and without a Self-Centering System with 

K0≠0 for Near-Fault Pulse-Like Motions, Linear Viscous Damping with Ev=0.10 and F0/Fy=0.20 
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(1) Self-centering system with preload to strength ratio F0/Fy=0.20 and viscous damping of linear, 

nonlinear or upper half type with effective damping ratio Ev=0.10. The upper half damping offers 

a small advantage in further reducing the residual displacements when the structure is flexible and 

the input motion has pulse-like characteristics. Slightly higher values of preload (say F0/Fy=0.25) 

and of damping ratio (say 0.15) may further improve the performance. 

(2) Structural system exclusive of the self-centering system design for lateral forces that are equal to 

0.75 or larger of those prescribed for conventional structures on the basis of ASCE 7-2010.   

  
Figure 4-29 Effect of Stiffness of Device (K0=0 or K0≠0) on Floor Spectra of Structures with Self-

Centering Devices for Linear Damping with Ev=0.1 and Te=1.0sec in Near-Fault Pulse-Like Motions 

  
Figure 4-30 Comparisons of Floor Spectra of Structure without and with a Fluidic Self-Centering 

Device having F0/Fy=0.2, Linear Damping with Ev=0.1, Te=1.0sec and K0≠0 in Near-Fault, Pulse-

Like Motions 
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SECTION 5 
EVALUATION OF SIMPLIFIED METHOD OF ANALYSIS OF 

YIELDING SINGLE-DEGREE-OF-FREEDOM SYSTEMS WITH 
FLUIDIC SELF-CENTERING DEVICES 

 

5.1 Introduction 
Simplified methods of analysis are important in the development of design and analysis methods for 

buildings with fluidic self-centering devices. The intent is to develop design and analysis methodologies 

that follow the paradigm of the methods for buildings with damping systems in ASCE 7-2010 and which 

were developed and evaluated in Ramirez et al. (2001). The analysis method is either the Equivalent 

Lateral Force (ELF) method, which treats the structural system analyzed as a single-degree-of-freedom 

system with an additional residual mode of vibration, or the Response Spectrum Analysis (RSA) method, 

which accounts for all important modes of vibration. A first step in the evaluation of the validity and 

degree of accuracy of the simplified methods is the analysis of single-degree-of-freedom systems. The 

next step, presented in Section 6, is to describe the design philosophy for buildings with fluidic self-

centering devices and perform analysis in selected examples to estimate the force and displacement 

demands so that an assessment of adequacy may be performed. Then nonlinear response history analysis 

is conducted to validate the design and to assess the accuracy of the simplified analysis.  

 

The simplified method used for yielding structures with self-centering devices is the one utilized in ASCE 

7-2010 for structures with damping systems. It is based on the replacement of the yielding structure with 

the added fluidic self-centering device with an equivalent linear elastic and linear viscous system. The 

calculation of the maximum displacement is obtained iteratively by use of the design response spectrum 

(5%-damped) as modified for the increased damping. The calculation of the maximum acceleration and 

maximum velocity is based on the simplified procedures described in Ramirez et al. (2001). 

 

5.2 Analyzed System 
The analyzed system is depicted in Figures 4-7 and 4-8 and is described by Equations (4-1) to (4-10).   

Specifically, Equation (4-1) is used to perform response history analysis using the scaled groups of 

motions described in Section 4 and obtain the peak response of the system. The average of each of the 

seven analyses in the response history analysis is compared with the results of the simplified analysis.  

The parameters of the analyzed system are presented in Table 5-1. Figure 5-1 illustrates the fluidic self-
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centering device as a combination of a bilinear elastic element with preload F0=mA0, a bilinear hysteretic 

element with strength equal to Fmin=mAmin (seal friction), elastic stiffness K0 and a linear or nonlinear 

damping element. Figure 5-2 illustrates the behavior of the primary structural system. Note that m is the 

mass and the quantities A, Ay, A0 and Amin have units of acceleration.   

 

Table 5-1 Parameters of Analyzed SDOF System with Fluidic Self-Centering Devices 
Primary Structural System Self-Centering Device 

RP 
Te 

(sec) Ei D� Ev 
a  
 F0/Fy K0 

1 0.3 0.05 0.05 0.1 1.0 (linear damping) 0.10 z01 
2 0.5   0.2 0.5 (nonlinear damping) 0.20  
3 0.7       
4 1.0       
5 1.5       
 2.0       
 3.0       

1: Stiffness such that the force equals the preload F0 at the maximum displacement D 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 5-1 Element Combination for Fluidic Self-Centering Device 
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Figure 5-2 Behavior of Primary Structural System 
 
In addition to the values of parameters in Table 5-1, the following values of other parameters were used 
(see also Section 4): ȗ=0, G0=2mm-1, Gmin =0, G1 =0.004 sec/mm, Y=0.25mm, A=1, E=0.1, J=0.9 and η=2. 
 
5.3 Simplified Method of Analysis 
The simplified method of analysis is based on the replacement of the analyzed system with an equivalent 
linear elastic and linear viscous representation having an effective period ܶୣ  and an effective damping 
ratioୣߚ. The calculation of these quantities is described below: 
 
Effective Period Teff 

1
2

eff
0

min 0

2 DT K DA A A m

S
§ ·
¨ ¸ ¨ ¸¨ ¸� � �© ¹

                                                (5-1) 

Note that quantity A+Amin�A0�(K0D)/m is the acceleration of system (primary plus added fluidic self-
centering device) at the instance of maximum displacement D.  Quantity m is the mass. Quantity A is 
illustrated in Figure 5-2 and given by Equation (5-2): 

� �

� � � �

y y
y

y
y y y

y

DA D D
D

A
A

A D D D D
D

D

 � d°
° ®
° � � t
°̄

                                       (5-2) 

Note that the yield displacement Dy is related to Ay and Te by Equation (4-2). Also, note that Equation (5-
1) includes the general form of the device stiffness. For the specific case analyzed where the spring force 
at the maximum displacement D equals to the preload, quantity A0�K0D/m simplifies to 2A0. 
 
Effective Damping Ratio Eeff 
The effective damping ratio is calculated by the procedures described in Ramirez et al. (2001) and is 
given below: 

D 

mA
Fy=mAy

Dy 

DFy/Dy 

Fy/Dy

Force

Displacement 
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        (5-3) 

Here, Ei is inherent damping ratio of the primary structural system, which we set equal to 0.05 under 
elastic or inelastic conditions and Ev is added viscous damping ratio (linear when a=1). Note that the 
inherent damping in the combined system (first term in Equation 5-3) has been reduced due to the 
increase in stiffness under elastic conditions. The third term in Equation (5-3) is valid for D�Dy. If D�Dy 
quantity (AyD-ADy) in the third term is set equal to zero. 
The damping ratio is related to the parameters of the system by: 
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Here *(-) is the gamma function. Equation (5-4) simplifies for the case of linear viscous damping to: 
D e

v 4
C T

m
E

S
                                                                             (5-6) 

Dy is yield displacement of the primary structural system (see Figure 5-2 above) and is related to the other 
parameters as follows, where Sae is the spectral acceleration at period Te: 

2
ae e

y 2
ȝ4

S TD
RS

                                                                          (5-7) 

The third term in Equation (5-3) includes the contribution of the yielding primary structural system (plus 
seal friction from the fluidic device), which when perfect bilinear hysteretic has factor qH=1.0.  This 
factor, called the hysteresis loop adjustment factor is used to reduce the area under the perfect bilinear 
hysteretic loop to better represent the behavior of real structural systems. In ASCE 7-2010, the value of qH 
is defined as in Equation (5-8) (see Ramirez et al., 2001 for justification): 

s
H

e

0.67 Tq
T

                                                                            (5-8) 

Here Ts is the value of period at which the response spectrum regions of constant acceleration and 
constant velocity intersect and is equal to the ratio SM1/SMS in units of second. According to the ASCE 7-
2010, the value of qH shall not be taken as greater than 1.0 and need not be taken as less than 0.5. In this 
study, qH=1.0 is used as the analyzed system has perfect bilinear hysteresis.   Also, note that Equations (5-
1) and (5-3) are valid for the general case of fluidic self-centering device stiffness.  For the specific case 
analyzed in this section, the stiffness is such that the spring force at maximum displacement D is equal to 
the preload, so that the term A0�(K0D)/m in these equations is equal to 2A0. 
An additional parameter is needed to obtain the spectral acceleration from the response spectrum when 
the effective damping is different than 5-percent.  This is obtained by the standard procedure per ASCE 7-
2010 where the 5%-damped spectral acceleration is divided by the damping parameter B: 
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Parameter B is given in Table 5-2.  Moreover, the analysis needs to determine the maximum values of 
velocity and acceleration.  The maximum velocity is calculated as pseudo-velocity times a correction 
factor CFV per equation (5-10).   

max
eff

2V D CFV
T
S

 � �                                                           (5-10) 

Factor CFV was determined by Ramirez et al (2001) based on the analysis of yielding systems with added 
viscous damping and is presented in Table 5-3. 
 

Table 5-2 Damping Parameter B 
Effective Damping 

(% of critical) B 

�2 0.8 
5 1.0 
10 1.2 
20 1.5 
30 1.8 
40 2.1 
50 2.4 
60 2.7 
70 3.0 
80 3.3 
90 3.6 

�100 4.0 
 

Table 5-3 Velocity Correction Factor CFV per Ramirez et al (2001) 
Effective 

Period 
(second) 

Effective Damping Ratio 

0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 

0.3 0.72 0.70 0.69 0.67 0.63 0.60 0.58 0.58 0.54 0.49 
0.5 0.75 0.73 0.73 0.70 0.69 0.67 0.65 0.64 0.62 0.61 
1.0 0.82 0.83 0.86 0.86 0.88 0.89 0.90 0.92 0.93 0.95 
1.5 0.95 0.98 1.00 1.04 1.05 1.09 1.12 1.14 1.17 1.20 
2.0 1.08 1.12 1.16 1.19 1.23 1.27 1.30 1.34 1.38 1.41 
2.5 1.05 1.11 1.17 1.24 1.30 1.36 1.42 1.48 1.54 1.59 
3.0 1.00 1.08 1.17 1.25 1.33 1.42 1.50 1.58 1.67 1.75 
3.5 1.09 1.15 1.22 1.30 1.37 1.45 1.52 1.60 1.67 1.75 
4.0 0.95 1.05 1.15 1.24 1.38 1.49 1.60 1.70 1.81 1.81 

 
An expression for the velocity correction factor has been derived by Pekhan et al. (1999b) based on the 
analysis of elastic systems. Ramirez et al. (2001) reported that the simpler expression of Pekhan et al. 
(1999b) provided a good and simple corrector for the pseudo-velocity. This expression is: 

 
Veff0.455 0.132

eff

s

TCFV
T

E �
§ ·

 ¨ ¸
© ¹

                                                       (5-11) 

Note that in Equation (5-11) (but not in Table 5-3) the damping ratio is interpreted as the portion of the 
effective damping contributed by viscous damping.  This is given by the first two terms of Equation (5-3): 
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The maximum acceleration is calculated as the acceleration at maximum displacement  ሺܣ  ୫୧୬ܣ 
ܣ  బ

 ሻ times a factor and (5-13). Again for the analyzed case in this section, ܣ�  బ
 ൌ  . Noteܣʹ

that Equation (5-13) is adopted from Ramirez et al. (2001). 
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                               (5-13) 

In this equation, CF1 and CF2 are load combination factors used to calculate the response at the time of 
maximum acceleration by combining the peak accelerations at the time of maximum drift and at the time 
of maximum velocity. These factors are calculated as follows (Ramirez et al., 2001): 
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� �2 sin aCF G                                                                         (5-15) 

� �1
vefftan 2G E�                                                                        (5-16) 

In these equations P is the ductility ratio defined byߤ� ൌ 
౯

. 

The procedure for simplified analysis follows the steps below: 
 

1. Given are the system parameters Te, R�, damping ratio ȕv, damping exponent α, preload to yield 
strength ratio F0/Fy, stiffness to mass ratio K0/m, friction to preload ratio Fmin/F0 and inherent 
damping ȕi. 

2. Calculate Ay using Equation (4-3) and Dy using Equation (4-2). 
3. Calculate Amin=Fmin/m=Ay(F0/Fy)(Fmin/F0). 
4. Calculate A0=Ay(F0/Fy). 
5. Assume the maximum displacement of the system D. 
6. Calculate the effective period Teff using Equation (5-1). 
7. Calculate the effective damping ratio Eeff using Equation (5-3). 
8. Calculate the damping parameter B using Table 5-2. 
9. Obtain the maximum acceleration Sae(Teff, Ei=0.05) from the 5%-damped response spectrum.   
10. Calculate the spectral displacement Sd: 

� �2
ae effeff

d
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2

S T gTS
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E

S
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© ¹
                                             (5-17) 

where g is the gravity acceleration. 
11. Compare the assumed displacement D to the calculated displacement Sd. Repeat the steps 5 to 10 

until the assumed displacement value is sufficiently close to the calculated value.  
12. Calculate the maximum velocity using Equation (5-10). 
13. Calculate the maximum acceleration using Equations (5-12) to (5-16). 

 
5.4 Comparison of Results of Simplified Analysis to Results of Response History Analysis 
The availability of a large collection of response history analysis results from Section 4 facilitates 
comparison to simplified analysis results.  The figures that follow compare the average of the peak 
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response calculated in the response history analysis (distinguished by the type of excitation used: far-field, 
near-fault pulse-like and near-fault non-pulse-like; and DE and MCE level) to the simplified analysis 
results.  Typical in all figures is that the vertical axis of each graph shows the response history analysis 
results and the horizontal axis the simplified analysis results.   
 
Figure 5-3 compares the peak acceleration, displacement and velocity for all analyzed cases with linear 
viscous damping of Ev = 0.1 and F0/Fy = 0.2 (all values of period Te and R�).   
 

 
 
Figure 5-3 Comparison of Response History Analysis Results to Simplified Analysis Results for all 
Cases with Linear Viscous Damping, Ev = 0.1 and F0/Fy = 0.2. Distinction by Type of Motion (DE 

and MCE, Pulse-like, Non-Pulse-like, Far-field) 
 

The peak velocity correction factors of Ramirez et al (2001) and of Pekhan et al (1999b) are utilized. The 
data in Figure 5-3 are distinguished by the type of motion: far-field, near-fault pulse-like and near-fault 
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non-pulse-like. Figures 5-4 and 5-5 show the same results but the distinction is based on the value the 
elastic period and of Rµ, respectively. 

 
 

Figure 5-4 Comparison of Response History Analysis Results to Simplified Analysis Results for all 
Cases with Linear Viscous Damping, Ev = 0.1 and F0/Fy = 0.2.  Distinction by Value of Elastic 

Period (DE and MCE, Pulse-like, Non-Pulse-like, Far-Field) 
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Figure 5-5 Comparison of Response History Analysis Results to Simplified Analysis Results for all 
Cases with Linear Viscous Damping, Ev = 0.1 and F0/Fy = 0.2.  Distinction by Value of R� (DE and 

MCE, Pulse-like, Non-Pulse-like, Far-field) 
 
Similar to Figures 5-3 to 5-5, Figures 5-6 to 5-8 compare peak response for the same parameters but with 
F0/Fy = 0.1 instead of 0.2.   
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Figure 5-6 Comparison of Response History Analysis Results to Simplified Analysis Results for all 
Cases with Linear Viscous Damping, Ev = 0.1 and F0/Fy = 0.1.  Distinction by Type of Motion (DE 

and MCE, Pulse-like, Non-pulse-like, Far-field) 
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Figure 5-7 Comparison of Response History Analysis Results to Simplified Analysis Results for all 
Cases with Linear Viscous Damping, Ev = 0.1 and F0/Fy = 0.1.  Distinction by Value of Elastic 

Period (DE and MCE, Pulse-like, Non-pulse-like, Far-field) 
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Figure 5-8 Comparison of Response History Analysis Results to Simplified Analysis Results for all 
Cases with Linear Viscous Damping, Ev = 0.1 and F0/Fy = 0.1.  Distinction by Value of R� (DE and 

MCE, Pulse-like, Non-pulse-like, Far-field) 
 
Figures 5-9 to 5-11 present a comparison of results for the cases of linear viscous damping with Ev = 0.2 
and F0/Fy = 0.2 and again distinguishing the results by the type of motion, value of elastic period and 
value of Rµ. 
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Figure 5-9 Comparison of Response History Analysis Results to Simplified Analysis Results for all 
Cases with Linear Viscous Damping, Ev = 0.2 and F0/Fy = 0.2.  Distinction by Type of Motion (DE 

and MCE, Pulse-like, Non-pulse-like, Far-field) 
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Figure 5-10 Comparison of Response History Analysis Results to Simplified Analysis Results for all 
Cases with Linear Viscous Damping, Ev = 0.2 and F0/Fy = 0.2.  Distinction by Value of Elastic 

Period (DE and MCE, Pulse-like, Non-pulse-like, Far-field) 
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Figure 5-11 Comparison of Response History Analysis Results to Simplified Analysis Results for all 
Cases with Linear Viscous Damping, Ev = 0.2 and F0/Fy = 0.2.  Distinction by Value of Rµ (DE and 

MCE, Pulse-like, Non-pulse-like, Far-field) 
 
Figures 5-12 to 5-14 present a comparison of results for the cases of nonlinear viscous damping with Ev = 
0.1 and F0/Fy = 0.2 and again distinguishing the results by the type of motion, value of elastic period and 
value of Rµ. 
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Figure 5-12 Comparison of Response History Analysis Results to Simplified Analysis Results for all 

Cases with Nonlinear Viscous Damping, Ev = 0.1 and F0/Fy = 0.2.  Distinction by Type of Motion 
(DE and MCE, Pulse-like, Non-pulse-like, Far-field) 
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Figure 5-13 Comparison of Response History Analysis Results to Simplified Analysis Results for all 
Cases with Nonlinear Viscous Damping, Ev = 0.1 and F0/Fy = 0.2.  Distinction by Value of Elastic 

Period (DE and MCE, Pulse-like, Non-pulse-like, Far-field) 
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Figure 5-14 Comparison of Response History Analysis Results to Simplified Analysis Results for all 

Cases with Nonlinear Viscous Damping, Ev = 0.1 and F0/Fy = 0.2.  Distinction by Value of R� (DE 
and MCE, Pulse-like, Non-pulse-like, Far-field) 

 
The results show a systematic conservatism in the simplified analysis prediction of the peak acceleration, 
which appears to increase with increasing ratio of F0/Fy. This is explained by the fact that Equation (5-13) 
is based on the assumption of elasto-plastic behavior, which is true only when the self-centering system 
stiffness K0=0. In the case of the analyzed system with stiffness such that the spring force at the maximum 
displacement is equal to the preload and when F0/Fy=0.2, Equation (5-13) may be revised to 
approximately be  

� � veff
max D D 1 D 2

20.85 0.15 cos 0.85A A A CF A CFSE
G

O
 � � � � �                              (5-18) 

where 
0

D min 0
K DA A A A

m
 � � �                                                        (5-19) 
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Equation (5-18) is based on the fact that the maximum viscous damping force occurs when the 
displacement is equal to ܦ ���  and that the ratio of the lateral force, excluding the (Ramirez et al., 2001) ߜ
viscous component, at displacement DcosG to the lateral force at displacement D is about equal to 0.85 
(for the system with stiffness such that the spring force at the maximum displacement is equal to the 
preload and when F0/Fy=0.2). Equations (5-18) and (5-19) predict slightly less acceleration than Equation 
(5-13). However, the difference is not significant and the conservatism of Equation (5-13) is preferred for 
a simplified analysis method.  
 
5.5 Conclusions 
The results in Figures 5-3 to 5-14 systematically show that the simplified methods predict accurately or 
conservatively the peak acceleration for all cases. The peak displacement is also predicted well by the 
simplified method except for the cases of flexible systems (elastic period of 3sec) in near-fault, pulse-like 
motions where the simplified method under-predicts the displacement. This is consistent with the 
observations of Pant et al. (2013) who studied displacement demands in seismic isolation systems.  
Interestingly, the peak velocity tends to be predicted well or overestimated when the correction factor of 
Pekhan et al. (1999b) is used and it tends to be predicted well or underestimated when the correction 
factor of Ramirez et al. (2001) is used. The average of the two correction factors provides a better 
corrector for the pseudo-velocity to predict the peak velocity in all cases. This is shown in Figure 5-15 
where the maximum velocity calculated by the response history analysis and the simplified analysis are 
again compared for the four cases analyzed. In the simplified calculation, the CFV used was the average 
of the CFV obtained from Equation (5-11) and from Table 5-3. 
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Figure 5-15 Comparison of Peak Velocity Calculated by Response History and Simplified Analysis 

for all Cases and using Average Values of CFV.  Distinction by Type of Motion (DE and MCE, 
Pulse-like, Non-pulse-like, Far-field).  
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SECTION 6 
DEVELOPMENT OF EQUIVALENT LATERAL FORCE AND RESPONSE 

SPECTRUM ANALYSIS PROCEDURES FOR NEW BUILDINGS WITH 
FLUIDIC SELF-CENTERING DEVICES 

 

6.1 Introduction 
This section presents an approach for the design and analysis of buildings with fluidic self-centering 

devices. The approach parallels that of buildings with damping systems in Chapter 18 of ASCE 7-2010, 

the development of which is described in Ramirez et al. (2001).   

 

The fluidic self-centering devices are added to the primary structural system which is designed for 

prescribed forces exclusive of the added self-centering system. The primary structural system need not 

meet any criteria for drift. The addition of the self-centering system provides a prescribed minimum 

amount of preload to minimize or eliminate any residual deformations. The preload and the additional 

stiffness and damping provided by the self-centering system result in acceptable drifts. The presented 

Equivalent Lateral Force (ELF) and Response Spectrum Analysis (RSA) procedures can then be used to 

calculate the displacement and force demands so that an adequacy assessment of the building is 

performed. 

 

The ELF and RSA procedures require the following assumptions, which are common to the procedures 

used for buildings with damping systems: 

 

1) The building is designed to have a proper collapse mechanism so that the distribution of drift may 

be reasonably estimated on the basis of either eigenvalue analysis under elastic conditions or 

simple assumptions (like inverted triangular distribution). 

2) The building is analyzed in each principal direction with a single degree of freedom per floor. 

3) The behavior can be represented by an elasto-plastic model. 

4) The yield strength of the building can be obtained by (a) plastic analysis, (b) pushover analysis, or 

(c) using a specified minimum seismic base shear and values of the response modification factor 

(R), the system over-strength factor (ȍ) and the deflection amplification factor (Cd). 
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6.2 Minimum Allowable Base Shear, Minimum Preload and Minimum Damping 
Buildings codes (e.g., standard ASCE 7) specify a base force for the design of the lateral seismic force-

resisting system. The value of the base shear is dependent on the design spectrum, the response 

modification factor R, the risk category (importance factor) and the period of the structure.  Moreover, the 

building codes specify drift limits, and prescribe procedures of how to distribute the force for analysis and 

how to calculate the drift.   

 

For buildings with damping systems, ASCE 7-2010 prescribes a minimum allowable base shear force that 

is equal to 0.75V, where V is the base shear prescribed for the building exclusive of the damping system.  

The rationale for this minimum value was presented and justified in Ramirez et al. (2001). In the simplest 

possible terms, factor 0.75 is the inverse of parameter B=1.35 per Table 5-2 corresponding to a damping 

ratio of 0.15. That is, an added viscous damping ȕV=0.10 under elastic conditions would be required for a 

total, including inherent damping, of 0.15.  

 

The same approach is recommended for the design of buildings with fluidic self-centering devices.  

Moreover, a minimum value of preload is recommended as described below. That is, the recommended 

approach for design of buildings with fluidic self-centering devices is: 

 

1) Design the building exclusive of the self-centering system for a base shear force not less than Vmin 

given by Equation (6-1) where V is determined in accordance with Section 12.8 of ASCE 7-2010 

for the structural system selected. 

min 0.75V V                                                                  (6-1) 

 
2) Provide a preload at each story level in each principal direction equal to or larger than 0.2 times 

of the story shear yield strength. The story shear yield strength is defined as the shear force at 

which gross inelastic action commences. It is determined by plastic or pushover analysis. 

 

3) Provide viscous damping in linear or nonlinear form with damping ratio ȕv�0.10 in the 

fundamental mode of vibration, under elastic conditions and in each principal direction of the 

building. The damping may be shaped as upper half or similar to upper half as described in 

Sections 2 and 3 of this report. The calculation of the damping ratio is presented later in this 

report. 
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The rationale for providing a preload at least equal to 0.20 times the story shear yield strength is based on 

the results of analysis in Section 4 where such a preload resulted in very small or trivial residual 

deformations in the Design Earthquake and acceptably small residual deformations in the Maximum 

Earthquake. The minimum damping ratio of 0.10 justifies the use of Equation (6-1) and is consistent with 

observations in the results of analysis in Section 4 related to the effect of viscous damping on the 

maximum displacement. 

 

Equation (6-1) provides the seismic base shear which is the result of lateral forces acting on the building 

when the first plastic hinge forms. When the design of the seismic-force-resisting system is based on 

plastic analysis principles, the required base shear strength Vy is needed. The definition of parameters and 

the relation between parameters is illustrated in Figure 6-1 (adapted from Figure 7-1 of Ramirez et al., 

2001).  Note that 1T  is the period of the building under elastic conditions. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 
 
 

 
 

 

 
Figure 6-1 Force-displacement Relations, Demand Curves and Structural Response Parameters 
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Based on Figure 6-1, the lateral load and corresponding displacement at the formation of the first plastic 

hinge in the frame are V and 'S, respectively. The yield strength and yield displacement of the idealized 

building frame are Vy and�'y, respectively. The required elastic strength and maximum elastic 

displacement are Ve and 'e, respectively; and the maximum inelastic displacement is 'i. As drawn, the 

maximum inelastic displacement is greater than the elastic displacement 'e (and thus at odds with the 

displacement calculated using the ASCE 7 deflection amplification factor Cd, which is less than factor R). 

Note that lateral load V is equal to the design lateral force that is given by Ve divided by R. Simple 

relationships for the idealized yielding system have been presented in Ramirez et al. (2001) but are 

repeated below to aid in the presentation. The displacement ductility ratio (P), response modification 

factor (R), over-strength factor (:0), ductility-based portion of the R factor (RP), and the deflection 

amplification factor (Cd) are equal to 

i

y
P '
 
'

                                                                               (6-2) 

e
ȝ

y

VR
V

                                                                                (6-3) 

y
0

V
V

:                                                                                 (6-4) 

e
ȝ 0

VR R
V

  �:                                                                        (6-5) 

i
d 0

s

DC
D

P  �:                                                                        (6-6) 

On the basis of Equations (6-1) and (6-4), Vy = Vmin:0.  However, this equation would be valid if factors 

R and Cd were correctly specified to be equal. Until such inconsistency in the values of R and Cd is 

eliminated, ASCE 7-2010 (based on Ramirez et al., 2001) presents equations which imply that  

   d
y min 0

CV V
R

 :                                                                        (6-7) 

Equation (6-7) is used in the examples presented in this report to arrive at the required base shear strength 

of the example buildings.  Plastic analysis principles are then used to size the seismic-force-resisting 

system to have base shear strength Vy and an acceptable collapse mechanism. 

The displacement ductility ratio P is related to factors R and :� as follows. In the constant velocity region 

of the spectrum (T1�TS), the equal displacement assumption may be used (Newmark and Hall, 1982), so 

that Di = De.  It follows that  

ȝRP  , 1 sT Tt                                                                      (6-8) 
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In the constant acceleration region of the spectrum (T<Ts), the equal energy assumption may be used, so 

that 

� �2
ȝ

1 1
2

RP  �     , 1 sT T�                                                              (6-9) 

Utilizing (6-5) and introducing the importance factor Ie (per ASCE 7-2010, Section 11.5.1) the maximum 

effective ductility demand is 

max
0 e

R
I

P  
: �

,     eff sT Tt                                                           (6-10) 

2

max
0 e

1 1
2

R
I

P
ª º§ ·
« » �¨ ¸:« »© ¹¬ ¼

,     eff sT Td                                                 (6-11) 

Note that in (6-10) and (6-11), the effective period Teff is introduced. This is the period of the fundamental 

mode of vibration of the structure in the direction of interest including the effect of the added self-

centering system. The effective period will be described later in this report but in short is the effective 

period at the displaced position in the design earthquake.   

 

6.3 Simplified Analysis of Elastic Buildings with Fluidic Self-Centering Devices  
The analysis of buildings with fluidic self-centering devices follows the approach for buildings with 

damping systems developed in Ramirez et al. (2001) and implemented in ASCE 7-2010. The only 

difference is in the calculation of the period under elastic conditions.   

 

Period T1 and other modal parameters are obtained in analysis of the structure with the added fluidic self-

centering devices where each device is represented by an effective stiffness Keff,i  as shown in Figure 6-2.  

The stiffness is calculated as the force consisting of the preload plus the spring force at a device relative 

displacement corresponding to a story drift equal to the story yield displacement divided by the yield 

displacement.  This will be further explained later in Section 6.4. 

 
Figure 6-2 Definition of Effective Stiffness of Fluidic Self-Centering Device for Calculation of 

Period T1, Inclusive of the Self-Centering System Effect 
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What follows is based on ASCE 7-2010 and Ramirez et al. (2001) together with a presentation of 

background information. 

   

In general, a model of analysis of the building needs to be developed, including the preload and spring 

force effects of the fluidic self-centering devices as discussed above and illustrated in Figure 6-2, and 

excluding any viscous damping effects.  An eigenvalue analysis needs to be performed to determine the 

frequencies (periods) of free vibration, mode shapes, seismic modal weights and modal participation 

factors.   

 

The equations of motion may be written in the general form (Chopra, 2012) 

> @^ ` > @^ ` > @^ ` gM u K u M l a�  ���                                                   (6-12) 

where >M@ is the mass matrix (diagonal with elements wi/g if the degrees of freedom consist of only the 

horizontal displacements of masses wi/g in the horizontal direction, where wi is the reactive weight 

associate with degree of freedom ui), >K@ is the stiffness matrix, ^u` is a vector containing displacements 

ui, ^ `u�� is a vector of accelerations,  iu�� , ^l` is the influence vector which becomes a unity vector when 

vector ^u` consist of only the horizontal displacements of masses wi/g and ag is the horizontal ground 

acceleration. 

 

The solution of the eigenvalue problem of (6-12) results in frequencies Zm (the corresponding period, Tm 

is 2S/Zm) and mode shapes ^I`m, where m varies between 1 and the number of degrees of freedom, N. 

The dynamic response of the building can be obtained by modal analysis as the superposition of modal 

responses by substituting in (6-12) 

^ ` > @̂ `yu )                                                                     (6-13) 

where ^y` is the vector of modal displacements, >)@ is a matrix having vectors ^I`m as columns.  Note 

that in (6-13), >)@ is defined to be dimensionless so that ^y` has dimensions of displacement.  The use of 

the orthogonality conditions results in decomposition of (6-12) into N uncoupled equations of the form 
2

gm m m my y aZ�  �*��                                                               (6-14) 

where *m is the modal participation factor given by 

^ ` > @^ `
^ ` > @^ `

T
m

m T
m m

M l
M

I
I I

*                                                                  (6-15) 

Note that Equation (6-15) simplifies to the following form when vector ^u` consist of only the horizontal 

displacements of masses wi/g: 
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                                                                          (6-16) 

where Iim is the element of mode shape m corresponding to degree of freedom ui. 

 

Equation (6-14) is used to calculate the peak values of ym from the 5%-damped response spectrum of 

motion ag (the modification of this approach for damped systems is discussed later in this report).  Let the 

spectral displacement of motion ag (5%-damped, frequency Zm) be Sd and the corresponding spectral 

acceleration be Sa (note that 2
a dmS SZ � ).  It follows that the contribution to the displacement vector from 

mode m is  

^ ` ^ ` ^ ` a
d 2m mm m m

m

Su SM M
Z

 *  *                                              (6-17) 

Moreover, the peak lateral inertia forces on the building contributed by mode m are given by 

^ ` > @^ ` amm mF M SM *                                                      (6-18) 

The result of these inertia forces or base shear is given by 

am
m

W SV
g

                                                               (6-19) 

where mW  is the mth modal weight (or effective modal weight) 
T 2

T

(^ ` > @^ `)
^ ` > @^ `

m
m

m m

M lW
M

I
I I

                                                      (6-20) 

Equation (6-20) simplifies to the following form when vector ^u` consist of only the horizontal 

displacements of masses wi/g: 
2
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2 1
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i im N
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¦
                                         (6-21) 

It may be shown that  

WwW
N

1i
i

N

1m

m   ¦¦
  

                                                        (6-22) 

That is, the sum of the modal weights equals the total weight W of the building. Moreover, it may be 

shown that for any i = 1 to N 
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*  ¦                                                                  (6-23) 

Hereafter the mode shapes ^I`m are normalized so that Iim is equal to 1 at the roof level. Under this 

condition it can be shown that 

1
1

N

m
m 

*  ¦                                                                     (6-24) 

Equations (6-22) to (6-24) allow for a theoretically consistent simple definition of the residual mode that 

is used to approximate the contribution of the modes of vibration higher than the first mode.  Specifically, 

the equivalent lateral force procedure for buildings with damping systems and also used herein for 

buildings with self-centering devices utilizes the contribution from the first mode and a residual mode of 

which the associated frequency is arbitrarily selected but the modal weight, modal participation factor and 

mode shape are determined on the basis of (6-22) to (6-24): 

R 1W W W �                                                               (6-25) 

11R*  � *                                                                  (6-26) 

^ ` ^ ` ^ `1
R 1

R R

1 1M M*
 �
* *

                                                     (6-27) 

Note that the residual mode shape^ `RM , as defined by (6-27), satisfies the orthogonality conditions.  Per 

ASCE 7-2010, the period of the residual mode is arbitrarily defined as: 

R 10.4T T                                                                 (6-28) 

Consider now the effect of viscous damping in the fluidic self-centering devices. The damped system is 

non-classically damped and its frequencies (eigenvalues) and mode shapes (eigenvectors) are not those 

determined by eigenvalue analysis of the un-damped system. Nevertheless, the use of the un-damped 

frequencies and mode shapes together with energy-based calculation of the damping ratios provides good 

estimates of the seismic response of the damped structure.  This is particularly true for buildings with 

complete vertical distributions of viscous damping devices (Constantinou and Symans, 1992).  It may 

also be valid for cases of incomplete vertical distributions or cases of concentration of damping devices, 

whereas Constantinou and Symans (1992) demonstrated the validity of the approach in some cases of 

incomplete vertical distribution of damping devices. 

 

The damping force in self-centering device j is given by the following relation for the of linear viscous 

damping 

D Dj j jF C u �                                                                    (6-29) 
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where Cj is the damping coefficient, Dju is the device relative displacement and Dju� is the relative velocity 

between the ends of the device along the axis of the device. Moreover, the relation between the device 

relative displacement and the inter-story drift 'rj is 

D r cosj j ju T '                                                                    (6-30) 

where Tj is the angle of inclination of device j (see Figure 6-2). 

Modal damping ratios in a building can be calculated using energy principles (Chopra, 2012) 

D

s4
W

W
E

S
                                                                         (6-31) 

Following Ramirez et al. (2001), it is assumed that the building undergoes harmonic vibration such that  

^ ` ^ `R
2sin

m
m

tu
T
SI

§ ·
 ' ¨ ¸

© ¹
                                                           (6-32)  

where R' is the amplitude of roof displacement; Tm is the mth period of vibration; and ^I`m is the mth 

mode shape (normalized so that Iim = 1 for i corresponding to the roof displacement), the energy 

dissipated by the damping system per cycle of motion in mode m is 
2

2 2 2
D R r

2 cosj j j
jm

W C
T
S T I '¦                                                        (6-33) 

where 

� �r 1j jm j mI I I � �                                                                   (6-34) 

Quantity rjI  the difference between the mth modal ordinates associated with degrees of freedom j and (j-1). 

Note that (6-33) is based on r R rj jI'  ' . The maximum strain energy Ws is calculated as the maximum 

kinetic energy, 
2

2 2
s R2

2 i
im

im

wW
T g
S I

§ ·
 '¨ ¸

© ¹
¦                                                     (6-35) 

The viscous damping ratio in mode m is given by 
2 2

r

v
2

cos

4

j j j
jm
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g
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E

S
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§ · ¨ ¸ § ·© ¹
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¦

¦
                                                 (6-36) 

where the summation over i extends over all reactive weights and the summation over j extends over all 

damping devices. Equation (6-36) is identical to that given in Ramirez et al. (2001) except that cos jT is 

used in lieu of the more general displacement amplification factor fj. 
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Equation (6-36) may be also written in the following form where >C@ is the damping matrix formed by the 

contribution of linear viscous damping elements with respect to the vector of velocities ^ `u� corresponding 

to the vector of displacements ^u` in Equation (6-12). 
T

v T

^ ` >C@^ `
4 ^ ` > @^ `

m m m
m

m m

T
M

I IE
S I I

§ · ¨ ¸
© ¹

                                                  (6-37) 

For the case of nonlinear viscous damping, the force in each self-centering device is given by 

� �D N D Dsgnja

j j j jF C u u � �                                                      (6-38) 

where CNj is the damping coefficient and aj is the damping exponent. Equation (6-31) is still used to 

calculate the damping ratio, but the value will be amplitude-dependent. Based on vibration in the form of 

Equation (6-32), 

� �1D N R r
2 cos

j
j

a
a

j j j j
j m

W C
T
S O T I

�§ ·
 '¨ ¸

© ¹
¦                                     (6-39) 

where Oj is given by (4-9) as function of the exponent aj . Equation (6-35) is still valid so that the damping 

ratio for mode m=1 is given by 

� � 2 1 1 1
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                                  (6-40) 

Equation (6-40) reduces to (6-36) when aj = 1 (linear viscous damping, for which Oj = S).  

 

When damping is of the upper half, linear or nonlinear viscous type, the damping ratio is determined by 

the same procedures as for the corresponding full damping cases. This is based on the observations of 

Section 3 analyses where the upper half damping case had an insignificant effect on the peak 

displacement demand by comparison to the full damping case.  It had, however, a measurable effect in 

reducing the residual displacement so that it is useful. 

 

Equations (6-36) or (6-37) and (6-40) are utilized for the simplified analysis of yielding buildings with 

self-centering devices by replacing period T1 by the effective period Teff in an approach that parallels that 

of buildings with damping systems. 
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6.4 Effective Period and Effective Damping of Yielding Buildings with Self-centering Devices 
Analysis of the building with the self-centering system under inelastic structure conditions requires the 

use of the effective period and the effective damping at the calculated displacement demand. This analysis 

requires conversion of the pushover curve of the building to the spectral capacity curve.  

 

For a multi-degree-of-freedom building, conversion of the pushover curve to a spectral capacity curve per 

Figure 6-3 results in: 

y
y

1

V g
A

W
                                                                            (6-41) 
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y 2
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A T
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S
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                                                              (6-42) 

where Vy is the yield strength established by pushover or plastic analysis of the building using a pattern of 

lateral loads proportional to the first mode shape of the building for elastic conditions, Dy is the yield 

displacement in the spectral capacity curve, ǻyR is the yield displacement in the pushover curve (the 

subscript R denotes roof displacement), *1 is the first mode participation factor and 1T is the fundamental 

mode period.   

 

 
 

Figure 6-3 Transformation of Force-Displacement Relation to Spectral Capacity Relation 
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For a building with a fluidic self-centering system the shear force-roof displacement relation is shown in 

Figure 6-4. Note that the self-centering system viscous force effect is not depicted in this relation. This 

effect will be accounted for by increased damping of the building.  Three force-displacement relations are 

shown in Figure 6-4: the relation of the building exclusive of the self-centering system, the effect of the 

self-centering system and the relation of the combined building and self-centering system. The dashed 

line represents an effective stiffness representation of the self-centering system effect as discussed in 

Section 6.3 and depicted in Figure 6-2. Note that it is assumed that the addition of the self-centering 

system does not affect the yield displacement ǻyR. Accordingly, period T1 calculated by the procedure 

described in Section 6.3 (and depicted in Figure 6-2) is the period of the building including the self-

centering system effect valid for elastic building conditions. 

 

Note that based on the design procedure described in Section 6.2, the preload is equal to 0.2 times the 

yield strength of the story, so that the effect of the preload on the base shear is equal to F01=0.2Vy. Also, 

based on common configurations of fluidic self-centering devices (see Section 3), the spring force at 

maximum displacement is about equal to the preload. This simplifies the force at maximum displacement 

and results in a simple expression for the effective period. 

 
Figure 6-4 Force-Displacement Relations of Building with Fluidic Self-Centering System 

 

The effective period (in the first mode of vibration) is given by the following equation in the spectral 

representation form 

eff 2 DT
A

S                                                               (6-43) 

where A is the spectral acceleration at maximum spectral displacement D.  Based on Figure 6-4 and 

Equations (6-41) and (6-42), y 01 1( 2 ) /A V F g W � and R 1/D  ' * , resulting in  
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                                                    (6-44) 

In Equation (6-44), T1 is the first mode period for elastic conditions and including the effect of the self-

centering system as discussed in Section 6.3 and illustrated in Figure 6-2, Ay is defined by Equation (6-

41) for the primary structural system (exclusive of the self-centering system), F0A is defined by Equation 

(6-45) and P  is the displacement ductility ratio, defined by Equation (6-46): 

          01
F0

1

F gA
W

                                                               (6-45) 

y

D
D

P                                                                   (6-46) 

Note that Equation (6-44) is based on the assumption that the ground floor self-centering system spring 

force at the maximum displacement is equal to the ground floor preload.  If the spring force is zero, then 

term y F0 y F0( ) / ( 2 )A A A A� �  should be replaced by unity. If the spring force is different than assumed, 

factor 2 in the denominator of the term should be accordingly adjusted. 

 

For linear viscous damping in the self-centering system, the effective damping is based on Equation (5-3) 

but simplified to: 

eff H
eff i v1

1

1.42 11T q
T

E E E
S P

§ ·
 � � �¨ ¸

© ¹
                                          (6-47) 

In this equation, Ev1 is calculated by Equation (6-36) or (6-37). There are a number of simplifications in 

Equation (6-47) by comparison to Equation (5-3): (a) the reduction of the inherent damping due to the 

added stiffness by the self-centering system is too small and was ignored, (b) the primary structural 

system is assumed elasto-plastic so that A=Ay, (c) the self-centering system spring force, which is equal to 

K0D/m, is assumed equal to A0 per common behavior of fluidic self-centering devices, (d) A0 is set equal 

to 0.2Ay per the design procedure of Section 6.2, and (e) the friction parameter Amin is set equal to 

0.05A0=0.01Ay per common behavior of fluidic self-centering devices and parameter Y=0. The latter 

simplification leads to a 0.014 contribution to Eeff from the device seal friction  and is neglected. Also, per 

ASCE 7-2010 and to avoid overestimation of the contribution of inherent damping, the term 2/ʌ in 

Equation (6-47) should be replaced by (0.64-Ei).  Parameter qH  is given by Equation (5-8) but using the 

period of the first mode: 

s
H

1

0.67 Tq
T

                                                               (6-48) 
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In the examples of this report the structural system is assumed to have perfect bilinear hysteretic behavior 

so that parameter qH is set equal to unity. 

        

Variables Teff and Eeff are the effective period and damping in the first mode. Higher modes of the yielded 

building may be conservatively assumed to possess the properties of the higher modes of the elastic 

building.  That is, the periods are equal to Tm and the damping ratios are given by 

i vm mE E E �                                                            (6-49) 

where�m�2, and Evm is given by (6-36) or (6-37). This is the approach followed in ASCE 7-2010 for 

buildings with damping systems.   

 

When a residual mode is used together with the first mode of vibration, the effective period of the residual 

mode may arbitrarily be assumed to be some multiple of T1. Following ASCE 7-2010, TR is set to be 

equal to 0.4T1. The effective damping in the residual mode may be conservatively assumed to be 

R i vRE E E �                                                               (6-50) 

where EvR is given by (6-36) or (6-37) with m=R. 

 

When the viscous damping in the self-centering system is nonlinear, the effective period is still given by 

Equation (6-44) and the effective damping is given by 
2

eff H
eff i v1
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1.42 11
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T q
T
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                                      (6-51) 

where Ev1 is the damping ratio determined from (6-40) for m=1 (note that calculation of Ev1 requires 

knowledge of the roof displacement, 'R) and all other terms were defined previously. Equation (6-51) 

also assumes that damping in all self-centering devices is described by the same exponent aj = a. 

 

The calculation of the damping ratio in the higher modes or the residual mode is complicated by the fact 

that (6-40) is not applicable to higher modes. To circumvent this difficulty, Seleemah and Constantinou 

(1997) resorted to a physical interpretation of the higher mode response.  They viewed the higher mode 

response as a small amplitude high frequency motion centered about the first mode response.  

Accordingly, one could define an effective damping constant Ceffj for each nonlinear viscous element as 

being the slope of the force-velocity curve of the device at the calculated device velocity in the first mode, 

1u� (see Ramirez et al., 2001 for more details) (quantity 1u�  is calculated later in this report by Equation 6-

58 as quantity 1j� ): 
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1
eff N 1

ja
j j jC a C u � �                                                             (6-52) 

Accordingly, the effective damping in the higher modes is given by 

i vm mE E E �  and R i vRE E E �                                                (6-53) 

where vmE and vRE are calculated using (6-36) or (6-37) with Ceffj in place of Cj. 

 
6.5 Step-by Step Design and Analysis Procedures 
A step-by-step procedure for the design and analysis of a building with a fluidic self-centering system is 

presented. Analysis procedures by the Response Spectrum and the Equivalent Lateral Force procedures 

are described. 

 

Design 
The design procedure described below follows the paradigm of Ramirez et al (2001) for buildings with 

damping systems. The steps are: 

 

1) Based on the seismic force-resisting system of the building, exclusive of the self-centering 

devices (most likely a moment-resisting frame system), select values parameters R, :0  and Cd per 

Table 12.2-1 of ASCE 7-2010. Observe height limitations. 

 

2) Calculate the seismic base shear V per equations 12.8-1 to 12.8-10 of ASCE 7-2010. 

 
3) Design the seismic force-resisting system, exclusive of the self-centering devices, for a seismic 

base shear at least equal to Vmin=0.75V. Account for torsion per section 12.8.4 of ASCE 7-2010.  

For this, 

 
a. Design the building to have base yield strength per Equation (6-7) and account for torsion per 

item 3 above. 

b. Distribute the force over height per ASCE 7-2010 equations 12.8-11 and 12.8-12. 

c. Establish the redundancy factor ȡ per ASCE 7-2010 section 12.3.4. For Seismic Design 

Categories D to F, ȡ=1.3 but likely the value ȡ=1.0 can be used based on ASCE 7-2010 

section 12.3.4.2 provided that the building with the self-centering system is classified as a 

braced frame in which the loss of any brace (one self-centering device) will result in less than 

33% loss in story strength. The loss in strength will be the loss of preload which is limited to 
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20% of the story strength for all devices. Since at least two devices will be used in each 

direction, the loss of strength (preload) will be less than or equal to 10% of the story strength.   

 

4) There is no need to check the drift criteria as those will be checked when analysis of the building 

including the self-centering system is conducted. 

 

5) Conduct plastic or pushover analysis of the building, exclusive of the self-centering system, to 

establish the lateral force-displacement relations of each story and determine the shear yield 

strength and the effective yield displacement of each story. 

 

6) Add fluidic self-centering devices to provide in each principal horizontal direction a total preload 

equal to 20% or larger of the story shear yield strength. 

 
7) Conduct preliminary design the bracing system for the self-centering devices based on the 

assumption of a maximum device force equal to 3 times the preload and a displacement of the 

device corresponding to a drift equal to the one permitted by ASCE 7-2010, Table 12.12-1 times 

1.5R/Cd. Note that the factor R/Cd intends to obtain a real estimate of the maximum drift (as R 

should be equal to Cd, but is not) and the factor 1.5 intends to scale the drift to the maximum 

earthquake level. Also, the multiplier of 3 on the preload to obtain the maximum force intends to 

produce a reasonably conservative estimate of the total force. 

 

Response Spectrum Analysis (RSA) Procedure 
The analysis is performed in order to obtain estimates of peak story displacement and drifts, peak member 

forces and peak self-centering device forces and displacements. Also, peak floor accelerations may be 

determined.  The response spectrum procedure utilizes modal analysis principles with the exception that 

the first mode response contributions account for inelastic action in the primary structural system and 

nonlinear behavior in the self-centering devices. This requires an iterative analysis procedure as the 

effective properties are amplitude dependent.  What follows is based on the theory presented in Section 

6.3. The steps below are based on calculating the response in the Design Earthquake. The same procedure 

is followed in the analysis for the Maximum Earthquake. First procedures are presented for the case of 

linear viscous damping and then separately for the case of nonlinear viscous damping. 

 

1) Develop a model of analysis of the building with each self-centering device represented by an 

effective spring defined per Section 6.3 and depicted in Figure 6-2. The effective stiffness is 
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defined as the force in the device at a displacement corresponding to the story effective yield 

displacement obtained for the building exclusive of the self-centering devices (item 5 above) 

divided by that displacement.  Note that the effective yield displacement of each story is 

determined by plastic analysis or pushover analysis.  

 

2) Conduct an eigenvalue analysis of the building to obtain the frequencies (periods Tm) and mode 

shapes^ `mI . Calculate the modal participation factors m*  and modal weights mW  per Equations 

(6-15) or (6-16) and (6-20) or (6-21), respectively.   

 

3) For the case of linear viscous damping, calculate the damping ratio under elastic conditions Evm in 

each mode m using Equation (6-36) or (6-37). The value of the damping constants Cj, j=1 to N 

(N=number of devices used) should be such that the damping ratio in the first mode Ev1 is about 

0.10 or larger.   

 
4) Calculate the effective yield displacement Dy where 'yR is the effective yield displacement of the 

first story obtained from the pushover curve as shown in Figures 6-3 and 6-4 

yR
y

1

D
'

 
*

                                                              (6-54) 

5) Assume the value of displacement D in the single-degree-of-freedom spectral representation of 

the pushover curve. Calculate the displacement ductility ratio µ using Equation (6-46).  

 

6)  Calculate the effective period Teff  and effective damping Eeff using Equations (6-44) and (6-47), 

respectively.   

 
7) Using the Design Earthquake response spectrum, calculate the displacement D as  

2
eff a eff

D 2
( , 0.05)

4
T S TD

B
E

S
 

                                             (6-55) 

where factor B is calculated for the value of the effective damping Eeff  using Table 5-2 and Sa is 
the spectral acceleration value at the effective period of the 5%-damped Design Earthquake 
response spectrum. Repeat the displacement calculation by using the elastic period T1  instead of 
Teff and the damping ratio Ev1 (Equation (6-26) or (6-37)) instead of Eeff. If the calculated 
displacement under elastic conditions is larger than the displacement calculated based on 
Equation (6-55), use the elastic displacement value.   
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8) If the value of the displacement calculated by Equation (6-55) is larger than the elastic 

displacement, repeat the process of steps 5 to 7 until the calculated value of the displacement is 

sufficiently close to the assumed value. Let this value be DD. 

 

9) Calculate the distribution of displacements contributed by the fundamental mode using   

^ ` ^ `1 D1 1u DI *                                                       (6-56) 

This distribution of displacements should then be used to calculate story drifts 'uj1  for story j 

contributed by the fundamental mode.   

 

10) Calculate the contribution to the displacements of the higher modes of vibration (m�2) using  

 ^ ` ^ ` 2
a

2

( , 0.05)
4

m m mm
m

T S T
u

B
I E

S
*  

                                   (6-57) 

where factor B is calculated for the value of the damping ratio Em  using Table 5-2 and Sa is the 

spectral acceleration value at the period Tm  of the 5%-damped Design Earthquake response 

spectrum. Calculate the story drifts 'ujm for story j contributed by mode m=2, 3, etc. 

  

11) Use an appropriate combination rule (e.g., SRSS) to obtain the total floor displacements and story 

drifts using the calculated contributions of each mode. These are actual drift values and not the 

design story drift values obtained from analysis of the elastic structure for loads divided by factor 

R and then multiplied by factor Cd as described by ASCE 7-2010. For checking drift, the 

calculated total drift values are multiplied by factor Cd/R and then compared to the allowable 

values in Table 12.12-1 of ASCE 7-2010.  

  

12) For the case of nonlinear viscous damping, perform steps 1, 2, 4 and 5 above.  Then skip step 6 

and replace with step 13 below: 

 
13) Calculate the effective period Teff and effective damping Eeff using Equations (6-44) and (6-51), 

respectively. Damping ratio Ev1 is calculated using Equation (6-40) with 'R=*1D.  The value of 

the damping constants CNj, j=1 to N (N=number of devices used) should be such that the damping 

ratio in the first mode Ev1 is about 0.10 or larger.   

 



109 
 

14) Follow steps 7 to 11 but calculate the damping ratio Evm (m�2) using Equation (6-36) or (6-37) 

with constant Cj  replaced by Ceffj given by Equation (6-52). The calculation of velocity 1u� = 1j� is 

described in step 15 below.   

 

This completes the calculation of the displacement demands. The steps below apply for both linear and 

nonlinear damping cases. The steps provide information on the calculation of the inertia forces at the 

instant of maximum displacement (from where accelerations may be calculated) and peak self-centering 

device velocities (for calculation of damping forces).   

 

15) Calculate the self-centering device peak velocities jm� contributed by each mode m�1 using the 

story drift�'ujm,  the device orientation Tj (see Figure 6-2) and multiplying by the effective 

frequency for the first mode and the frequency for each other mode m�2 and the correction factor 

for velocity determined as described  in Section 5 (Table 5-3) using the calculated values of Teff 

and Eeff (or T1  and Ev1 depending on the calculation of displacement DDͲinelastic or elastic) for the 

first mode and period and damping ratio Tm and Evm for each mode m�2.  

1 1
2 cos (T , )j j j eff eff

eff

u CFV
T
S T E�  ' <                                             (6-58) 

2 cos (T , )jm jm j m m
m

u CFV
T
S T E�  ' < , m�2                                 (6-59) 

Note that the quantity uD,j='ujmcosTj, m=1, 2, etc. is the displacement of self-centering device j. 

 

16) Calculate peak values of device displacements uD,iT  and velocities iT� by using the peak 

quantities contributed by each mode and some appropriate combination rule (e.g., SRSS).   

 

17) Calculate the self-centering device peak damping force.  For linear viscous damping, this force is 

given by 

V, Ti i iF C ��                                                                        (6-60) 

 

18) Calculate the peak self-centering device force as the maximum value of the following expression 

as quantity u is varied between zero and uD,iT.                

� �2
D, MA; min, 0, 0, v, D, T1 /i i i i i iF F F K u F u u � � � �                            (6-61) 
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Figure 6-5 illustrates the principle for calculating the total force.  Note that the figure applies for 

the case of linear damping for which the damping force-displacement relation is elliptical.   

 

 
Figure 6-5 Calculation of Peak Force in Fluidic Self-Centering Device 

 

A different expression is needed for the case of nonlinear damping. It is not possible to derive a 

simple expression for nonlinear damping along the lines of Equation (6-61). It has to be 

calculated numerically by considering a cycle of harmonic motion at amplitude of displacement 

uD,iT and amplitude of velocity Ti� . 

 

19) Calculate the peak shear force in each story as the story shear strength (here it is assumed that the 

story has yielded) plus the component of force FD,iMA; in the horizontal direction FD,iMA;cosTi. 
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Equivalent Lateral Force (ELF) Procedure 
The Equivalent Lateral Force procedure may be applied following the steps of the Response Spectrum 

Analysis procedure for the first mode contribution and then only considering the contribution of an 

additional artificial mode-the residual mode.  The steps are as follows: 

 

1) Step 1 in RSA procedure. 

2) Step 2 above but only calculate the period T1, the mode shape 1^ `I and the modal participation 

factor *R.  Calculate the residual mode period TR, the mode shape R^ `I  and the modal 

participation factor *R using Equations (6-28), (6-27) and (6-26), respectively. 

3) Step 3 above for linear viscous damping to calculate the damping ratio Evm  but only for m=1 and 

m=R.   

4) Steps 4 to 11 above but in step 10 calculate the displacements only for m=R. 

5) Steps 12 and 13 for the case of nonlinear viscous damping. 

6) Step 14 but only calculate the damping ratio Evm for m=R. 

7) Step 15 to 19 above but only for modes m=1 and m=R.   

 

The ELF procedure described above requires in step 1 an eigenvalue analysis of the structure including 

the stiffening effect of the self-centering devices.  While this is simple, the entire process cannot be cast 

into the typical form for an ELF procedure as in Chapter 18 of the ASCE 7-2010.  For that the period T1 

and the mode shape 1^ `I need to be prescribed rather than calculated.  One option is to utilize the period 

T1 using the procedures of Section 12.8.2 of ASCE 7-2010 to calculate the fundamental period of the 

building excluding the effect of the self-centering devices and then make an adjustment on the basis of 

simple considerations for the effect of the devices. However, the procedures in ASCE 7 apply for a 

building that meets the criteria of ASCE 7 in terms of minimum base shear and drift, whereas the building 

excluding the self-centering devices does not. Use of the ASCE 7 procedures would have underestimated 

the period and thus resulted in underestimation of drift. This report does not address this issue and does 

not attempt to develop a simple approach at estimating the fundamental period of a building with self-

centering devices. Accordingly, the ELF procedure implemented in the examples of this report utilizes 

eigenvalue analysis to estimate the modal properties of the fundamental mode, which is the recommended 

procedure.   
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SECTION 7 
EVALUATION OF METHODS OF ANALYSIS AND DESIGN OF 

BUILDINGS WITH FLUIDIC SELF-CENTERING DEVICES 
 

7.1 Introduction 
This section presents examples of design and analysis of buildings with damping systems. Design and 

analysis were performed using the procedures of Section 6, which are based on the ASCE 7-10 (2010) 

Equivalent Lateral Force (ELF) and Response Spectrum Analysis (RSA) methods.  

 

The examples presented below involve three-story and six-story special steel moment frame buildings 

with fluidic self-centering devices installed in diagonal configurations. Each of these frames was designed 

based on the procedures of Section 6 and ASCE 7-10 (2010) for base shear of 0.75V, where V is 

minimum base shear force per ASCE 7 (2010). Fluidic self-centering devices were added with 

characteristics based on the design procedures of Section 6. Analysis was performed using the ELF and 

RSA procedures of ASCE 7 (2010) as modified in Section 6, and by nonlinear dynamic response history 

analysis following ASCE 7 (2010). The seismic excitation was described by the response spectrum of 

ASCE 7-10 with parameters SDS=1.25, SD1=0.6 and Ts=0.48 sec (see Figure 4-1 in this report).  

The results of response history analysis are compared to the results of the simplified ELF and RSA 

analysis procedures. 

 

7.2 Design of 3-Story and 6-Story Reference Frames 
The reference frames are conventional special steel moment frames in 3-story and 6-story buildings. 

These frames were designed to meet the minimum required strength (Section 12.8.1.1) and drift limits 

(Section 12.12.1) of ASCE 7-2010. Later in this section, the behavior and response of these frames are 

compared with those of the corresponding frames with fluidic self-centering devices in order to ascertain 

the benefits offered by the fluidic self-centering systems designed by the procedures of Section 6. 

Appendix B presents a description of the geometry, the design parameters and loads for the example 

buildings. Figures B-1, B-2 and B-3 the plan view and elevations of the 3-story and 6-story buildings of 

the examples. The lateral force-resisting system is composed of two special steel moment frames in each 

direction. For such frames, ASCE 7-10 (2010) assigns factors R=8, Cd=5.5 and :0=3. Also presented in 

Appendix B are calculations for the design of the 3-story and 6-story reference frames that satisfy the 

ASCE 7-10 drift limit 'a=0.02hsx, where hsx is the story height.  
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The 3-story reference building has a fundamental period equal to 1.07 sec and the 6-story reference 

building has a fundamental period equal to 1.90 sec (determined by eigenvalue analysis using program 

OpenSees (2014)). The base shear strength of each frame of the two building has been determined by 

pushover analysis (analysis in program OpenSees using a vertical force distribution proportional to the 

lateral forces per ASCE 7-2010 equations 12.8-11 and 12.8-12, and including P-ǻ effects) to 

approximately be 1300 kN for the 3-story frame and 1750 kN for the 6-story frame. 

 

7.3 Design of 3-Story and 6-Story Frames with Fluidic Self-Centering Devices 
Frames with fluidic self-centering devices were designed using the procedures of Section 6.  According to 

these procedures, and in similarity to Chapter 18 of ASCE 7-2010 on “Seismic Requirements for 

Structures with Damping Systems,” the frames were designed for a seismic base shear of 0.75V, where V 

is the seismic base shear in accordance with ASCE 7-2010, Section 12.8 (required for a conventional 

frame without a damping system).  Detailed calculations are provided in Appendices C and D.  The 

designed frames and details of the fluidic self-centering devices are shown in Figures 7-1 and 7-2. These 

frames are classified as 3S-75 and 6S-75, respectively.  Note that for the 6S-75 frame the shown bracing is 

the original bracing per Appendix D prior to the modification based on the results of the response history 

analysis (see Appendix D).  

  

Table 7-1 presents a summary of the characteristics of the four frames (two reference frames and the two 

frames with the fluidic self-centering system) in terms of the base shear strength and the fundamental 

period.  Detailed information on the reference frames is provided in Appendix B.  Evidently, the frames 

of the building with the fluidic self-centering devices have a much lower strength and a larger 

fundamental period.  The period is still larger in the buildings with the fluidic devices even when the 

stiffening effect of the fluidic devices is approximately accounted for.  The increased flexibility and the 

reduced strength of the buildings with the fluidic devices indicate potential for reduced inertia forces and 

reduced forces transmitted to the foundation.   
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Table 7-1 Characteristics of Example Frames 

Frame Number of 
Stories 

Base Shear Strength1  
(kN) 

Fundamental Period2 
(sec) 

3S-75 3 1300 1.50 (1.31) 

6S-75 6 1750 2.30 (2.06) 

3S-Reference 3 2300 1.07 (NA) 

6S-Reference 6 2450 1.90 (NA) 
1 Calculated by pushover analysis in OpenSees using a lateral force distribution in accordance with ASCE 7 
equations 12.8-1 and 12.8-2, and including P-ǻ effects 
2 Value is period of frame without the self-centering system.  Value in parenthesis is period including the effect of 
the self-centering devices, modelled as elastic elements with effective stiffness calculated at a story drift 
displacement equal to the story yield displacement 
 

 
Figure 7-1 3-Story Frame 3S-75 with Fluidic Self-Centering Devices 

 

 
Figure 7-2 6-Story Frame 6S-75 with Fluidic Self-Centering Devices 
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7.4 Analytical Modeling of Buildings with Fluidic Self-Centering Devices 
Each of the buildings with fluidic self-centering devices was modelled and analyzed in program 

OpenSees (2014) using the following features: 

1) Each building was represented by a single frame in a two-dimensional analysis.    

2) The seismic excitation was horizontal only; i.e. no vertical excitation was included. 

3) Inherent damping in the analyzed frame was modelled as Rayleigh damping with 5% of critical 

damping in the first two modes of vibration.  

4) Plastic hinges in beams and columns were modelled as having the bilinear moment-curvature 

relation shown in Figure 7-3.  Plastic hinges in beams were located at the column face.  Plastic 

hinges in columns were located at beam faces.  Plastic hinges at column bases were located at a 

distance of equal to the column depth from the base.   
 

 
Figure 7-3 Bilinear Moment-Curvature Relation for Plastic Hinges 

 
5) Each fluidic self-centering device and its brace were modeled as illustrated in Figure 7-4 (based 

on work by Choi et al, 2008 on another self-centering device). The brace is modeled as a linear 

and elastic element of unlimited strength (buckling or yielding is not modelled in this study but is 

accounted for later when an evaluation of performance is conducted. Figure 7-5 shows a 

representative force-displacement relation obtained by this element in OpenSees when imposing 

motion of 45mm amplitude at frequency of 1Hz.   

My=FyZx 
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Figure 7-4 Modeling of Fluidic Self-Centering Device and its Brace in OpenSees 

 

6) The behavior of the fluidic self-centering device was modeled by the procedures described in 

Section 3. 

7) The numerical integration utilized the average acceleration Newmark-Beta scheme with a time 

step equal to 0.001sec. 

 

 
 

Figure 7-5 Representative Force-Displacement Relation of Element of Fluidic Self-Centering Device 

Obtained in OpenSees 

 
8) The analysis model included a leaning column carrying portion of the weight of the building 

within the tributary area of the analyzed frame.  This was necessary in order to better account for 

P-ǻ effects.  Figure 7-6 illustrates the model for the 3-story building. Note that the weights shown 

represent only the seismic weight, which was taken as the dead load plus half of the live load. 
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Figure 7-6 Model of Analysis for 3-story Frame in Program OpenSees Illustrating Mass and 
Seismic Weight Distribution and the use of a Leaning Column (bracing omitted for clarity) 

 
7.5 Nonlinear Response History Analysis 
Frames 3S-75 and 6S-75 were analyzed in the Design Earthquake (DE) and in the Maximum Considered 

Earthquake (MCE) using suites of scaled ground motions. Each suite consisted of 7 motions.  Three 

different suites were selected, to respectively represent far-field, near-fault without pulse-like effects and 

near-fault with pulse-like effects. Thus a total of 21 analyses were performed for the DE and another 21 

analyses for the MCE.  The motions used and the scaling procedures employed have been described in 

Section 4 of this report (Tables 4-1 through 4-3 for Near-Fault Pulse-Like, Near-Fault Non-Pulse-Like 

and Far-Field, respectively). The MCE consisted of the DE acceleration histories multiplied in amplitude 

by factor of 1.5. Peak response quantities were obtained for each motion and average values have been 

calculated and are presented herein.  

 

7.6 Results of Nonlinear Response History Analysis and Comparison to Results of 

ELF and RSA Procedures  
Comparisons of results obtained by the simplified methods of analysis of Section 6 (ELF and RSA) and 

nonlinear response history analysis are presented in Tables 7-2 and 7-3 for 3S-75 frame in the DE and 

MCE, respectively, and in Tables 7-4 and 7-5 for the 6S-75 frame in the DE and MCE, respectively. The 

presented results include: 

1) Peak floor displacement with respect to the ground. 

2) Peak story drift. 

3) Peak self-centering device velocity. 

4) Peak self-centering device force. 
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5) Peak story shear force. 

The results in Tables 7-2 to 7-5 reveal the following: 

1) The response history analysis results depend on the type of seismic motion used (far-field, near-

fault non-pulse-like and near-fault pulse-like). Of course, the results of the ELF and RSA 

procedures do not. 

2) For the case of the 3-story example, the ELF and RSA procedures mostly predicted conservative 

estimates of floor displacement and drift.  Even when compared to response history analysis 

results in the case of the near-fault, pulse-like motions, the RSA and ELF procedures provided 

good predictions of displacement responses within about 15% of the response history analysis 

results.   Results for the device velocities obtained by nonlinear response history analysis in the 

three types of motions used and by the RSA and ELF procedures varied significantly among 

procedures and types of motion. Nevertheless, the maximum among the RSA and ELF 

procedures calculated velocity for any device in the critical MCE was conservatively estimated or 

was very close to the maximum calculated value among the three types of motion in the response 

history analysis. Also, the peak device forces calculated by the RSA and ELF procedures were of 

acceptable accuracy and with values typically conservative or very close to the results of the 

response history analysis.  

3) For the case of the 6-story example, the RSA and ELF procedures resulted in predictions which 

are comparable to those of the response history analysis in a manner similar to that of the 3-story 

example.  However, the simplified methods occasionally over-predict or under-predict the device 

velocities and forces although this does not have any effect in the presented example given that 

the devices in all stories are the same.   

4) Given that both the RSA and the ELF procedures are based on the same initial steps of pushover 

analysis, modal analysis and first mode response calculations, and given the errors it may 

introduce, it appears that the ELF procedure does not provide any important benefit in terms of 

reduction of calculation effort to warrant its use. 

5) Interestingly, the results of the RSA and ELF procedures on the total story shear force are 

occasionally predicted accurately and occasionally are over-predicted or under-predicted. This 

appears to be unanticipated for some cases as the devices¶ forces are predicted well by the 

simplified procedures and the frames yield so that the contribution to the shear force from the 

frame is known.  These are the basic reasons for the difference:  

a. The behavior of the frames as shown in the pushover curves of Appendices C and D are 

not elasto-plastic as assumed in the RSA and ELF procedures but have a trilinear 

behavior, which results in lower values of story shear strength when drift is less than a 
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certain limit. For example, Figure 7-7 presents the story shear force-story drift 

relationships of frame 3S-75 determined in pushover analysis using a lateral load 

distribution based on the ASCE 7 equations 12.8-11 and 12.8-12. The drift calculated as 

the average of response history analysis in the far-field DE and MCE motions is denoted 

in the graphs of Figure 7-7. Evidently, while inelastic action commences, the drift is in 

most cases less than the level at which the shear force equals the shear strength. 

b. The frames in the dynamic analysis do not always develop plastic hinges in all beams as 

postulated in the simplified analysis procedures. For example, Figures 7-8 and 7-9 

present information on the plastic hinge development in the 3-story 3S-75 frame in one of 

the scaled motions used in the analysis for the DE and the MCE, respectively.  Evidently, 

not all beams develop plastic hinges. 

c. The pushover curves depend on the distribution of lateral forces.  The pushover curves 

used in the ELF and RSA procedures were based on a lateral force pattern following the 

prescribed lateral forces per ASCE 7, whereas other distributions may have been more 

appropriate.  For example, Figures 7-10 and 7-11 present pushover curves for the two 

frames exclusive of the fluidic self-centering system obtained using a pattern of loads in 

accordance with ASCE 7 equations 12.8-11 and 12.8-12 (used in ELF and RSA 

procedures) (called modal pattern), using a pattern of loads in proportion to the floor 

mass (called uniform pattern) and using a pattern of lateral loads in proportion to the first 

mode (called first mode pattern). Considerably different base shear strengths are 

calculated by the three patterns of load.  Note that the ELF and RSA procedures may be 

repeated using the pushover curve obtained in the uniform pattern in order to obtain 

bounds on response as done in Ramirez et al. (2001) for structures with damping systems 

and also recommended in FEMA 356 (FEMA, 2000). Note that the pushover curves are 

shown to have a roof displacement of about 10% of the frame height. Two graphs also 

denote the displacement at 2% of the frame height, which is a better indicator of the 

behavior in the MCE.   
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Table 7-2 Comparison of Results of ELF and RSA Procedures to Nonlinear Response History 
Analysis for 3S-75 Frame with Fluidic Self-Centering Device in the DE 

Response 
Quantity Story

Simplified 
Analysis Nonlinear Response History Analysis 

RSA ELF Near-Fault Pulse Near-Fault Non-
Pulse Far-Field 

Floor 
Displacement 

(mm) 

3 198.4 198.3 182.5 153.3 160.8 
2 134.9 134.6 129.9 108.9 111.4 
1 55.6 60.5 57.0 47.9 46.9 

Story Drift 
(mm) 

3 68.7 65.9 57.1 50.6 53.5 
2 80.6 84.1 75.0 64.4 66.5 
1 55.6 60.5 57.0 47.9 46.9 

Device 
Velocity 
(mm/sec) 

3 352.2 286.7 437.4 404.4 393.3 
2 323.8 365.8 433.9 391.4 383.4 
1 240.5 295.6 302.3 268.0 261.5 

Device Force 
(kN) 

3 543.6 470.3 586.6 561.7 555.0 
2 719.6 766.4 732.7 695.3 712.3 
1 611.8 674.0 631.1 619.7 603.0 

Story 
Shear Force 

(kN) 

3 1031.7 966.8 790.5 735.4 730.4 
2 1737.7 1779.2 1499.7 1405.1 1448.2 
1 1839.2 1894.0 2016.7 1912.6 1826.9 

 
Table 7-3 Comparison of Results of ELF and RSA Procedures to Nonlinear Response History 

Analysis for 3S-75 Frame with Fluidic Self-Centering Device in the MCE 

Response 
Quantity Story 

Simplified 
Analysis Nonlinear Response History Analysis 

RSA ELF Near-Fault Pulse Near-Fault Non-
Pulse Far-Field 

Floor 
Displacement 

(mm) 

3 297.7 297.6 270.7 240.9 238.3 
2 202.4 201.9 202.3 178.7 173.4 
1 83.3 90.7 97.6 86.2 79.4 

Story Drift 
(mm) 

3 103.1 98.9 80.2 71.8 76.5 
2 121.0 126.2 107.5 96.7 95.6 
1 83.3 90.7 97.6 86.2 79.4 

Device 
Velocity 
(mm/sec) 

3 527.9 429.9 523.8 540.5 526.5 
2 486.1 549.3 525.4 533.6 515.0 
1 360.2 443.6 434.6 401.4 394.5 

Device Force 
(kN) 

3 749.4 639.7 663.2 721.2 715.2 
2 922.4 992.8 891.8 862.8 889.1 
1 759.5 853.6 854.8 780.6 753.7 

Story 
Shear Force 

(kN) 

3 1214.1 1116.9 938.8 959.9 970.6 
2 1917.4 1979.8 1791.1 1718.2 1768.6 
1 1969.3 2052.3 2473.3 2347.9 2322.6 
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Table 7-4 Comparison of Results of ELF and RSA Procedures to Nonlinear Response History 
Analysis for 6S-75 Frame with Fluidic Self-Centering Device in the DE 

Response 
Quantity Story 

Simplified Analysis Nonlinear Response History Analysis 

RSA ELF Near-Fault Pulse Near-Fault 
Non-Pulse Far-Field 

Floor 
Displacement 

(mm) 

6 315.3 314.0 280.4 294.1 269.3 
5 276.9 277.0 254.9 269.9 248.1 
4 223.8 223.4 212.1 231.0 213.2 
3 163.6 162.7 160.9 178.0 165.3 
2 98.5 100.9 99.8 111.4 104.6 
1 38.1 57.6 39.8 44.1 41.2 

Story Drift 
(mm) 

6 45.7 37.6 29.4 26.3 26.1 
5 58.0 54.8 47.5 42.5 42.5 
4 62.7 63.1 59.8 56.7 55.0 
3 66.2 67.6 67.3 70.7 65.2 
2 60.6 61.1 62.5 69.7 64.8 
1 38.1 57.6 39.8 44.1 41.2 

Device 
Velocity 
(mm/sec) 

6 214.5 118.6 200.1 190.0 217.8 
5 211.8 172.5 251.4 232.9 272.1 
4 205.6 198.8 255.6 248.8 278.7 
3 206.7 213.1 273.1 261.3 277.5 
2 192.4 192.7 269.5 256.8 267.1 
1 129.2 265.2 200.2 199.0 203.2 

Device Force 
(kN) 

6 769.4 451.8 533.1 501.6 578.3 
5 883.6 770.3 806.6 744.1 837.0 
4 867.0 847.6 848.5 777.5 776.2 
3 1033.5 1052.3 1057.1 1036.1 978.8 
2 990.7 991.7 1066.3 1113.7 1027.7 
1 802.1 1197.4 915.5 950.9 899.1 

Story 
Shear Force 

(kN) 

6 1081.8 800.4 609.8 579.6 655.5 
5 1783.0 1682.6 1259.0 1113.3 1149.6 
4 2018.3 2001.1 1772.6 1634.3 1623.5 
3 2465.9 2482.6 2145.1 2081.1 2051.2 
2 2578.0 2578.8 2454.5 2529.0 2460.6 
1 2456.9 2805.3 2986.5 3074.5 2914.4 
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Table 7-5 Comparison of Results of ELF and RSA Procedures to Nonlinear Response History 
Analysis for 6S-75 Frame with Fluidic Self-Centering Device in the MCE 

Response 
Quantity Story 

Simplified 
Analysis Nonlinear Response History Analysis 

RSA ELF Near-Fault Pulse Near-Fault Non-
Pulse Far-Field 

Floor 
Displacement 

(mm) 

6 473.0 471.1 424.6 453.1 398.8 
5 415.4 415.4 395.5 423.3 373.0 
4 335.7 335.1 344.7 372.3 328.4 
3 245.4 244.0 274.0 298.3 260.7 
2 147.7 151.3 181.6 194.9 167.2 
1 57.1 86.4 77.2 81.3 67.7 

Story Drift 
(mm) 

6 68.7 56.5 34.8 32.0 31.8 
5 87.0 82.1 60.2 56.0 53.9 
4 94.1 94.6 82.1 83.8 75.1 
3 99.2 101.4 103.5 110.9 97.5 
2 90.9 91.8 107.4 115.2 101.0 
1 57.1 86.4 77.2 81.3 67.7 

Device 
Velocity 
(mm/sec) 

6 321.6 178.1 223.0 231.5 248.1 
5 317.7 258.7 284.1 296.4 323.6 
4 308.4 298.2 312.3 309.0 338.7 
3 309.4 319.7 351.6 334.2 360.7 
2 288.3 289.1 363.2 357.2 372.7 
1 193.4 397.8 293.7 300.0 303.3 

Device Force 
(kN) 

6 1041.5 625.9 592.7 607.3 661.0 
5 1194.7 1023.9 911.5 905.3 983.2 
4 1171.8 1140.2 1001.2 925.7 974.4 
3 1347.0 1368.5 1320.0 1268.0 1231.4 
2 1288.5 1277.8 1366.2 1417.4 1333.5 
1 996.9 1586.0 1244.2 1284.6 1115.7 

Story 
Shear Force 

(kN) 

6 1323.0 954.7 670.5 684.1 734.9 
5 2058.7 1907.4 1432.0 1323.0 1389.4 
4 2288.5 2260.4 2041.0 1888.5 1871.9 
3 2743.7 2762.8 2482.5 2423.3 2352.8 
2 2841.9 2832.4 2934.9 2946.5 2818.8 
1 2628.6 3147.7 3685.3 3720.5 3455.7 
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Figure 7-7 Story Shear Force versus Story Drift Relations for Frame 3S-75 (calculated by pushover 
analysis using a pattern of loads in proportion to prescribed loads in ASCE 7) and Average Drift in 

DE and MCE Calculated for Far-Field Motions in Response History Analysis 
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Figure 7-8 Formation of Plastic Hinges in Frame 3S-75 in Scaled Far-field Ground Motion Kocaeli, 

Duzce Station in the DE 
 
 
 

 
Figure 7-9 Formation of Plastic Hinges in Frame 3S-75 in Scaled Far-field Ground Motion Kocaeli, 

Duzce Station in the MCE 
 

 
 

Figure 7-10 Pushover Curves of 3-story Frame 3S-75 Exclusive of the Fluidic Self-centering System 
Obtained by Various Patterns of Lateral Load 
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Figure 7-11 Pushover Curves of 6-story Frame 6S-75 Exclusive of the Fluidic Self-Centering System 
Obtained by Various Patterns of Lateral Load 

 

 

7.7 Conclusions 
The simplified methods of analysis provide good and most often conservative estimates of drift and good 

predictions of fluidic self-centering device forces. Story shear forces can also be accurately predicted but 

that requires the use of the appropriate push-over curve. To accomplish this, it would be required to 

obtain bounds of the response by utilizing pushover curves based on modal and uniform load patterns. 

 

The quality of prediction by the simplified methods is better for the shorter structures (herein a 3-story 

example) than for taller structures (herein a 6-story example).  Nevertheless, the simplified methods 

provide means for developing a design and assessing its adequacy prior to performing nonlinear response 

history analysis.  

 

Since both the RSA and the ELF procedures require the execution of pushover analysis and then modal 

analysis as their first step, the ELF procedure does not offer any significant advantage in terms of 

simplicity to warrant its use over the RSA procedure.  
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SECTION 8 
ADDITIONAL RESULTS AND COMPARISON OF RESPONSE OF 

CONVENTIONAL BUILDINGS AND BUILDINGS WITH FLUIDIC SELF-
CENTERING DEVICES 

 

8.1 Introduction 
This section presents a comparison of the response, as calculated by nonlinear response history analysis, 

of the 3- and 6- story conventional buildings (Appendix B) and the corresponding buildings with fluidic 

self-centering devices (Appendices C and D, and Figures 7-1 and 7-2). The response is calculated for the 

DE and MCE using the scaled motions of Section 4 representing far-field, near-fault without pulse-like 

effects and near-fault with pulse-like effects, and following the procedures described in Section 7. 

 

8.2 Comparison of Response 
Results are presented in terms of peak response quantities (average of 7 analyses) for the story drift, 

residual story drift, floor total velocity, floor acceleration, and base shear force in Tables 8-1 to 8-4, 

distinguished by the building height (3- or 6- story) and the earthquake level (DE or MCE).   

 

Tables 8-1 and 8-2 compare the response calculated for the 3-story structure with and without the fluidic 

self-centering system in the DE and MCE level motions, respectively. The results are distinguished by the 

three types of ground motions used in the analysis (near-fault pulse, near-fault non-pulse and far-field). 

Similarly, tables 8-3 and 8-4 compare results for the 6-story structure with and without the fluidic self-

centering system in the DE and MCE level motions, respectively. 

 

Figures 8-1 to 8-4 present floor acceleration spectra of 3-story and 6-story frames with and without the 

fluidic self-centering system for the case of ground motions characterized as near-fault, pulse-like. The 

floor spectra were calculated from the recorded floor acceleration histories (average of 7 spectra) for a 

damping ratio of 5-percent. 

 

Note that the buildings with the fluidic self-centering system were designed on the basis of the procedures 

of Section 6 which are based on the criteria of ASCE 7, Chapter 18 “Seismic Requirements for Structures 

with Damping Systems” in terms of base shear strength and story drift for the DE. There was no specific 

attempt to reduce drift although this may be accomplished by the combination of added damping and 

preload.   
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The results of Tables 8-1 to 8-4 clearly demonstrate the benefits offered by the fluidic self-centering 

system as designed by the procedures of Section 6: (a) substantial reduction of the residual drift in the DE 

and MCE, (b) essentially elimination of the residual drift in the DE, (c) reduction of peak drift in the 

MCE, (d) reduction of base shear force, (e) reduction of peak floor accelerations, and (f) reduction of 

peak floor total velocities.  The reduction in acceleration and total velocities are particularly pronounced 

in the upper floors of the analyzed structures. 

 

Moreover, the floor spectra of Figures 8-1 to 8-4 demonstrate that the floor spectral accelerations in the 

buildings with the fluidic self-centering system can be substantially less than those of the comparable 

conventional buildings over a wide range of frequencies. This, together with the observed reduction of 

total floor velocities, provides evidence of potential for improved performance of secondary systems for 

which the response is sensitive to acceleration (e.g., suspended ceilings, sprinkler systems, etc.) or total 

velocity (e.g., free standing objects than can overturn).  

  

Note that the base shear force is the ultimate shear force for the design of the foundation.  Reduction of 

this force should transform into benefits for the foundation design. 

 

These benefits emanate from the combination of (a) the added preload, stiffness and viscous damping by 

the self-centering system, (b) the reduction of strength of the structure, and (c) the reduction of stiffness 

(increase of period) of the structure (see Table 7-1 for information).   

 

8.3 Additional Results for 3-story and 6-story Buildings with Fluidic Self-Centering System 
Additional results of response history analysis are presented to illustrate the effects of increased damping, 

the form of damping (linear or nonlinear), increased preload and reduced device stiffness on the 

calculated response. The results serve the purpose of showing the effects on the response in the MCE and 

are also used to size the bracing system for the fluidic devices and determine its ultimate characteristics.  

These ultimate characteristics are used in Sections 9 and 10 in evaluating the seismic performance and 

how this performance is affected by the design parameters. 

 

Table 8-5 presents results of response history analysis in the MCE for the 3-story frame 3S-75 equipped 

with fluidic self-centering devices providing a damping ratio in the fundamental mode under elastic 

conditions equal to 0.10 (case already shown in Table 8-2) and damping ratio of 0.15. The only difference 

between the two compared cases is the value of the damping constant of each device, C=1710kN-sec/m 

versus C=1140kN-sec/m for all three stories. 
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On the basis of the results in Table 8-5, the peak device force is 1107kN and the brace is selected to have 

a capacity of 1.3 times the force.  A HSS8x8x5/8 structural tube section is selected which has a capacity 

in compression for an effective length of 8535mm (28ft) equal to 1435kN. This force is used as the 

ultimate force in both compression and tension for the device-brace system in the collapse performance 

assessment in Section 9. 

 

The results in Table 8-5 also demonstrate the effect of increased damping: reduction in peak drift and 

increase in device peak force.  Also, the residual drift is affected with small reduction in some locations 

and small increase in other locations. 

 

Table 8-6 presents results of response history analysis in the MCE for the 3-story frame 3S-75 equipped 

with fluidic self-centering devices providing a damping ratio in the fundamental mode under elastic 

conditions equal to 0.10 and having preload of about 20% of the story strength (case already shown in 

Table 8-2) and another case in which the preload is increased by a factor of 1.3, whereas the damping 

constant remains the same (C=1140kN-sec/m). The effect of increased preload is to reduce the peak drift 

and the residual drift at the expense a small increase in the device peak force. On the basis of the 

calculated peak device force, an HSS8x8x5/8 structural tube section is selected for bracing which has a 

capacity in compression for an effective length of 8535mm (28ft) equal to 1435kN. This force is used as 

the ultimate force in both compression and tension for the device-brace system in the collapse 

performance assessment in Section 9. 

 

Table 8-7 presents results of response history analysis in the MCE for the 3-story frame 3S-75 equipped 

with fluidic self-centering devices with nonlinear viscous damping, designed to provide a damping ratio 

in the fundamental mode in the DE equal to 0.10 and 0.15. The other parameters of preload and stiffness 

for each device are the same as those of the 3S-75 frame case of balanced configuration. The damping 

properties of the devices were selected on the basis of the procedures in Section 6.5 and specifically step 

13 of the RSA method, with the devices having the nonlinear viscous behavior of equation (6-38) with 

exponent α=0.5. This resulted in the damping constant of each device to be CN=551.3kN-(sec/m)1/2 and 

CN= 666.4kN-(sec/m)1/2, respectively, for all three stories. On the basis of the results on the peak device 

force, the bracing was selected to be HSS8x8x1/2 for both cases. 

 

It may be noted in the results of Table 8-7 that the increase in nonlinear damping has a small effect on the 

peak drift in the MCE.  The increase of damping had a larger effect on the DE response, but unlike the 

case of linear damping, the effect is not proportional in the MCE as the dampers have nonlinear behavior.  
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To further illustrate the difference between linear and nonlinear viscous behavior, Table 8-8 presents a 

comparison of the MCE response of the 3S-75 frame for linear and nonlinear viscous behavior, both 

having a fundamental mode damping ratio  of 0.10 in the DE. It may be noted that linear damping is a 

little more effective than nonlinear damping in reducing drift in the MCE (but not in the DE) at the 

expense of a higher device peak force. While this is desirable for the MCE response, it may affect the 

collapse fragility as the device force increases substantially with increasing intensity of the earthquake.   

 

Table 8-9 compares the response of the 3S-75 frame with increased nonlinear viscous damping of 0.15 in 

the fundamental mode in the DE under elastic conditions for the frame and with two different sets of 

values of the fluidic device stiffness. One set is the originally used set of values as determined in the 

design of the devices and the second set of stiffness values is arbitrarily set to be ten times less. Evidently, 

the reduction in stiffness has some small beneficial effect on accelerations, shear forces and device forces 

but it results in an increase in the residual drift, an undesirable effect.   

 

Finally, Table 8-10 compares the response of the original 6-story frame 6S-75 (linear viscous damping 

with damping ratio Ev1=0.10) to the response of the same frame but with increased nonlinear damping 

(Ev1=0.15 in DE under elastic frame conditions). The increase of damping has a minor beneficial effect on 

the calculated response, including the peak drift and the residual drift. To further investigate the effect of 

increased nonlinear viscous damping, Figures 8-5 and 8-6 were prepared to compare the floor 

acceleration response in the DE and the MCE (only case of near-fault pulse-like motions) of the 6S-75 

frame in the two cases of damping. Clearly, the increased damping and the conversion to nonlinear still 

offers significant benefits. The spectral accelerations are about the same as those of the linearly-damped 

system and are much less than those of the conventional 6S-Reference frame for a wide range of 

frequencies (compared to Figures 8-3 and 8-4). 

 

8.4 Conclusions 
The results of this section demonstrate substantial benefits in buildings designed by the procedures of 

Section 6 and equipped by fluidic self-centering devices, as compared to conventional buildings, in terms 

of reduction (or near elimination) of residual drift, reduction of accelerations, floor velocities and base 

shear forces. Note that this assessment was based on the comparison of response of two buildings, one 3-

story and one 6-story, when analyzed for the effects of the Design Earthquake and the Maximum 

Considered Earthquake as characterized by a particular response spectrum and three different scenarios in 

terms of proximity to fault.   
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Additional results are presented in Sections 9 and 10 where building systems with fluidic self-centering 

devices are formally evaluated using the procedures of FEMA P695 (FEMA, 2008) for quantification of 

the building collapse performance and of the residual drift performance. 

 

Table 8-1 Comparison of Response Calculated in Response History Analysis for 3-
story Structure with and without Fluidic Self-Centering System in DE 

Response Quantity Story 

With Fluidic Self-Centering      

System 

Without Fluidic Self-Centering 

System 

Near-

Fault 

Pulse 

Near-Fault 

Non-Pulse

Far-

Field 

Near-

Fault 

Pulse 

Near-Fault 

Non-Pulse 

Far-

Field 

Peak Story Drift 

(mm) 

3 57.1 50.6 53.5 84.6 76.4 77.8 
2 75.0 64.4 66.5 86.6 79.1 86.1 
1 57.0 47.9 46.9 47.6 47.6 45.8 

Residual Story Drift 

(mm) 

3 0.4 0.1 0.2 14.3 6.7 10.2 
2 0.9 0.4 0.4 10.9 5.8 8.3 
1 4.0 1.7 0.8 4.8 4.0 4.0 

Base Shear Force 

(kN) 

3 790.5 735.4 730.4 1430.5 1302.7 1335.8
2 1499.7 1405.1 1448.2 2003.8 1920.7 1930.7
1 2016.7 1912.6 1826.9 2639.4 2793.3 2544.3

Peak Floor 

Acceleration (g) 

3 0.532 0.497 0.489 0.925 0.832 0.857
2 0.410 0.401 0.390 0.572 0.607 0.505
1 0.423 0.430 0.475 0.593 0.592 0.592

Peak Absolute Floor 

Velocity (mm/sec) 

3 1216.4 1197.4 1270.9 1460.1 1521.8 1476.2
2 1098.7 1073.1 1190.6 1188.8 1163.3 1241.3
1 1088.2 1021.7 1119.8 1140.3 1098.7 1185.6
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Table 8-2 Comparison of Response Calculated in Response History Analysis for 3-

story Structure with and without Fluidic Self-Centering System in MCE 

Response Quantity Story 

With Fluidic Self-Centering      

System 

Without Fluidic Self-Centering 

System 

Near-

Fault 

Pulse 

Near-Fault 

Non-Pulse

Far-

Field 

Near-

Fault 

Pulse 

Near-Fault 

Non-Pulse 

Far-

Field 

Peak Story Drift 

(mm) 

3 80.2 71.8 76.5 132.0 117.3 114.0
2 107.5 96.7 95.6 128.8 116.2 115.3
1 97.6 86.2 79.4 82.9 74.7 64.7 

Residual Story Drift 

(mm) 

3 6.2 2.1 2.4 28.3 12.0 19.9 
2 8.4 2.7 2.3 27.3 10.7 16.8 
1 12.2 5.9 6.4 26.2 10.0 13.0 

Base Shear Force 

(kN) 

3 938.8 959.9 970.6 1819.7 1699.3 1760.1
2 1791.1 1718.2 1768.6 2347.8 2289.2 2168.9
1 2473.3 2347.9 2322.6 3111.2 3164.4 3052.9

Peak Floor 

Acceleration (g) 

3 0.634 0.663 0.661 1.154 1.085 1.129
2 0.466 0.525 0.516 0.763 0.747 0.653
1 0.573 0.627 0.651 0.829 0.854 0.856

Peak Absolute Floor 

Velocity (mm/sec) 

3 1689.4 1638.2 1844.1 1938.2 1936.6 2097.7
2 1562.6 1526.6 1722.4 1668.8 1620.9 1784.0
1 1578.8 1513.4 1645.1 1653.7 1597.8 1755.7
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Table 8-3 Comparison of Response Calculated in Response History Analysis for 6-

story Structure with and without Fluidic Self-Centering System in DE 

Response 

Quantity 
Story

With Fluidic Self-Centering      

System 

Without Fluidic Self-Centering      

System 

Near-

Fault 

Near-Fault 

Non-Pulse 
Far-Field Near-

Fault 

Near-Fault 

Non-Pulse 
Far-Field

Peak Story Drift 

(mm) 

6 29.4 26.3 26.1 68.1 60.6 61.7 
5 47.5 42.5 42.5 83.2 76.2 73.1 
4 59.8 56.7 55.0 91.5 82.1 79.5 
3 67.3 70.7 65.2 80.3 86.2 80.9 
2 62.5 69.7 64.8 62.2 71.2 69.1 
1 39.8 44.1 41.2 35.5 38.9 38.9 

Residual Story 

Drift 

(mm) 

6 0.3 0.4 0.3 12.6 8.3 9.1 
5 0.7 0.5 0.4 15.1 11.8 10.1 
4 2.0 1.4 1.0 16.0 14.5 10.5 
3 2.4 3.4 1.8 14.8 15.6 11.6 
2 2.4 5.1 2.7 10.5 12.3 10.6 
1 1.4 2.5 1.5 3.7 6.2 5.2 

Base Shear 

Force (kN) 

6 609.8 579.6 655.5 1194.0 1172.2 1199.6 
5 1259.0 1113.3 1149.6 1796.0 1692.4 1732.1 
4 1772.6 1634.3 1623.5 2356.8 2085.1 2115.9 
3 2145.1 2081.1 2051.2 2446.2 2491.7 2465.4 
2 2454.5 2529.0 2460.6 2771.5 2842.6 2805.3 
1 2986.5 3074.5 2914.4 3357.5 3356.3 3282.2 

Peak Floor 

Acceleration (g) 

6 0.420 0.397 0.442 0.769 0.755 0.769 
5 0.322 0.291 0.323 0.504 0.427 0.387 
4 0.319 0.316 0.333 0.482 0.423 0.469 
3 0.381 0.422 0.389 0.473 0.476 0.489 
2 0.392 0.450 0.434 0.492 0.508 0.515 
1 0.451 0.461 0.467 0.496 0.492 0.482 

Peak Absolute 

Floor Velocity 

(mm/sec) 

6 1170.5 1213.3 1353.9 1469.4 1442.4 1631.8 
5 1098.5 1149.0 1293.2 1174.2 1237.2 1403.1 
4 1024.8 1068.0 1210.2 1121.4 1137.8 1282.2 
3 1018.7 1021.9 1140.0 1125.7 1030.7 1185.7 
2 1048.5 1000.5 1103.2 1125.3 1029.6 1169.7 
1 1081.7 1011.7 1083.8 1122.9 1026.8 1123.4 
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Table 8-4 Comparison of Response Calculated in Response History Analysis for 6-

story Structure with and without Fluidic Self-Centering System in MCE 

Response 

Quantity 
Story 

With Fluidic Self-Centering      

System 

Without Fluidic Self-Centering      

System 
Near-

Fault 

Pulse 

Near-Fault 

Non-Pulse 
Far-Field

Near-

Fault 

Pulse 

Near-Fault 

Non-Pulse 
Far-Field

Peak Story 

Drift 

(mm) 

6 34.8 32.0 31.8 101.4 105.5 88.9 
5 60.2 56.0 53.9 110.7 117.3 100.7 
4 82.1 83.8 75.1 121.5 129.9 108.8 
3 103.5 110.9 97.5 115.6 130.8 114.6 
2 107.4 115.2 101.0 99.3 109.0 98.2 
1 77.2 81.3 67.7 61.0 63.9 56.2 

Residual 

Story Drift 

(mm) 

6 0.6 0.4 0.3 27.0 26.0 19.4 
5 3.0 1.8 1.1 24.5 23.7 17.2 
4 8.8 5.6 3.1 24.4 21.1 16.5 
3 8.5 7.1 4.4 24.7 18.8 15.2 
2 7.5 8.4 6.4 21.7 17.7 14.4 
1 11.5 12.6 9.2 16.2 15.4 10.7 

Base Shear 

Force (kN) 

6 670.5 684.1 734.9 1515.2 1487.7 1568.3 
5 1432.0 1323.0 1389.4 2060.1 1936.0 1978.4 
4 2041.0 1888.5 1871.9 2753.2 2521.5 2361.6 
3 2482.5 2423.3 2352.8 2785.6 2916.6 2877.1 
2 2934.9 2946.5 2818.8 3200.9 3259.9 3133.9 
1 3685.3 3720.5 3455.7 3864.7 3886.7 3713.0 

Peak Floor 

Acceleration 

(g) 

6 0.464 0.475 0.502 0.960 0.951 1.004 
5 0.349 0.353 0.376 0.637 0.584 0.474 
4 0.352 0.364 0.393 0.640 0.589 0.640 
3 0.431 0.477 0.478 0.609 0.670 0.674 
2 0.505 0.571 0.548 0.680 0.705 0.759 
1 0.640 0.653 0.656 0.715 0.709 0.708 

Peak Absolute 

Floor Velocity 

(mm/sec) 

6 1571.2 1608.5 1843.9 1888.2 1896.8 2128.4 
5 1511.8 1534.8 1795.2 1577.9 1605.0 1840.1 
4 1465.1 1430.0 1713.4 1569.6 1517.7 1754.5 
3 1445.5 1413.1 1630.9 1558.7 1433.8 1669.2 
2 1485.4 1428.5 1616.1 1595.7 1489.2 1702.3 
1 1566.6 1484.9 1612.7 1626.2 1522.6 1668.1 
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Table 8-5 Comparison of Response Calculated in Response History Analysis for 3-story 

Structure with Fluidic Self-Centering System in MCE and two Cases of Linear 

Viscous Damping (Ev1=0.10 and 0.15) 

Response 

Quantity 
Story

C=1140 kN-s/m, Ev1=0.10 C=1710 kN-s/m, Ev1=0.15 

Near-

Fault 

Pulse 

Near-Fault 

Non-Pulse

Far-

Field 

Near-

Fault 

Pulse 

Near-Fault 

Non-Pulse 

Far-

Field 

Peak Story 

Drift 

(mm) 

3 80.2 71.8 76.5 69.5 61.8 64.0 

2 107.5 96.7 95.6 99.7 88.0 87.7 

1 97.6 86.2 79.4 91.9 78.9 73.2 

Residual 

Story Drift 

(mm) 

3 6.2 2.1 2.4 3.5 1.0 0.8 

2 8.4 2.7 2.3 7.1 1.9 1.7 

1 12.2 5.9 6.4 13.2 5.6 6.7 

Peak Device 

Velocity 

(mm/sec) 

3 523.8 540.5 526.5 445.2 454.7 448.0 

2 525.4 533.6 515.0 507.6 503.3 494.7 

1 434.6 401.4 394.5 419.3 391.6 379.6 

Peak Device 

Force 

(kN) 

3 663.2 721.2 715.2 789.9 852.6 853.2 

2 891.8 862.8 889.1 1069.1 1049.9 1107.0

1 854.8 780.6 753.7 996.0 939.0 899.0 

Peak Floor 

Acceleration 

(g) 

3 0.634 0.663 0.661 0.598 0.613 0.611 

2 0.466 0.525 0.516 0.471 0.506 0.512 

1 0.573 0.627 0.651 0.571 0.601 0.621 

Peak Story 

Shear Force 

(kN) 

3 938.8 959.9 970.6 918.7 886.6 893.1 

2 1791.1 1718.2 1768.6 1832.0 1712.5 1798.3

1 2473.3 2347.9 2322.6 2586.6 2431.0 2392.7
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Table 8-6 Comparison of Response Calculated in Response History Analysis for 3-story 

Structure with Fluidic Self-Centering System in MCE and two Cases of Preload 
(damping constant C=1140kN-s/m) 

Response 

Quantity 
Story 

F0,1=300kN, F0,2=300kN, F0,3=125kN F0,1=390kN, F0,2=390kN, F0,3=160kN

Near-

Fault 

Pulse 

Near-Fault 

Non-Pulse
Far-Field 

Near-

Fault 

Pulse 

Near-Fault 

Non-Pulse 
Far-Field 

Peak Story 

Drift 

(mm) 

3 80.2 71.8 76.5 78.1 70.7 74.8 

2 107.5 96.7 95.6 105.9 93.0 91.7 

1 97.6 86.2 79.4 95.2 80.4 76.6 

Residual 

Story Drift 

(mm) 

3 6.2 2.1 2.4 3.7 1.1 1.5 

2 8.4 2.7 2.3 4.9 1.1 1.3 

1 12.2 5.9 6.4 8.5 3.4 4.7 

Peak Device 

Velocity 

(mm/sec) 

3 523.8 540.5 526.5 553.0 557.3 538.4 

2 525.4 533.6 515.0 550.5 543.7 520.0 

1 434.6 401.4 394.5 431.9 399.6 382.2 

Peak Device 

Force 

(kN) 

3 663.2 721.2 715.2 726.3 770.4 761.6 

2 891.8 862.8 889.1 978.0 952.8 966.3 

1 854.8 780.6 753.7 933.0 875.1 835.6 

Peak Floor 

Acceleration 

(g) 

3 0.634 0.663 0.661 0.696 0.695 0.681 

2 0.466 0.525 0.516 0.523 0.561 0.547 

1 0.573 0.627 0.651 0.614 0.646 0.666 

Peak Story 

Shear Force 

(kN) 

3 938.8 959.9 970.6 1021.2 1010.5 988.0 

2 1791.1 1718.2 1768.6 1849.2 1769.0 1827.0 

1 2473.3 2347.9 2322.6 2552.6 2411.5 2363.1 
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Table 8-7 Response Calculated in Response History Analysis for 3-story Structure with 

Fluidic Self-Centering System in MCE and two Cases of Nonlinear Viscous Damping 

(Ev1=0.10 and 0.15 in DE) 

Response 

Quantity 
Story

Non-Linear Damping, CN= 

551.3kN-(sec/m)1/2 (Ev=0.10 in DE)

Non-Linear Damping,� CN= 

666.4kN-(sec/m)1/2��Ev=0.15 in DE)�

Near-

Fault 

Pulse 

Near-

Fault 

Non-Pulse

Far-Field

Near-

Fault 

Pulse 

Near-

Fault 

Non-Pulse 

Far-Field

Peak Story 

Drift 

(mm) 

3 84.3 78.7 83.2 78.9 73.3 77.4 

2 109.6 95.1 94.7 106.4 91.0 91.4 

1 97.0 84.7 76.7 94.6 81.2 73.6 

Residual Story 

Drift (mm) 

3 7.8 2.3 4.1 6.1 1.7 3.0 

2 9.2 2.7 2.8 8.6 2.4 2.5 

1 13.0 6.3 6.3 13.4 6.1 6.6 

Peak Device 

Velocity 

(mm/sec) 

3 605.1 606.9 578.4 574.6 568.6 542.5 

2 558.6 557.9 535.9 557.8 549.3 530.8 

1 445.6 410.8 393.9 440.5 409.2 386.8 

Peak Device 

Force 

(kN) 

3 551.8 577.3 576.3 623.4 645.6 643.4 

2 798.1 759.0 780.5 861.0 825.2 846.9 

1 781.3 727.0 709.1 837.0 786.9 760.8 

Peak Floor 

Acceleration 

(g) 

3 0.733 0.749 0.740 0.765 0.789 0.725 

2 0.518 0.576 0.548 0.552 0.570 0.542 

1 0.612 0.628 0.644 0.602 0.613 0.637 

Peak Story 

Shear Force 

(kN) 

3 1098.4 1107.5 1105.0 1080.2 1080.6 1075.6 

2 1860.2 1792.5 1821.4 1872.1 1790.4 1842.5 

1 2431.7 2326.2 2290.3 2474.1 2353.3 2314.4 
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Table 8-8 Comparison of Response Calculated in Response History Analysis for 3-story 

Structure with Fluidic Self-Centering System in MCE and Cases of Linear and 

Nonlinear Viscous Damping (Ev1=0.10 in DE) 

Response 

Quantity 
Story

Linear Damping C=1140 kN-s/m 
Non-Linear Damping 

CN= 551.3kN-(sec/m)1/2 

Near-

Fault 

Pulse 

Near-

Fault 

Non-Pulse

Far-Field

Near-

Fault 

Pulse 

Near-

Fault 

Non-Pulse 

Far-Field

Peak Story 

Drift 

(mm) 

3 80.2 71.8 76.5 84.3 78.7 83.2 

2 107.5 96.7 95.6 109.6 95.1 94.7 

1 97.6 86.2 79.4 97.0 84.7 76.7 

Residual 

Story Drift 

(mm) 

3 6.2 2.1 2.4 7.8 2.3 4.1 

2 8.4 2.7 2.3 9.2 2.7 2.8 

1 12.2 5.9 6.4 13.0 6.3 6.3 

Peak Device 

Velocity 

(mm/sec) 

3 523.8 540.5 526.5 605.1 606.9 578.4 

2 525.4 533.6 515.0 558.6 557.9 535.9 

1 434.6 401.4 394.5 445.6 410.8 393.9 

Peak Device 

Force 

(kN) 

3 663.2 721.2 715.2 551.8 577.3 576.3 

2 891.8 862.8 889.1 798.1 759.0 780.5 

1 854.8 780.6 753.7 781.3 727.0 709.1 

Peak Floor 

Acceleration 

(g) 

3 0.634 0.663 0.661 0.733 0.749 0.740 

2 0.466 0.525 0.516 0.518 0.576 0.548 

1 0.573 0.627 0.651 0.612 0.628 0.644 

Peak Story 

Shear Force 

(kN) 

3 938.8 959.9 970.6 1098.4 1107.5 1105.0 

2 1791.1 1718.2 1768.6 1860.2 1792.5 1821.4 

1 2473.3 2347.9 2322.6 2431.7 2326.2 2290.3 
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Table 8-9 Response Calculated in Response History Analysis for 3-story Structure with 

Fluidic Self-Centering System in MCE and two Cases of Fluidic Device Stiffness and 

Increased Nonlinear Viscous Damping (Ev1=0.15 in DE) 

Response 

Quantity 
Story 

Non-Linear Damping, High Stiffness,

�.��� �.��� ������.��� ���5kN/m 

Non-Linear Damping, Low Stiffness,

.��� �.��� �����.��� ��5kN/m 

Near-Fault 

Pulse 

Near-Fault 

Non-Pulse
Far-Field

Near-Fault 

Pulse 

Near-Fault 

Non-Pulse 
Far-Field

Peak Story 

Drift 

(mm) 

3 78.9 73.3 77.4 82.5 74.3 80.6 

2 106.4 91.0 91.4 107.9 94.0 93.3 

1 94.6 81.2 73.6 95.3 84.6 75.1 

Residual 

Story Drift 

(mm) 

3 6.1 1.7 3.0 8.5 2.5 3.8 

2 8.6 2.4 2.5 11.3 3.4 3.1 

1 13.4 6.1 6.6 15.2 8.2 8.2 

Peak Device 

Velocity 

(mm/sec) 

3 574.6 568.6 542.5 553.4 574.0 551.5 

2 557.8 549.3 530.8 531.5 546.5 537.2 

1 440.5 409.2 386.8 434.1 407.9 386.7 

Peak Device 

Force 

(kN) 

3 623.4 645.6 643.4 588.1 623.7 619.6 

2 861.0 825.2 846.9 758.3 763.1 782.9 

1 837.0 786.9 760.8 729.2 713.9 701.6 

Peak Floor 

Acceleration 

(g) 

3 0.765 0.789 0.725 0.731 0.748 0.708 

2 0.552 0.570 0.542 0.548 0.563 0.537 

1 0.602 0.613 0.637 0.604 0.609 0.653 

Peak Story 

Shear Force 

(kN) 

3 1080.2 1080.6 1075.6 1009.1 1039.4 1033.8 

2 1872.1 1790.4 1842.5 1758.7 1699.2 1755.8 

1 2474.1 2353.3 2314.4 2360.8 2273.1 2246.2 
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Table 8-10 Comparison of Response Calculated in Response History Analysis for 6-

story Structure with and without Fluidic Self-Centering System in MCE and Cases of 

Linear (Ev1=0.10) and Nonlinear (Ev1=0.15 in DE) Damping 

Response 

Quantity 
Story 

Linear Damping C=2900 kN-s/m Non-Linear Damping, CN= 1433 kN (sec/m)1/2

Near-Fault 

Pulse 

Near-Fault 

Non-Pulse

Far-

Field

Near-Fault 

Pulse 

Near-Fault 

Non-Pulse 

Far-

Field 

Peak Story 

Drift 

(mm) 

6 34.8 32.0 31.8 28.6 24.9 25.9 
5 60.2 56.0 53.9 54.3 47.4 47.5 
4 82.1 83.8 75.1 76.8 75.4 69.3 
3 103.5 110.9 97.5 97.8 104.6 90.6 
2 107.4 115.2 101.0 103.3 111.4 96.5 
1 77.2 81.3 67.7 73.3 79.2 65.4 

Residual 

Story Drift 

(mm) 

6 0.6 0.4 0.3 0.5 0.5 0.4 
5 3.0 1.8 1.1 2.1 1.2 0.8 
4 8.8 5.6 3.1 8.4 5.3 2.6 
3 8.5 7.1 4.4 10.3 8.1 4.5 
2 7.5 8.4 6.4 9.7 9.8 6.7 
1 11.5 12.6 9.2 12.5 13.7 9.4 

Peak Device 

Velocity 

(mm/sec) 

6 223.0 231.5 248.1 198.8 189.0 217.7 
5 284.1 296.4 323.6 303.5 293.8 335.4 
4 312.3 309.0 338.7 337.9 341.7 389.1 
3 351.6 334.2 360.7 384.5 370.4 407.9 
2 363.2 357.2 372.7 381.6 376.1 389.5 
1 293.7 300.0 303.3 295.0 300.5 303.7 

Peak Device 

Force 

(kN) 

6 592.7 607.3 661.0 679.9 657.8 722.2 
5 911.5 905.3 983.2 988.4 958.8 1026.9 
4 1001.2 925.7 974.4 1036.0 1012.8 1072.6 
3 1320.0 1268.0 1231.4 1295.6 1292.3 1264.8 
2 1366.2 1417.4 1333.5 1307.6 1356.1 1288.4 
1 1244.2 1284.6 1115.7 1246.9 1281.2 1179.0 

Peak Floor 

Acceleration 

(g) 

6 0.464 0.475 0.502 0.450 0.452 0.473 
5 0.349 0.353 0.376 0.387 0.363 0.388 
4 0.352 0.364 0.393 0.408 0.403 0.476 
3 0.431 0.477 0.478 0.491 0.503 0.570 
2 0.505 0.571 0.548 0.559 0.615 0.618 
1 0.640 0.653 0.656 0.626 0.662 0.703 

Peak Story 

Shear Force 

(kN) 

6 670.5 684.1 734.9 673.4 655.2 715.8 
5 1432.0 1323.0 1389.4 1487.7 1351.0 1467.6 
4 2041.0 1888.5 1871.9 2103.3 1945.1 1965.7 
3 2482.5 2423.3 2352.8 2568.3 2527.4 2482.8 
2 2934.9 2946.5 2818.8 3007.3 3038.0 2897.7 
1 3685.3 3720.5 3455.7 3649.4 3715.2 3474.6 
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Figure 8-1 Floor Acceleration Spectra (5%-damped) of 3-story Frame 3S-75 with Fluidic Self-

Centering System and Conventional Frame 3S-Reference for Near-Fault Pulse-like Motions in DE 
 

  
Figure 8-2 Floor Acceleration Spectra (5%-damped) of 3-story Frame 3S-75 with Fluidic Self-

Centering System and Conventional Frame 3S-Reference for Near-Fault Pulse-like Motions in 
MCE 
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Figure 8-3 Floor Acceleration Spectra (5%-damped) of 6-story Frame 6S-75 with Fluidic Self-

Centering System and Conventional Frame 6S-Reference for Near-Fault Pulse-like Motions in DE 
 

  

Figure 8-4 Floor Acceleration Spectra (5%-damped) of 6-story Frame 6S-75 with Fluidic Self-

Centering System and Conventional Frame 6S-Reference for Near-Fault Pulse-like Motions in 

MCE 
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Figure 8-5 Floor Acceleration Spectra (5%-damped) of 6-story Frame 6S-75 with Fluidic Self-

Centering System in Two Cases of Damping for Near-Fault Pulse-like Motions in DE                     

(left figure is for linear viscous damping with Ev1=0.10; right figure is for nonlinear viscous 

damping with Ev1=0.15  in the DE) 

  

Figure 8-6 Floor Acceleration Spectra (5%-damped) of 6-story Frame 6S-75 with Fluidic Self-
Centering System in Two Cases of Damping for Near-Fault Pulse-like Motions in MCE                

(left figure is for linear viscous damping with Ev1=0.10; right figure is for nonlinear viscous 

damping with Ev1=0.15  in the DE) 
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SECTION 9 
COLLAPSE PERFORMANCE EVALUATION OF BUILDINGS WITH 

FLUIDIC SELF-CENTERING DEVICES 
 

9.1 Introduction 
The comparison of performance of buildings with and without a fluidic self-centering system in Section 8 

demonstrated important benefits provided by the self-centering system in the Design Earthquake and the 

Maximum Considered Earthquake. Apart from the expected reduction or near elimination of the residual 

drift, the benefits included reduction in the base shear and reductions in the floor peak accelerations, peak 

total velocities and floor response spectra, with the reductions being particularly pronounced at the upper 

floors. These benefits resulted from the design of the structure exclusive of the fluidic self-centering 

system to have a reduced strength based on the procedures presented in Section 6, and to have added 

preload, stiffness and viscous damping with the addition of the fluidic devices, again based on the 

procedures described in Section 6. 

 

The improved performance of the buildings with the fluidic self-centering system in the DE and MCE 

analyses documented in Section 8 does not necessarily imply that the buildings have acceptable seismic 

performance in terms of the “collapse margin ratio” on the basis of the contemporary procedures of 

FEMA P695 (FEMA, 2009). Such evaluations are presented in this section and compared to evaluations 

of the seismic performance of conventional buildings without a self-centering system and designed to 

meet the criteria of ASCE 7-2010.  

 

Seismic performance evaluation based on the procedures of FEMA P695 (2009) requires conducting 

incremental dynamic analysis and simulating collapse of the analyzed structure (Vamvatsikos and Cornell, 

2002; Haselton, 2006; Haselton and Deierlein, 2007; Haselton et al., 2008; Liel et al., 2011; Lignos and 

Kranwinkler, 2013). The procedure in this section follows the formality of the FEMA P695 procedure but 

concentrates on buildings identified in the previous sections as 3S-Reference, 6S-Reference, 3S-75 and 

6S-75 with the latter two cases enhanced to include the failure mechanism of the fluidic self-centering 

system. Inclusion of the failure characteristics of the fluidic device-bracing system is important in the 

assessment of seismic performance as extensively discussed and analyzed in Miyamoto et al. (2010, 

2011) for the case of fluid viscous dampers, although other studies have ignored the ultimate 

characteristics of dampers in seismic performance assessments (Wanitkerkul and Filiatrault, 2008; Seo et 

al., 2014). 
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The study of Seo et at. (2014) investigated the performance of 4-story steel moment resisting frames with 

viscous dampers in five different configurations: steel moment resisting frame (SMRF) building, SMRF 

with viscous dampers (reduced shear strength at 75% of the minimum required per ASCE 7, story drift 

criteria of 2%), SMRF with viscous dampers (un-reduced shear strength, story drift criteria of 2%), 

SMRF with viscous dampers (reduced shear strength, story drift criteria of 1.5%), and SMRF with 

viscous dampers (un-reduced shear strength, story drift criteria of 1.5%). The study concluded that the 

viscously damped SMRF building with reduced design strength did not achieve the same level of collapse 

resistance as the conventional SMRF buildings. Also, the study concluded that viscously damped 

buildings with reduced design strength may achieve a higher collapse performance than conventional 

SMRF buildings when the drift is limited to 1.5% rather than 2% per ASCE 7 criteria. 

 

The conclusions of the study of Seo et al. (2014) have relevance and implications in the assessment of 

seismic performance of buildings with fluidic self-centering devices as the design procedure followed 

(see Section 6) is based on reduced shear strength of the building excluding the self-centering system 

(75% of the minimum required per ASCE 7-2010). However, the addition of the self-centering system 

with preload and stiffness effectively increases the shear strength and, together with viscous damping, 

controls drift (e.g., the results of Section 8 show the drift to be less than 1.7% in the DE for the two 

buildings analyzed) so that it would be expected that the seismic performance is about the same or better 

than that of conventionally designed buildings.  

 

The study of Miyamoto et al. (2011) that considered the ultimate behavior of the fluidic damping devices 

in assessing the seismic performance utilized symmetric damper configurations that required two dampers 

per frame per story (with the exception of a 1-story structure studied). It also assumed that the devices had 

an ultimate capacity between 1.0 and 1.3 times the maximum force calculated in the MCE. Sections 

18.7.1.2 to 18.7.1.4 in ASCE 7-2010 specify the requirements for the design of damping systems and 

their connections. They have to be designed to resist the forces, displacements and velocities calculated in 

the MCE and assessed using strength design criteria with a redundancy factor ȡ=1 and a resistance factor 

 Fluid damping devices, and by extension fluidic self-centering devices, are typically designed by .1=ࢥ

reputable manufacturers to have a capacity much larger than the one required by ASCE 7. Rather, the 

ultimate capacity is determined by buckling in compression of the device-brace system and by failure of 

the connections in tension. While it is possible for the engineer to design the connections to fail at a force 

equal to the calculated force in the MCE (hence the “safety factor” of unity in the study of Miyamoto et al, 

2011), it will likely be the maximum force calculated in the required 7 analyses and not the average force 

calculated in the MCE that will be used. In practice, this typically means using a force equal to 1.3 times 
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the calculated average value of the 7 analyses in order to avoid underestimating the maximum force when 

motions based on spectral matching are used in the analysis.   

 

In general, the ultimate characteristics of a fluidic self-centering system or a damping system in general 

will be different in compression (controlled by buckling) and in tension (controlled by design of 

connections). This may lead to “unbalanced” behavior where the push-over curves differ depending on 

the direction of the applied lateral forces. The effects of such a behavior on the seismic performance will 

be investigated in this section. Also, various approaches at enhancing the seismic performance in terms of 

increasing the collapse margin ratio will be investigated, including increases in displacement capacity, 

viscous damping, preload and ultimate force capacity of the fluidic self-centering system. 

 

9.2 Modeling the Behavior of Structural Components for Collapse Resistance Assessment 
The model of analysis was the same as that used in response history analysis as described in Section 7 

(and depicted for the 3-story case in Figure 7-6) but modified to represent the ultimate behavior of the 

components as described below. Note that the model is two-dimensional with only horizontal ground 

motion and response considered. The model accounted for P-ǻ effects. The OpenSees program (2013) 

was used to develop the analytical model.  

 

The Modified Ibarra-Krawinkler bilinear-hysteretic model (Lignos and Krawinkler, 2011) is used to 

represent beam deteriorating moment-rotation hysteresis along the lines of related studies (Miyamoto et 

al., 2011; Seo et al., 2014; Hamidia et al., 2014). The hysteresis model is shown in Figure 9-1. 

Characteristic points of the moment-rotation relation are the yield point >Ty, My@, the capping point >Tc, 

Mc@, the amount of rotation between the yield and the capping points Tp, the post-capping plastic rotation 

Tpc, the residual strength Mr and the ultimate rotation capacity Tu. Moment My is the effective yield 

strength, calculated as the product of the plastic section modulus, the material yield stress Vy (My,p=ZVy) 

and a coefficient (=My/My,p) which accounts for isotropic hardening. Moment Mc is calculated considering 

strength increase beyond yielding. Moment Mr is a residual moment strength and is taken as a portion N�of 

moment My. Failure occurs at ultimate rotation capacity Tu. Details of the model and its parameters are 

presented in Lignos and Krawinkler (2011). The version of the model utilized in this study assumes zero 

residual moment so that the value of Tu is set equal to a large value and the moment-rotation relation is 

the one depicted in Figure 9-1 by the dashed line. 
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Figure 9-1 Modified Ibarra-Krawinkler used for Beams (left monotonic, right cyclic) 

 

Columns are modeled using a concentrated plasticity bi-linear hysteretic model without strength or 

stiffness deterioration and with a ratio of elastic to post-elastic stiffness equal to 0.002.   

 

The fluidic self-centering device and its connecting brace were modeled using the mathematical model 

described in Sections 3 and 7 after enhancing to account for its ultimate behavior. Two limit states are 

included in the analytical model: a displacement limit (device stroke limit) and a force limit. Figure 9-2 

illustrates the assumed behavior of the device, where for the illustration the viscous force is excluded. In 

this figure, F0 is the preload, K0 is the stiffness based on compression of the fluid column and DCapacity is 

the displacement capacity of the device. The ultimate force in compression is the force at which the 

device-brace system buckles. Given that typically the length of this system is large (the effective length 

was 8535mm in the analyzed structures, with the end conditions being perfect pins), the ultimate 

compression load is determined by elastic buckling. The ultimate force in tension is controlled either by 

the strength of the connections or the tensile strength of the device. Typically, such devices are designed 

to have an ultimate strength at least twice that of the maximum force expected during operation.  

Connections are designed for the maximum force calculated in the MCE analysis, which typically implies 

design for 1.3 times the average force calculated in seven analyses for the MCE. This limit typically 

controls the behavior in tension. 

 

The stiffness of the device beyond displacement DCapacity may be calculated based on the geometric and 

material properties of the device and the effect of bracing (Miyamoto et al., 2011 have done this in fluid 

dampers), however this would require details that are only known to the manufacturer. In this study, this 

stiffness was set to have a large value that was 1000 times the value of stiffness K0 of device. 
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Figure 9-2 Ultimate Behavior of Self-Centering Fluidic Device-Brace System 

 

The post-failure behavior of the device was defined in a manner that would (a) be physically meaningful 

and (b) avoid numerical instability in the analysis program. The behavior modeled is illustrated in Figure 

9-3. The force is dependent on the time step.  It is reduced at each time step by an amount equal to 10% of 

the value at the previous step. This force is essentially nil after about 100 steps.  For example, if the time 

steep is 0.001sec, the force reduces to about 0.006 of the ultimate force in 50 steps or 0.05 sec. 

   
 

Figure 9-3 Post-failure Behavior of Fluidic Self-Centering Device-Brace System 
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An example of the behavior generated by this model is shown in the hysteresis curves of Figure 9-4 

generated by dynamic analysis of a single-degree-of-freedom system for specified cyclic input. The 

device parameters are arbitrary and the hysteresis loops are only shown to illustrate the difference 

between models without and with consideration of the ultimate behavior of the device. 

  
 

Figure 9-4 Force-displacement Relations of Fluidic Self-Centering Device-Brace System with and 

without Consideration of Ultimate Behavior  
 

9.3 Properties of 3-story Buildings with and without Fluidic Self-Centering Devices 
Frame 3S-75 with the self-centering system and the conventional 3S-Reference were analyzed. Details are 

presented in Appendices B and C. Figure 9-5 compares the two frames. Note that the tributary weights are 

assumed the same for the two frames. The model for analysis is illustrated in Figure 7-6. 

 

The parameters of the fluidic self-centering system are summarized in Table 9-1. The ultimate force in 

compression is the buckling load of the HSS8x8x1/2 brace for an effective length of 8535mm. The 

ultimate force in tension is calculated as 1.3 times the average force calculated in the MCE (which is 

891.8kN per Table 7-3, case of near-fault, pulse-like motions). Also in Table 9-1, F0 is the preload, K0 is 

the stiffness and C is the linear viscous damping constant. The stiffness for displacements larger than the 

displacement capacity is set 1000 times larger than K0. It may be noted that the ultimate forces in tension 

and in compression are essentially the same. This leads to what it will be termed “balanced” behavior that 

results in pushover curves that are the same (or nearly so in this case) regardless of the direction of 

application of the lateral loads.   
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(a) 

 
(b) 

Figure 9-5 Frames (a) 3S-75 and (b) 3S-Reference 
 

Table 9-1 Parameters of Fluidic Self-Centering Device-Brace System for Frame 3S-75 in “Balanced” 
Configuration 

Story 
F0 

>kN@ 

K0 

>kN/m@ 
Braces 

C  

>kN-s/m@

DCapacity 

>mm@ 

Ultimate 

FTension >kN@ 

Ultimate 

FCompression >kN@

3rd 125 1545 HSS8î8î1/2 1140 165 1160 1215 

2nd  300 2320 HSS8î8î1/2 1140 165 1160 1215 

1st  300 2320 HSS8î8î1/2 1140 165 1160 1215 
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Pushover curves for the 3-story frames are presented below to reveal the characteristics of the analyzed 

structures and to discuss issues related to the distribution of forces in the pushover analysis. It should be 

noted that the pushover curves used for the frame designs (see Appendices B and C, and Section 7) were 

based on forces distributed in proportion to the lateral force prescribed in ASCE 7-2010 (termed modal 

distribution in Section 7). However, FEMA P695 (FEMA, 2009) recommends the use of a different 

distribution of lateral forces in which the lateral forces are proportional to the product of the floor mass 

and first mode floor displacement. This is expressed as: 

1,x x x
F m I�                                                                       (9-1) 

where Fx is the lateral force at floor x, mx is the mass x and I1,x is the first mode displacement at level x. 

For comparison, the ASCE 7 lateral force pattern is expressed as: 

1

k

x x

x n
k

i i

i

w h
F

wh
 
¦

�                                                                              (9-2) 

where wx is the story seismic weight at floor x, hx is the height of floor x and k is a factor depending on the 

period of the structure.  

 

Figure 9-6 presents pushover curves of the 3S-75 frame exclusive and inclusive of the fluidic self-

centering system, and of frame 3S-Reference for the two lateral force distributions: FEMA P695 and 

ASCE 7-modal. The distribution of lateral force calculated by Equations (9-1) and (9-2) is presented in 

Table 9-2. Forces were applied on the left side of the frames shown in Figure 9-5.  

 

Table 9-2 Lateral Force Distribution in Pushover Analysis of 3-Story Frames 

Story 

3S-75 Inclusive of Fluidic 

Self-centering System 

3S-75 Exclusive of 

Fluidic Self-centering 

System 

3S-Reference 

FEMA P695 
ASCE 7-

modal 

FEMA 

P695 

ASCE 7-

modal 
FEMA P695 

ASCE 7-

modal 

3 1.000 1.000 1.000 1.000 1.000 1.000 

2 1.260 1.054 1.249 1.014 1.211 1.105 

1 0.507 0.405 0.490 0.467 0.454 0.461 
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It is noted that the pushover curves are marginally affected by the pattern of load used despite the 

differences in load patterns seen in Table 9-2. Accordingly, pushover curves shown in the sequel are 

based on the FEMA P695 distribution of loads. 

 
 

Figure 9-6 Push-Over Curves of 3S-Reference and 3S-75 Frames 

 
The effect of the self-centering device configuration on the pushover curves is illustrated in the graphs of 

Figure 9-8 based on the configurations of Figure 9-7. Note that the device properties are those of Table 9-

1 for which the behavior of the self-centering devices is balanced. Accordingly, the four different 

configurations of Figure 9-7 result in essentially the same pushover curves with the same sequence of 

device failure. The small differences seen in the pushover curves of Figure 9-8 are due to the small 

difference in the compression and tension capacities of the devices in this balanced design. Accordingly, 

it is expected that any of the configurations of Figure 9-7 will produce essentially the same results on 

performance.   

 

To illustrate the importance of the balanced design, consider a case in which the connections of the self-

centering devices in the 3-story frame are designed to fail at a force equal to twice the capacity in 

compression. This leads to an “unbalanced” design with the properties presented in Table 9-3. 
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(a) = Original Configuration (b) 

  
(c) (d) 

Figure 9-7 Self-Centering Device Configurations Analyzed 
 

   

 
Figure 9-8 Pushover Curves of 3-Story Frame 3S-75 with Balanced Self-Centering Devices per 

Configurations of Figure 9-7 (FEMA P695 distribution of load) 
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Table 9-3 Parameters of Fluidic Self-Centering Fluidic Device-Brace System for Frame 3S-75 in 

“Unbalanced” Configuration 

Story 
F0 

>kN@ 

K0 

>kN/m@ 
Braces 

C  

>kN-s/m@

DCapacity 

>mm@ 

Ultimate 

FTension >kN@ 

Ultimate 

FCompression >kN@

3rd 125 1545 HSS8î8î1/2 1140 165 2430 1215 

2nd 300 2320 HSS8î8î1/2 1140 165 2430 1215 

1st 300 2320 HSS8î8î1/2 1140 165 2430 1215 

 

The pushover curves for the unbalanced design in the four configurations of Figure 9-7 are presented in 

Figure 9-9. There are notable differences in the pushover curves and in the sequence of device failures 

among the four configurations. These differences are expected to lead to differences in the collapse 

resistance and are thus worthy of investigation. 

   

   

Figure 9-9 Pushover Curves of 3-Story Frame 3S-75 with Unbalanced Self-Centering Devices per 
Configurations of Figure 9-7 (FEMA P695 distribution of load) 
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9.4 Properties of 6-story Buildings with and without Fluidic Self-Centering Devices 
The properties of the 6-story buildings are presented based only on the original device configuration.  

Figure 9-10 presents the two frames analyzed: 6S-75 with fluidic self-centering devices and 6S-Reference. 

The properties of the fluidic self-centering devices under ultimate conditions are presented in Table 9-4.  

Note that the model used in the collapse resistance assessment includes the modified bracing as 

determined following the response history analysis (see end of Appendix D). The ultimate force in 

compression has been calculated as the design strength in compression for an effective length of 8535mm 

and a factor 1=ࢥ (see Appendix D). The ultimate force in tension has been calculated as 1.3 times the 

average force calculated in the seven analyses for the MCE (per Table 7-4). 

 

 
(a)  
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(b) 

Figure 9-10 Frames (a) 6S-75 and (b) 6S-Reference 
 

Table 9-4 Parameters of Fluidic Self-Centering Fluidic Device-Brace System for Frame 6S-75  

Story 
F0 

>kN@ 

K0 

>kN/m@ 
Braces 

C  

>kN-s/m@

DCapacity 

>mm@ 

Ultimate 

FTension >kN@ 

Ultimate 

FCompression >kN@

6th  100 1350 HSS8x8x3/8 2900 165 859 964 

5th 250 1790 HSS8î8î5/8 2900 165 1302 1434 

4th 250 1790 HSS8î8î5/8 2900 165 1302 1434 

3rd 400 2320 HSS9x9î5/8 2900 165 1843 1983 

2nd 400 2320 HSS9x9î5/8 2900 165 1843 1983 

1st 400 2320 HSS9x9î5/8 2900 165 1843 1983 

 

Figure 9-11 presents pushover curves of the 6S-75 frame exclusive and inclusive of the fluidic self-

centering system, and of frame 6S-Reference for the two lateral force distributions: FEMA P695 and 

ASCE 7-modal. The distribution of lateral force calculated by Equations (9-1) and (9-2) is presented in 

Table 9-5. Forces were applied on the left side of the frames.  
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Table 9-5 Lateral Force Distribution in Pushover Analysis of 6-Story Frames 

Story 

6S-75 Inclusive of Fluidic 

Self-centering System 

6S-75 Exclusive of 

Fluidic Self-centering 

System 

6S-Reference 

FEMA P695 
ASCE 7-

modal 

FEMA 

P695 

ASCE 7-

modal 
FEMA P695 

ASCE 7-

modal 

6 1.000 1.000 1.000 1.000 1.000 1.000 

5 1.634 1.339 1.621 1.310 1.615 1.360 

4 1.320 0.905 1.297 0.861 1.286 0.932 

3 0.957 0.541 0.938 0.500 0.913 0.574 

2 0.568 0.264 0.551 0.234 0.532 0.290 

1 0.217 0.079 0.209 0.063 0.197 0.091 

 

It is noted that the pushover curves are affected by the pattern of load used but the effects does not seem 

to be significant for the cases of the reference frame and the frame with the fluidic self-centering system.  

 

 
 

Figure 9-11 Push-Over Curves of 6S-Reference and 6S-75 Frames 
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9.5 Selection and Scaling of Input Ground Motions 
The collapse resistance assessment requires performing Incremental Dynamic Analysis (IDA), which is 

used to assess the probability of collapse for a particular set of motions (Vamvatsikos and Cornell, 2002; 

FEMA P695, 2009). The suite of motions used in the analysis is the set of 44 individual components of 

far-field ground motions utilized in the FEMA P695 (2009) project. The ground motions were all 

recorded from sites located greater than or equal to 10 km from fault rupture, had a peak ground 

acceleration (PGA) larger than 0.2g, a peak ground velocity (PGV) larger than 150mm/sec and a 

magnitude M larger than 6.5. Two methods of scaling these ground motions are used in this study: 1) Sa-

Component Scaling and 2) Peak Ground Velocity (PGV) Normalization. The two scaling methods are 

briefly described below. 

 

The Sa-Component scaling method has been used in the study of Seo et al. (2014) and other recent studies 

of collapse resistance assessment (e.g., Champion and Liel, 2012, Elkady and Lignos, 2014). In this 

scaling approach, the ground motions are scaled in amplitude so that the 5%-damped spectral 

accelerations of each of the ground motions are equal at the fundamental period of the analyzed structure. 

Figure 9-12 shows an example of this scaling method. 

 
Figure 9-12 Example of Sa-Component Scaling 

 

The Peak Ground Velocity (PGV) Normalization scaling method is used in the FEMA P695 (2009) 

document and has been used in the related study of Miyamoto et al. (2011). In this approach each ground 

motion is normalized by a factor numerically equal the PGV of the motion so that effectively all scaled 

motions have the same PGV. Figure 9-13 shows an example of this scaling method. 
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Figure 9-13 Example of PGV Normalization Scaling 

 

Values of the fundamental period used in the scaling are presented in Table 9-6. Note that the periods of 

3S-75 and 6S-75 frames were calculated by including the effect of the self-centering devices, modelled as 

elastic elements with an effective stiffness determined at a story drift displacement equal to the story yield 

displacement (see Sections 6 and 7, Table 7-1). 

 

Table 9-6 Values of Fundamental Period used for Scaling Motions 

Frame Number of Stories Fundamental Period (sec) 

3S-75 3 1.31 

3S-Reference 3 1.07 

6S-75 6 2.06 

6S-Reference 6 1.90 

 

9.6 Collapse Fragility 
9.6.1 Definition of Collapse Criteria 
Incremental dynamic Analysis (IDA) is utilized to assess the collapse fragility of the frames with and 

without the fluidic self-centering system. In this method, the scaled motions are used to repeatedly 

analyze the frames by systematically increasing the intensity so that the spectral acceleration of the scaled 

motions at the fundamental period Sa(T1) increases by increments of 0.05g until the frame “collapses” 

under the combined action of the lateral earthquake forces and gravity. Collapse is defined as one of the 

following events: 

1) The maximum story drift ratio exceeds 10%. 

2) There is instability detected by termination of the analysis program. 
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3) The slope of the Sa(T1) vs maximum story drift ratio (the IDA curve) in the current step of analysis 

is less than 10% of the slope of the same curve in the first step of analysis.   

 

9.6.2 Fragility Analysis Results 
Figure 9-14 presents the IDA curves of the 3S-75 (including the fluidic self-centering system in the 

balanced configuration of Table 9-1) and 3S-Reference frames computed using motions scaled by the Sa-

Component scaling approach. Each of these curves corresponds to a particular ground motion (out of the 

44 used) and each dot on curve represents the result of one nonlinear response history analysis. The dots 

are connected by lines to represent the IDA curves, distinguish between ground motions and detect 

“collapse” when the slope of the curve is less than 10% of the slope of the initial IDA curve slope.  

  
Figure 9-14 IDA Curves for 3S-75 and 3S-Reference Frames for Motions based on Sa-Component 

Scaling 
Figure 9-15 presents the empirical collapse fragility curves for the two frames (cumulative distribution 

function or probability of collapse vs the intensity measure of Sa(T1) normalized by the spectral 

acceleration in the MCE at the fundamental period T1 of each frame, where the probability of collapse 

was determined at each intensity level as the number of analyses that resulted in collapse divided by the 

total number of analyses, 44). The fitted lognormal cumulative distribution functions are also shown in 

Figure 9-15. The median collapse value SaCOL(T1) (spectral acceleration at which at least half of the 

analyses result in collapse), the dispersion factor ȕ and the spectral acceleration in the MCE at the 

fundamental period T1 are also shown in the figure. Note that the cumulative distribution function CDF is 

given by: 
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In this equation, x is the random variable (the spectral acceleration at the fundamental period of the 

structure) and m is the median collapse value SaCOL(T1) divided by SaMCE(T1). 

 
 

Figure 9-15 Collapse Fragility (or cumulative distribution function) for 3S-75 and 3S-Reference 
Frames for Motions based on Sa-Component Scaling 

 

Figures 9-16 and 9-17 show the IDA curves and the collapse fragility curves of the 3S-75 and 3S-

Reference frames obtained using motions scaled by the PGV Normalization scaling approach. 

  
Figure 9-16 IDA Curves for 3S-75 and 3S-Reference Frames for Motions based on PGV 

Normalization Scaling 
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Figure 9-17 Collapse Fragility (or cumulative distribution function) for 3S-75 and 3S-Reference 
Frames for Motions based on PGV Normalization Scaling 

 

Figures 9-18 to 9-21 show the IDA and collapse fragility curves of the 6S-75 and 6S-Reference frames 

obtained by using the two methods of scaling.  

 

  
Figure 9-18 IDA Curves for 6S-75 and 6S-Reference Frames for Motions based on Sa-Component 

Scaling 
 

Note that the collapse fragility curves are presented as function of the spectral acceleration at the 

fundamental period normalized by the spectral acceleration in the MCE at the fundamental period. This is 

done for the purpose of comparison of the curves shown on the same graph. A more detailed presentation 

of results of the IDA curves and of the collapse fragility curves as function of the earthquake intensity 

Sa(T1) is presented in Appendix E for all analyzed cases.   
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Figure 9-19 Collapse Fragility (or cumulative distribution function) for 6S-75 and 6S-Reference 
Frames for Motions based on Sa-Component Scaling 

  
Figure 9-20 IDA Curves for 6S-75 and 6S-Reference Frames for Motions based on PGV 

Normalization Scaling 

 
Figure 9-21 Collapse Fragility (or cumulative distribution function) for 6S-75 and 6S-Reference 

Frames for Motions based on PGV Normalization Scaling 
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Tables 9-7 and 9-8 present values of the following parameters calculated for the 3-story and 6-story 

buildings using the data in the collapse fragility curves: 

 

1) The spectral acceleration at the fundamental period when collapse occurs (or median), SaCOL(T1), 

2) The spectral acceleration at the fundamental period at the MCE level, SaMCE(T1), 

3) The collapse margin ratio, CMR defined as  

1

1

( )
( )

aCOL

aMCE

S T
CMR

S T
      (9-4) 

Note that the CMR accounts for the random nature of the ground motions (aleatory uncertainty) but it 

does not account for variability in the structural properties and uncertainty in the analysis model 

(epistemic uncertainty). The FEMA P695 procedure (FEMA, 2009) presents a systematic approach to 

account for epistemic uncertainty and for correcting for the effects of the spectral shape, resulting in the 

adjusted collapse margin ratio (ACMR). Generally, the ACMR is larger than the CMR. While the 

ACMR could be calculated, the use of just the CMR and the probability of collapse in the MCE enabled 

comparison of the designs with and without the self-centering system, and also allowed for investigating 

the effect of various design parameters on the collapse vulnerability. 

4) The probability of collapse at the MCE, defined as the ratio of the number of collapses at an 

intensity corresponding to SaMCE(T1) divided by the total number of analyses (used 45 instead of 44 

to avoid a probability of 1-certainty), and  

5) The dispersion factor ȕ. 

 

Table 9-7 Collapse Margin Ratio, Probability of Collapse in the MCE and other Parameters in 
Case of Motions based on Sa-Component Scaling 

 
SaCOL(T1) or 

median (g) 
SaMCE(T1) (g) CMR 

Collapse Probability 

at MCE (%) 
ȕ 

3S-75 1.90 0.68 2.79 0.6 0.40 

3S-Reference 2.83 0.83 3.40 0.1 0.39 

6S-75 0.85 0.43 1.98 1.9 0.33 

6S-Reference 1.05 0.47 2.23 2.2 0.40 
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Table 9-8 Collapse Margin Ratio, Probability of Collapse in the MCE and other Parameters in 

Case of Motions based on PGV Normalization Scaling 

 SaCOL(T1),g SaMCE(T1),g CMR 
Collapse 

Probability at 

MCE, % 
ȕ 

3S-75 1.90 0.68 2.79 0.1 0.33 

3S-Reference 2.90 0.83 3.49 0.0 0.32 

6S-75 0.80 0.43 1.86 1.6 0.29 

6S-Reference 1.10 0.47 2.34 0.5 0.33 

 

In discussing the results of the seismic collapse assessment it is noted that the analyzed frames with the 

fluidic self-centering system had the ultimate properties in Tables 9-1 and 9-4 for the 3-story and 6-story 

frames respectively, and the configurations of the devices were those shown in Figures 9-5(a) and 9-10(a).  

The ultimate properties of the frames are essentially the same in the two directions (forces towards the 

right or forces towards the left) in what was termed “balanced” conditions. Additional studies will follow 

with “unbalanced” conditions. 

 

The results in Figures 9-14, 9-16, 9-18 and 9-20 and in Tables 9-7 and 9-8 demonstrate the following: 

 

1) The collapse fragility curves of the frames with the fluidic self-centering system show a shift to 

the left when compared to those of the conventional reference frames. This results in a lower 

collapse margin ratio (CMR), as shown in Tables 9-7 and 9-8 that indicates an increase in 

vulnerability to collapse for the weaker 3S-75 and 6S-75 frames. This reduction in CMR is 

relatively small and it will be shown that there is a variety of measures that can improve it.  

2) The probability of collapse at the MCE is very small. Note that the probability of collapse was 

determined by analytical means using the fitted lognormal distribution to the empirical data (by 

comparison the CMR is directly based on the empirical data). The empirical data show zero 

probability of collapse in the MCE. This is consistent with the design of the frames in which the 

columns were provided with increased section properties in order to prevent plastic hinge 

formation in the columns and to sustain additional axial loads. 

3) The reduction of the CMR in the 3S-75 and 6S-75 frames is consistent with the observations of 

Seo et al. (2014) in the study of collapse fragility of structures with viscous damping systems.  

However, the actual values of CMR are higher and values of the probability of collapse in the 



167 
 

MCE are lower in this study than in the study of Seo et al. (2014). This is attributed to the stronger 

column design in this study. 

4) There is a small effect of the ground scaling approach on the computed CMR and probabilities of 

collapse in the MCE.   

 

9.7 Effect of Fluidic Self-Centering System Design on Collapse Fragility of 3-Story 
Structure 
A number of studies of collapse fragility are conducted to investigate the following: 

 

1) Effect of the fluidic self-centering system design in terms of ultimate characteristics in the 

“balanced” and “unbalanced” configurations, and configurations of high strength. 

2) Effect of displacement capacity of the fluidic self-centering system. 

3) Effect of the amount and type of viscous damping (linear or nonlinear) provided by the fluidic 

self-centering system. 

4) Effect of the preload in the fluidic self-centering system. 

5) Effect of stiffness of the fluidic self-centering system.  

6) Effect of increased strength of the frame. 

 

The studies concentrate on the 3-story 3S-75 frame analyzed using ground motions scaled by the Sa-

component scaling approach. One more study with frame 3S-85 is reported. Summaries of the results are 

presented in Tables 9-9 and 9-10. 

 

9.7.1 Effect of Ultimate Characteristics of Fluidic Self-Centering System on Collapse Fragility 
Figure 9-22 presents the IDA curves for the 3S-75 frame in the unbalanced configuration (see Table 9-3 

for properties) and Figure 9-23 presents the empirical collapse fragility curves (cumulative distribution 

function or probability of collapse vs the intensity measure of Sa(T1) normalized by the spectral 

acceleration in the MCE at the fundamental period T1 of each frame) for the 3S-75 frame in the balanced 

configuration of Table 9-1 and the unbalanced configuration of Table 9-3. The fragility curve for the 3S-

Reference frame is also shown for comparison. The results demonstrate a small but clear increase in the 

collapse margin ratio in the unbalanced configuration, which is the result of the increased ultimate 

capacity of the device-brace system in one direction (tension). This indicates that increasing the ultimate 

capacity of the brace-device system should improve the collapse margin ratio. Note that the capacity is 

increased by increasing the section of the structural tubing used to support the fluidic self-centering 

device and by increasing the strength of the connections of the tubing to the frame and the device. The 
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device itself typically has high capacity in both tension and compression by a factor of 2 on the maximum 

force in the MCE.  

 
Figure 9-22 IDA Curves for 3S-75 in Unbalanced Configuration for Motions based on Sa-

Component Scaling  

 
 

Figure 9-23 Collapse Fragility (or cumulative distribution function) for 3S-75 Frame in Balanced 
and Un-Balanced Configurations and for 3S-Reference Frame for Sa-Component Scaled Motions 

 

To demonstrate the effect of increased ultimate capacity of the self-centering device-brace system, the 

ultimate capacity is increased by designing the brace and the connections for a force equal to twice the 

device peak force calculated in the MCE or 1784kN. A brace of section HSS9x9x5/8 used for these 

devices has a capacity of 1983kN in compression for effective length of 8535mm (28ft). This capacity is 

used for both compression and tension and is presumed that the devices have at least as much force 

capacity. The parameters of the new 3-story frame are the same as those in Table 9-1 but the ultimate 

capacity in tension and in compression is equal to 1983kN. The empirical collapse fragility curves of the 
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new frame and those of the 3S-75-balanced and of the 3S-Reference frames are shown in Figure 9-24 

together with information on the collapse margin ratio. Motions scaled by the Sa-component procedure 

have been used in the analysis. Evidently, the ultimate capacity of the device-brace system has a marked 

effect on the fragility curve and the collapse margin ratio, resulting in a large increase on the collapse 

margin ratio. 

 

 
 
Figure 9-24 Collapse Fragility for 3S-75 Frame in Balanced (capacity 1.3 times the peak force) and 

Increased Capacity (2 times the peak force) Configurations and for 3S-Reference Frame for Sa-

Component Scaled Motions 
 

9.7.2 Effect of Displacement Capacity of Fluidic Self-centering System on Collapse Fragility   
The effect of increased displacement capacity of the self-centering system on the collapse fragility is 

investigated by analyzing the 3S-75 frame with the properties of Table 9-1 (balanced configuration) but 

with the displacement capacity increased to 215mm, which is 30% larger than the original displacement 

capacity of the devices. Note that when the displacement capacity of the fluidic devices increases, the 

volume of fluid is also increased and the stiffness of the device is reduced. This has not been considered 

in this study so that only the effect of the device displacement capacity is revealed.  

 

The empirical collapse fragility curves of the frame with increased displacement capacity of the devices 

and those of the 3S-75 with 165mm displacement capacity and of the 3S-Reference frames are shown in 

Figure 9-25 together with information on the collapse margin ratio. Motions scaled by the Sa-component 

procedure have been used in the analysis. Evidently, the displacement capacity of the fluidic self-

centering devices has no effect on the fragility curve and the collapse margin ratio.   
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Figure 9-25 Collapse Fragility for 3S-75 Frame in Balanced Configurations with Displacement 

Capacity of 165mm and 215mm and for 3S-Reference Frame for Sa-Component Scaled Motions 
 

9.7.3 Effect of Damping Provided by the Fluidic Self-Centering System on Collapse Fragility   
The effect of increased linear viscous damping of the self-centering system on the collapse fragility is 

investigated by analyzing the 3S-75 frame with the properties of Table 9-1 (balanced configuration) but 

with the damping constant C=1710(kN-sec/m) instead of C=1140(kN-sec/m) so that the damping in the 

fundamental mode is 0.15 instead of 0.10. The results of analysis of this frame for the MCE are presented 

in Table 8-5 from where the peak device force was used to select the size of the bracing. The braces are 

HS8x8x5/8 with capacity in compression for effective length of 8535mm (28ft) equal to 1425kN. The 

ultimate capacity of the device-brace system of the frame with increased damping is taken as 1425kN in 

both tension and in compression.  

 

The empirical collapse fragility curves of the frame with increased damping and those of the 3S-75 with 

damping of 0.10 and of the 3S-Reference frames are shown in Figure 9-26 together with information on 

the collapse margin ratio. Motions scaled by the Sa-component procedure have been used in the analysis.  

Evidently, the increase in linear viscous damping of the fluidic self-centering system results in a small 

decrease of the collapse margin ratio. This is due to the fact that the damping force increases without 

bound as the earthquake intensity increases beyond the MCE, leading to failure of the device-brace 

system at a lower level of intensity.   

 

The negative effect of increased linear viscous damping on the collapse fragility suggests that the use of 

increased nonlinear viscous damping (for which the damping force does not increase as much as velocity 

increases) could improve the collapse fragility.  This is investigated next by analyzing the 3S-75 frame in 
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the balanced configuration of Table 9-1 but converting the dampers to nonlinear per equation (6-38) with 

exponent α=0.5 and damping constant CN= 551.3kN-(sec/m)1/2 or CN= 666.4kN-(sec/m)1/2 so that the 

effective damping ratio 1v
E per equation (6-40) (step 13 of RSA procedure of Section 6.5) is 0.10 or 0.15, 

respectively, in the DE (see Section 8.3). The two frames with the self-centering system of nonlinear 

viscous behavior were analyzed for the effects of the MCE and the response was reported in Section 8, 

Tables 8-7 and 8-8. The fragility curves are presented in Figures 9-27 and 9-28 together with information 

on the collapse margin ratio. Motions scaled by the Sa-component procedure have been used in the 

analysis. Evidently, increases in nonlinear viscous damping result in increases in the collapse margin ratio 

as expected.  

 

 
 

Figure 9-26 Collapse Fragility for 3S-75 Frame in Balanced Configurations with Linear Viscous 
Damping Ratio of 0.10 (C=1140kN-s/m) and 0.15 (C=1710kN-s/m), and for 3S-Reference Frame for 

Sa-Component Scaled Motions 

 
A further analysis is conducted on the 3S-75 frame with increased nonlinear viscous damping (exponent 

α=0.5, damping constant CN= 666.4kN-(sec/m)1/2, effective damping ratio in the DE for elastic conditions 

Ev1=0.15) and with increased size of bracing so that the ultimate capacity in both tension and compression 

is 1983kN (HSS9x9x5/8, designed for capacity of about twice the peak device force in the MCE).  

Results are presented in Figure 9-28, again for the Sa-component scaled motions, and compared to the 

case of the same frame with nonlinear viscous damping of Ev1=0.15 in the balanced configuration 

(HSS8x8x1/2 bracing with capacity of 1160kN in tension and 1215kN in compression) and to the 3S-

reference frame. Evidently, the increased capacity has a marginal effect on the collapse margin ratio, 

which may be explained by the nonlinear nature of the viscous force.   
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3S-75, C=1710 kN-s/m, CMR=2.60, 
SaMCE(T1)=0.68g, SaCOL(T1)=1.78g, E=0.40 
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Figure 9-27 Collapse Fragility for 3S-75 Frame in Balanced Configuration with Nonlinear Effective 
Viscous Damping Ratio of 0.10 in the DE (CN= 551.3 kN-(sec/m)1/2), Linear Viscous Damping Ratio 

of 0.10 (C=1140 kN-sec/m), and for 3S-Reference Frame for Sa-Component Scaled Motions 
 

 

 
Figure 9-28 Collapse Fragility for 3S-75 Frame in Balanced Configuration with Nonlinear Effective 
Viscous Damping Ratio of 0.15 in the DE (CN= 666.4 kN-(sec/m)1/2), Linear Viscous Damping Ratio 

of 0.15 (C=1710 kN-sec/m), and for 3S-Reference Frames for Sa-Component Scaled Motions 
 

However, it should be noted in the empirical data on the collapse fragility in Figure 9-29 show that the 

two 3S-75 frames have essentially the same spectral acceleration at collapse (SaCOL(T1)) but the frame with 

the larger ultimate capacity has lower probability of collapse for ground motions with intensity less than 

the one corresponding to SaCOL(T1).  For example, consider an intensity of 2.5 times that at the MCE. The 

probability of collapse for the frame with lower capacity is about 50% larger that of the frame with higher 

ultimate capacity. Yet they both have a collapse probability of 0.5 at the intensity of about 3.2 times the 
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SaCOL(T1)=1.90g, E=0.40 

3S-Reference, CMR=3.40, 
SaMCE(T1)=0.83g, SaCOL(T1)=2.83g, E=0.39 

3S-75, Nonlinear Viscous Ev�=0.1 
CMR=2.68, SaMCE(T1)=0.68g, 
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3S-75, Non-Linear Ev�=0.15 
CMR=3.12, SaMCE(T1)=0.68g 
SaCOL(T1)=2.13g, E=0.42 

3S-Reference, CMR=3.40, 
SaMCE(T1)=0.83g, SaCOL(T1)=2.83g, E=0.39 

3S-75, Linear Viscous Ev�=0.15 
CMR=2.60, SaMCE(T1)=0.68g 
SaCOL(T1)=1.78g, E=0.40 
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MCE intensity. This indicates the complexity of the problem considered in which we attempt to describe 

the performance using only the measures of average response in the DE and MCE and of the collapse 

margin ratio. 

 

 
 

Figure 9-29 Collapse Fragility for 3S-75 Frame with Nonlinear Effective Viscous Damping Ratio of 

0.15 in the DE (CN= 666.4 kN-(sec/m)1/2) in Balanced Configuration (ultimate capacity about 1.3 of 
force in MCE) and in Increased Ultimate Capacity (about twice of force in MCE), and for 3S-

Reference Frames for Sa-Component Scaled Motions 

 

9.7.4 Effect of Preload Provided by the Fluidic Self-Centering System on Collapse Fragility   
The effect of increased preload of the self-centering devices on the collapse fragility is investigated by 

analyzing the 3S-75 frame with the properties of Table 9-1 (balanced configuration) but with the preload 

in each device selected to be about 1.3 times higher than the recommended amount of approximately 20% 

of the story strength. This led to preload of 160kN, 390kN and 390kN for the devices in stories 3, 2 and 1, 

respectively (was 125, 300 and 300kN). The change in preload will cause some small change in the 

stiffness (see Table 3-1 for changes when preload is changed by a significant amount). This change is 

ignored in this study.  Also, the change in preload caused a small reduction of the fundamental period T1 

(calculated per Section 6.3) from 1.31sec to 1.28 sec. This change was too small to require re-scaling of 

the ground motions for analysis but was used in the calculation of the collapse margin ratio. Moreover, 

the damping constant for each device was kept at 1140kN-sec/m so that, effectively due to the reduction 

of period, there is a small reduction in effective damping in the fundamental mode from 0.10 to 0.098.   

 

The modified 3S-75 frame was analyzed for the MCE and results have been presented in Table 8-6, where 

it is noted that the increased preload had an insignificant effect on the peak drift, caused a decrease in 

residual drift and a small increase in the peak device force that necessitates a change in the brace from an 
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Sa(T1)/SaMCE(T1) 

3S-75, Nonlinear Viscous, Ev1=0.15, Increased Capacity, 
CMR=3.21, SaMCE(T1)=0.68g, SaCOL(T1)=2.18g, E=0.42 

3S-Reference, CMR=3.40, SaMCE(T1)=0.83g, 

SaCOL(T1)=2.83g, E=0.39 

3S-75, Nonlinear Viscous, Ev1=0.15, Balanced, 
CMR=3.12, SaMCE(T1)=0.68g, SaCOL(T1)=2.13g, 
E=0.42 
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HSS8x8x1/2 section to an HSS8x8x/5/8 section.  The new brace-device system has increased capacity, 

calculated to be 1425kN (compression capacity of the tube section for effective length of 8535mm) for 

both compression and tension.   

 

The empirical collapse fragility curves of the frame with increased preload and those of the original 3S-75 

with preload of about 20% of the story strength and of the 3S-Reference frames are shown in Figure 9-30 

together with information on the collapse margin ratio.  Motions scaled by the Sa-component procedure 

have been used in the analysis.  Evidently, the increase in preload of the fluidic self-centering system 

results in a marginal increase in the collapse margin ratio.  This increase is likely caused by the marginal 

increase in the ultimate capacity. 

 

 

   
 

Figure 9-30 Collapse Fragility of 3S-75 Frame with Increased Preload (F0,1=F0,2=390kN, 
F0,3=160kN), Frame 3S-75 in Balanced Configuration (preload of F0,1=F0,2=390kN, F0,3=125kN) and 

3S-Reference Frame for Sa-Component Scaled Motions 
 

9.7.5 Effect of Stiffness of the Fluidic Self-Centering System on Collapse Fragility   
The effect of the stiffness of the fluidic self-centering devices on the collapse fragility is investigated by 

analyzing the 3S-75 frame, case of nonlinear damping with effective damping ratio Ev1=0.15 (exponent 

α=0.5, damping constant CN= 661.4kN-(sec/m)1/2) and all other properties the same as previous analyses 

per Table 9-1 but for the stiffness of the devices that is assumed to be equal to 1/10th of the value used in 

all previous analyses.  Such low stiffness is technologically possible but it can be achieved at an increased 

cost of the fluidic devices as the volume of the fluid needs to be substantially increased and, therefore, the 

volume and cost of the device will increase too.   
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Sa(T1)/SaMCE(T1) 

3S-75, F0,1=F0,2=300kN, F0,3=125kN, 
CMR=2.79, SaMCE(T1)=0.68g, 
SaCOL(T1)=1.90g, E=0.40 

3S-Reference, CMR=3.40, SaMCE(T1)=0.83g, 

SaCOL(T1)=2.83g, E=0.39 

3S-75, F0,1=F0,2=390kN, F0,3=160kN, 
CMR=2.89, SaMCE(T1)=0.69g, 
SaCOL(T1)=2.00g, E=0.49 
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The empirical collapse fragility curves of the 3S-75 frame with low and high fluidic device stiffness 

(nonlinear effective viscous damping ratio of 0.15 in the DE, exponent α=0.5, CN= 661.4 kN-(sec/m)1/2) 

and of the 3S-Reference frames are shown in Figure 9-31 together with information on the collapse 

margin ratio. Motions scaled by the Sa-component procedure have been used in the analysis. Evidently, 

the low stiffness results in a reduction of the collapse margin ratio by comparison to the case of high 

device stiffness and same nonlinear viscous damping properties. This is caused by the increase in story 

drift due to the low stiffness of the system. 

 

 
 

Figure 9-31 Collapse Fragility of 3S-75 Frame with High and with Low Fluidic Device Stiffness and 

with Nonlinear Effective Viscous Damping Ratio of 0.15 in the DE (α=0.5, CN= 666.4 kN-(sec/m)1/2), 
and for 3S-Reference Frame for Sa-Component Scaled Motions  

 

9.7.6 Effect of Increased Strength of Frame on Collapse Fragility 
The effect of increased strength of the frame on the collapse fragility is investigated by analyzing the 3S-

85 frame (see Appendix C). This frame has each section larger by one step by comparison to the 3S-75 

frame with balanced brace configuration.  Note that this frame has been designed for a base shear strength 

equal to 85% of the minimum base shear. Also, the fluidic self-centering system has linear viscous 

damping with Ev1=0.10. The empirical collapse fragility curves of (a) the 3S-85 frame, (b) the 3S-75 

frame with balanced brace configuration, (c) the 3S-75 frame with increased ultimate capacity of the 

device-brace system, and (d) the 3S-Reference frames are shown in Figure 9-32 together with information 

on the collapse margin ratio. Motions scaled by the Sa-component procedure have been used in the 

analysis. Evidently, the increase results in an increase of the collapse margin ratio by comparison to the 

case of frame 3S-75, although not as large an increase as that caused by an increase in the ultimate 

capacity of the fluidic self-centering device-brace system.   
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Sa(T1)/SaMCE(T1) 

3S-75, Nonlinear Viscous, Ev1=0.15, Low Device 
Stiffness, CMR=2.87, SaMCE(T1)=0.68g, 
SaCOL(T1)=1.95g, E=0.37 

3S-Reference, CMR=3.40, SaMCE(T1)=0.83g, 

SaCOL(T1)=2.83g, E=0.39 

3S-75, Nonlinear Viscous, Ev1=0.15, High Device 
Stiffness, CMR=3.12, SaMCE(T1)=0.68g, 
SaCOL(T1)=2.13g, E=0.42 
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Figure 9-32 Collapse Fragility for 3S-85 Frame with the Comparisons to other Frames for Sa-
Component Scaled Motions 
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Sa(T1)/SaMCE(T1) 

3S-75, Ultimate FTension=1160kN, 

FCompression=1215kN, CMR=2.79, 
SaMCE(T1)=0.68g, SaCOL(T1)=1.90g, E=0.40 

3S-Reference, CMR=3.40, 
SaMCE(T1)=0.83g, 

SaCOL(T1)=2.83g, E=0.39 3S-75, Ultimate 

FTension=FCompression=1983kN, CMR=3.72, 
SaMCE(T1)=0.68g, SaCOL(T1)=2.53g, E=0.42 

3S-85, Ultimate 

FTension=FCompression=1435kN, CMR=3.46, 
SaMCE(T1)=0.72g, SaCOL(T1)=2.35g, E=0.45 
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Table 9-9 Parameters of Fluidic Self-Centering Fluidic Device-Brace System for Frames 3S-75, 3S-
85 and 3S-Reference and Collapse Margin Ratio for Sa-Scaled Motions (parameters are the same 

for all stories except for the preload and stiffness; damping is linear viscous unless noted otherwise) 

Configuration F0 
>kN@ 

K0 
>kN/m@ Braces 

C or CN
>kN-

(s/m)α@ 

DCapacity 
>mm@ 

Ultimate 
FTension 
>kN@ 

Ultimate 
FCompr 
>kN@ 

CMR

3S-75 Balanced 
T1= 1.31sec 125/300/300 1545/2320/2320 HSS8î8î1/2 1140 165 1160 1215 2.79 

3S-75 
Unbalanced 
T1= 1.31sec 

125/300/300 1545/2320/2320 HSS8î8î1/2 1140 165 2430 1215 3.12 

3S-75 Increased 
Capacity 

T1= 1.31sec 
125/300/300 1545/2320/2320 HSS9î9î5/8 1140 165 1983 1983 3.72 

3S-75 Increased 
Displacement 

Capacity 
T1= 1.31sec 

125/300/300 1545/2320/2320 HSS8î8î1/2 1140 215 1160 1215 2.79 

3S-75Increased 
Linear Damping 

T1= 1.31sec 
125/300/300 1545/2320/2320 HSS8î8î5/8 1710 165 1435 1435 2.60 

3S-75 Increased 
Preload 

T1= 1.28sec 
160/390/390 1545/2320/2320 HSS8î8î5/8 1140 165 1435 1435 2.89 

3S-75 Nonlinear 
Damping 

Ev1=0.10 (α=0.5) 
T1= 1.31sec 

125/300/300 1545/2320/2320 HSS8x8x1/2 551.3 165 1160 1215 2.68 

3S-75 Increased 
Nonlinear 
Damping 

Ev1=0.15 (α=0.5) 
T1= 1.31sec 

125/300/300 1545/2320/2320 HSS8x8x1/2 666.4 165 1160 1215 3.12 

3S-75 Increased 
Capacity 
Increased 
Nonlinear 
Damping 

Ev1=0.15 (α=0.5) 
T1= 1.31sec 

125/300/300 1545/2320/2320 HSS9x9x5/8 666.4 165 1784 1784 3.21 

3S-75 Low 
Stiffness 
Nonlinear 
Damping 
Ev1=0.15 
(α=0.5) 

T1= 1.31sec 

125/300/300 155/232/232 HSS8x8x1/2 666.4 165 1160 1215 2.87 

3S-85 Increased 
Strength 

T1= 1.23sec 
150/350/350 1545/2320/2320 HSS8î8î5/8 1220 165 1435 1435 3.46 

3S-Reference 
T1= 1.07sec - - - - - - - 3.40 
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Table 9-10 Selected Response Parameters in DE and MCE (case of near-fault, pulse like motions) 
and Collapse Margin Ratio of Frames 3S-75, 3S-85 and 3S -Reference 

Configuration 

Peak 
Story 

Drift DE 
(mm) 

Maximum 
Residual 

Story Drift 
DE (mm) 

Maximum 
Residual 

Story Drift 
MCE (mm) 

Peak Floor 
Acceleration 

DE (g) 

Peak Device 
Force MCE 

(kN) 
CMR

3S-75 Capacity 1.3FMCE 
Linear Viscous Damping�

Ev1=0.10 
T1= 1.31sec 

75.0 4.0 12.2 0.532 891.8 2.79

3S-75 Increased Preload 
Capacity 1.3FMCE 

Linear Viscous Damping 
Ev1=0.10 

T1= 1.28sec 

71.0 3.0 8.5 0.566 978.0 2.89

3S-75 Increased Capacity 
2.0 FMCE 

Linear Viscous Damping 
Ev1=0.10 

T1= 1.31sec 

73.7 3.7 12.1 0.523 890.4 3.72

3S-75 Capacity 1.3FMCE 
Increased Linear 

Damping 
Ev1=0.15 

T1= 1.31sec 

69.4 3.3 13.2 0.497 1069.1 2.60

3S-75 Capacity 1.3FMCE 
Nonlinear Damping 

Ev1=0.10 in DE (α=0.5) 
T1= 1.31sec 

73.2 3.7 13.0 0.607 798.1 2.68

3S-75 Capacity 1.3FMCE 
Increased Nonlinear 

Damping�Ev1=0.15 in DE 
(α=0.5), 

T1= 1.31sec 

70.7 3.5 13.4 0.671 861.0 3.12

3S-75 Capacity 2.0FMCE 
Increased Nonlinear 

Damping�Ev1=0.15 in DE 
(α=0.5), 

T1= 1.31sec 

70.7 3.5 13.4 0.671 861.0 3.21

3S-75 Capacity 1.3FMCE 
Low Stiffness Nonlinear 
Damping�Ev1=0.15 in DE 

(α=0.5), 
T1= 1.31sec 

72.2 3.6 15.2 0.656 758.3 2.87

3S-85 Increased Strength 
Linear Viscous 

Damping�Ev1=0.10, 
T1= 1.23sec 

68.9 2.8 11.4 0.576 959.7 3.46

3S-Reference 
T1= 1.07sec 86.6 14.3 28.3 0.925 NA 3.40
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9.8 Effect of Fluidic Self-Centering System Design on Collapse Fragility of 6-Story 

Structure 
The 6-story frame 6S-75 with the fluidic self-centering system is further analyzed to determine 

information on its collapse fragility for two additional cases: (a) increased nonlinear viscous damping 

(Ev1=0.15 in the DE) and all other parameters the same as those of the frame analyzed in Section 9.6 

(ultimate strength about equal to 1.3 times the peak device force in the MCE), and (b) increased ultimate 

strength of the device-brace system (about equal to twice the peak device force in the MCE) and all other 

parameters the same as those of the frame analyzed in Section 9.6 (linear viscous damping Ev1=0.10 in the 

DE). Motions scaled by the Sa-component procedure have been used in the analysis.  Figures 9-33 and 9-

34 present the fragility curves for the two additional cases, together with those of the 6S-Reference frame 

and the originally analyzed 6S-75 frame. Table 9-11 summarizes the properties of the analyzed frames, 

including the one analyzed in Section 9.6 and the 6S-Reference frame, and also includes the calculated 

collapse margin ratio. Table 9-12 presents key response quantities of the 6-story frames in the DE and the 

MCE (from data in Section 8). 

 

 
 

Figure 9-33 Collapse Fragility for 6S-75 frame in Configurations with Ultimate Capacity of 1.3 

times the Peak Device Force and Increased Capacity (2 times the peak force) and for 6S-Reference 
Frame for Sa-Component Scaled Motions 
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Sa(T1)/SaMCE(T1) 

6S-75, Linear Viscous, Ev1=0.10, Increased Capacity, 
CMR=2.33, SaMCE(T1)=0.43g, SaCOL(T1)=1.00g, E=0.35 

6S-Reference, CMR=2.23, 
SaMCE(T1)=0.47g, SaCOL(T1)=1.05g, E=0.40 

6S-75, Linear Viscous, Ev1=0.10, 
CMR=1.98, SaMCE(T1)=0.43g, 
SaCOL(T1)=0.85g, E=0.33 
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Figure 9-34 Collapse Fragility for 6S-75 Frame in Configurations with Ultimate Capacity of 1.3 
times the Peak Device Force, with Nonlinear Effective Viscous Damping Ratio of 0.15 in the DE or 

Linear Viscous Damping Ratio of 0.10 and for 3S-Reference Frame for Sa-Component Scaled 
Motions 

 

The increase in the ultimate strength of the device-brace system resulted in marked increase in the 

collapse margin ratio.  However, the increase in damping and its conversion to nonlinear viscous damping 

did not have any noticeable increase (some 5% increase by comparison to the linear viscous case-recall 

that in the case of the 3S-75 frame, the increase in the CMR was also small at about 10%).   

 

9.9 Summary 
The collapse fragility of several 3-story and 6-story frames with and without a fluidic self-centering 

system has been evaluated. The study first resulted in the observation that frames with a fluidic self-

centering system designed per the minimum requirements described in Section 6 and a device-brace 

ultimate capacity equal to about 1.3 times the peak force (average of 7 analyses) in the device calculated 

in the MCE have insignificant probability of collapse in the MCE but have a collapse margin ratio which, 

while acceptable, is less than that of comparable frames designed without a self-centering system to meet 

the criteria of ASCE 7-2010.   

 

The study then concentrated on the 3-story frame with the fluidic self-centering system and varied the 

parameters of the fluidic devices, of the bracing system and of the strength of the frame. A total of 10 

cases having the properties presented in Table 9-9 were analyzed. It was determined that increases in the 

preload, increases in the displacement capacity or increases in the linear viscous damping constant of the 

devices have marginal or insignificant effects on the collapse margin ratio (values are summarized in 

Table 9-9). Rather, an increase in the collapse margin ratio was calculated for frames having a device-
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Sa(T1)/SaMCE(T1) 

6S-75, Nonlinear Viscous, Ev1=0.15, 
CMR=2.04, SaMCE(T1)=0.43g, 
SaCOL(T1)=0.88g, E=0.36 

6S-Reference, CMR=2.23, 
SaMCE(T1)=0.47g, SaCOL(T1)=1.05g, 
E=0.40 

6S-75, Linear Viscous, Ev1=0.10, 
CMR=1.98, SaMCE(T1)=0.43g, 
SaCOL(T1)=0.85g, E=0.33 
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braced system with increased ultimate capacity (the example was for a capacity equal to twice the peak 

force calculated in the MCE) and for frames with increased frame strength (85% of minimum base shear 

strength). 

 

Table 9-11 Parameters of Fluidic Self-Centering Fluidic Device-Brace System for 6-Story Frame 

Configuration Story F0 
>kN@ 

K0 
>kN/m@ Braces 

C or 
CN 

>kN-
(s/m)α@

DCapacity 
>mm@ 

Ultimate 
FTension 
>kN@ 

Ultimate 
FCompression 

>kN@ 
CMR

Linear 
Damping 
Ev1=0.10 
Ultimate 
Capacity 
1.3FMCE 

T1= 2.06sec 

6th 100 1350 HSS8x8x3/8 2900 165 859 964 

1.98

5th 250 1790 HSS8î8î5/8 2900 165 1302 1434 
4th 250 1790 HSS8î8î5/8 2900 165 1302 1434 
3rd 400 2230 HSS9x9î5/8 2900 165 1843 1983 
2nd 400 2230 HSS9x9î5/8 2900 165 1843 1983 

1st 400 2230 HSS9x9î5/8 2900 165 1843 1983 

Increased 
Nonlinear 
Damping 
Ev1=0.15 in 
DE (α=0.5) 

Ultimate 
Capacity 
1.3FMCE 

T1= 2.06sec 

6th 100 1350 HSS8x8x3/8 1433 165 859 964 

2.04

5th 250 1790 HSS8î8î5/8 1433 165 1302 1434 
4th 250 1790 HSS8î8î5/8 1433 165 1302 1434 
3rd 400 2230 HSS9x9î5/8 1433 165 1843 1983 
2nd 400 2230 HSS9x9î5/8 1433 165 1843 1983 

1st 400 2230 HSS9x9î5/8 1433 165 1843 1983 

Linear 
Damping 
Ev1=0.10 
Ultimate 
Capacity 
2.0FMCE 

T1= 2.06sec 

6th 100 1350 HSS9x9x3/8 2900 165 1305 1305 

2.33

5th 250 1790 HSS9î9î5/8 2900 165 1983 1983 
4th 250 1790 HSS9î9î5/8 2900 165 1983 1983 
3rd 400 2230 HSS12x12î1/2 2900 165 3026 3026 
2nd 400 2230 HSS12x12î1/2 2900 165 3026 3026 

1st 400 2230 HSS12x12î1/2 2900 165 3026 3026 

6S-Reference 
Frame 

T1= 1.90sec 

6th - - - - - - - 

2.23

5th - - - - - - - 
4th - - - - - - - 
3rd - - - - - - - 
2nd - - - - - - - 
1st - - - - - - - 

 
 
 

 



182 
 

Table 9-12 Selected Response Parameters in DE and MCE (case of near-fault, pulse like motions) 

and Collapse Margin Ratio of Frame 6S-75 in Various Configurations and 6S-Reference Frame 

Configuration 

Peak 

Story 

Drift DE 

(mm) 

Maximum 

Residual Story 

Drift DE (mm)

Maximum 

Residual 

Story Drift 

MCE 

(mm) 

Peak Floor 

Acceleration 

DE (g) 

Peak 

Device 

Force MCE 

(kN) 

CMR

Capacity 1.3FMCE 

Linear Viscous 

Damping�Ev1=0.10 

T1= 2.06sec 

70.7 5.1 12.6 0.467 1366.2 1.98

Capacity 1.3FMCE 

Increased Nonlinear 

Damping 

Ev1=0.15 in DE 

(α=0.5) 

T1= 2.06sec 

63.2 3.4 13.7 0.489 1356.1 2.04

Capacity 2.0FMCE 

Linear Damping 

Ev1=0.10 in DE 

T1= 2.06sec 

65.7 2.3 11.7 0.455 1363.6 2.33

6S-Reference 

T1=1.90sec 
91.5 16.0 27.0 0.769 NA 2.23

 

Also, some marginal increase of the collapse margin ratio was calculated for frames with devices having 

increased nonlinear viscous damping. Benefits on the collapse margin ratio were realized even when only 

the tension capacity was increased in an un-balanced configuration. This result is attributed to the fact that 

the fluidic device force increases with increasing intensity of the earthquake due to increases in both 

displacement (linear stiffness) and increases in velocity, particularly for the case linear viscous damping. 

 

Table 9-10 compares key response parameters in the DE and MCE (case of motions with near-fault, 

pulse-like characteristics) and the collapse margin ratio for the important configurations of the 3S-75 and 

the 3S-85 frames studied. The information was obtained from the tables of Sections 7 and 8, and 

Appendix C. 
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A further limited study on the 6-story frame was conducted in which either the ultimate capacity of the 

device-brace system was increased or the damping was converted to nonlinear viscous and increased to 

0.15 in the DE. The results are summarized and compared to those of the 6S-Reference frame in Table 9-

11. Also Table 9-12 compares key response parameters in the DE and MCE (case of motions with near-

fault, pulse-like characteristics) and the collapse margin ratio for the important configurations of the 6S-

75 frame studied. Again it is observed that increases in the ultimate capacity result in increases in the 

collapse margin ratio and that increases in nonlinear viscous damping have marginal beneficial effects on 

the collapse margin ratio. 

 

While this section concentrated on the collapse margin ratio, the collapse fragility analysis provides 

additional information that is revealed in some of the data presented in the figures of collapse fragility 

curves and in the detailed data of analysis. Detailed information on the collapse fragility analysis results is 

presented in Appendix E for each analyzed case. The data may be used to obtain additional information 

such as the probability of collapse given the MCE or any other level of earthquake. 

 

An increased device-brace ultimate capacity has no effect on the response in the DE or the MCE but has 

an important effect on the collapse margin ratio. The increase in cost for the increased ultimate capacity is 

primarily due to an increase in the bracing size, whereas the fluidic devices are typically designed for high 

capacity. For example, a change of the bracing in the 3S-75 frame from HSS8x8x1/2 to HSS9x9x5/8 and 

the design of connections in tension to result in a balanced ultimate capacity (approximately the same in 

tension and compression), would amount to approximately �10,000 increase in cost for the 3-story 

structure (4 frames, 12 devices) in 2015 costs in the US, or less than �1,000 per device-brace system.  

While the size of the brace has no effect on the DE and MCE response, it has a marked effect on the 

collapse margin ratio and thus is should be considered in design.   

 

The study in this section only considered collapse in quantifying the seismic performance and used this 

performance index to derive conclusions on the effect of various design parameters. Other important 

parameters may be used to quantify the seismic performance. This is investigated in the next section 

where the procedures used in this section are utilized but the performance index is defined to be a limit 

value of the residual drift. 
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SECTION 10 
RESIDUAL DRIFT PERFORMANCE EVALUATION OF BUILDINGS 

WITH FLUIDIC SELF-CENTERING DEVICES 
 

10.1 Introduction 
The improved performance of the buildings with fluidic self-centering systems in the DE and MCE has 

been documented in Section 8 and summarized again in Section 9. This improvement included reductions 

of the peak story drift, substantial reductions in the residual drift, reductions in peak accelerations and 

reductions in floor spectral accelerations over all frequencies. The collapse performance assessment in 

Section 9 established that structures with fluidic self-centering systems designed by the minimum 

procedures of Section 6 have acceptable collapse margin ratio which is comparable to that of 

conventional structures designed by the minimum criteria of ASCE 7-2010. The analyses in Section 9 

also provided information on how to improve the collapse margin ratio and, more generally, how to 

reduce the probability of collapse given a particular level of earthquake intensity. In general, the 

probability of collapse can be reduced by increasing the force ultimate capacity of the brace-fluidic device 

system, whereas other modifications, such as increased displacement capacity, increased preload and 

increased damping, had small or insignificant effects on the collapse fragility. 

 

However, increases in preload and damping have important effects in reducing the peak story drift and the 

residual drift. The latter is of particular interest today and is considered an important performance index 

(MacRae and Kawashima, 1997; Kawashima et al., 1998; McCormick et al., 2008; Ruiz-Garcia and 

Miranda, 2006a and 2006b; Erochko et al., 2011; Erochko, 2013). This section concentrates on an 

evaluation of the performance of structures without and with fluidic self-centering systems based on the 

residual drift. Specifically, the methodology of FEMA P695 (FEMA, 2009) is employed but the limit 

state is defined as a specific value of the peak residual drift. Fragility curves and related information are 

calculated, presented and discussed in this section for several systems out the many analyzed in Section 9 

for the limit states of residual drift ratio equal to 0.2%, 0.5%, 1% and 2%. These four limits were selected 

as they are directly related to a description of damage in FEMA P58 (FEMA, 2012). Specifically, the 

limit of 0.2% may require some adjustments and repairs to nonstructural systems, the limit of 0.5% will 

require realignment and repair of the structural system, whereas the limit of 1% will require major 

realignment and it may be more economical to demolish rather than repair. The limit of 2% indicates that 

the structure is in danger of collapse in aftershocks. Other studies suggest that the limit of 0.5% may be 

considered as the threshold beyond which it may be uneconomical and impractical to repair. For example, 
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a comparison of performance of frames with Buckling Restraint Braces to Steel Moment Resisting 

Frames (Erochko et al., 2011) utilized the limit of 0.5%. A study by Ramirez and Miranda (2012) on the 

economic impact of the residual drift assumed that the probability of having to demolish a building that 

has not collapsed given the residual drift is log-normally distributed with a median of 0.015 and a 

logarithmic standard deviation of 0.3. That is, the probability to demolish is approximately 0.10 for a 

residual drift of 1%, is 0.50 for a residual drift of 1.5% and is nearly 1.0 for a residual drift of 3%. 

 

10.2 Residual Drift Performance Evaluation Results 
Selected 3S-75 and 6S-75 frame configurations, the 3S-85 frame and the 3S-Reference and 6S-Reference 

frames were analyzed. Table 10-1 presents basic information on the analyzed systems with more details 

presented in Tables 9-9 and 9-11 and Figures 9-5 and 9-10 and Appendix C. Analysis was conducted 

using the 44 motions scaled by the Sa-component scaling approach. Incremental dynamic analysis was 

conducted until either a prescribed limit on the residual drift was exceeded or the analysis was terminated 

based on the collapse criteria defined in Section 9.6.1, whichever occurred first. IDA curves were 

constructed showing the intensity of the seismic motion versus the value of the maximum (among all 

stories) residual drift. An example of an IDA collection of curves is shown in Figure 10-1 for the case of 

frame 3S-75, case of linear damping with Ev=0.1 and device-brace system capacity equal to about 1.3 

times the average force calculated in the MCE. A complete collection of results, including IDA graphs, 

fragility curves and empirical data, is presented in Appendix F.  

 
 

Figure 10-1 IDA Curves for 3-Story Frame 3S-75, Linear Viscous Damping Ev=0.1 and Device-
Brace System Capacity Equal to 1.3FMCE 
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Table 10-1 Analyzed Frames for Residual Drift Fragility, Selected Response Parameters in DE and 

MCE (case of near-fault, pulse like motions) and Fragility Analysis Results 

Configuration 

Maximum 
Residual 

Story 
Drift DE 

(mm) 

Maximum 
Residual 

Story Drift 
MCE 
(mm) 

Residual Drift 
Median Sa(T1)/SaMCE(T1)-ȕ 

0.2% 0.5% 1.0% 2.0% 

3S-75, Capacity 1.3FMCE
Linear Viscous Damping 

Ev1=0.10 
T1=1.31sec 

4.0 12.2 1.01 - 
0.338 

1.25 - 
0.322 

1.44 - 
0.347 

1.60 - 
0.329 

3S-75, Increased Preload 
Capacity 1.3FMCE 

Linear Viscous Damping�
Ev1=0.10 

T1=1.28sec 

3.0 8.5 1.10 - 
0.413 

1.39 - 
0.367 

1.59 - 
0.396 

1.75 - 
0.396 

3S-75, Increased Capacity
2.0FMCE 

Linear Viscous Damping
Ev1=0.10 

T1=1.31sec 

3.7 12.1 1.10 - 
0.382 

1.66 - 
0.378 

1.93 - 
0.313 

2.32 - 
0.316 

3S-75, Capacity 1.3FMCE
Increased Nonlinear 

Damping 
Ev1=0.15 in DE (α=0.5) 

T1=1.31sec 

3.7 13.0 1.01 - 
0.289 

1.19 - 
0.294 

1.37 - 
0.275 

1.68 - 
0.301 

3S-85, Capacity 1.3FMCE
Linear Viscous Damping�

Ev1=0.10 
T1=1.23sec 

2.8 11.4 1.08 - 
0.390 

1.55 - 
0.370 

1.60 - 
0.335 

1.82 - 
0.338 

3S-Reference 
T1=1.07sec 14.3 28.3 0.59 - 

0.391 
0.85 - 
0.393 

1.36 - 
0.381 

1.98 - 
0.369 

6S-75, Capacity 1.3FMCE
Linear Viscous Damping�

Ev1=0.10 
T1= 2.06sec 

5.1 12.6 0.74 - 
0.469 

0.86 - 
0.471 

0.98 - 
0.492 

1.19 - 
0.460 

6S-75, Capacity 1.3FMCE
Increased Nonlinear 

Damping 
Ev1=0.15 in DE (α=0.5) 

T1= 2.06sec 

3.4 13.7 0.47 - 
0.447 

0.63 - 
0.438 

0.83 - 
0.456 

1.27 - 
0.481 

6S-75, Capacity 2.0FMCE
Linear Damping 
Ev1=0.10 in DE 

T1= 2.06sec 

2.3 11.7 1.05 - 
0.373 

1.39 - 
0.415 

1.78 - 
0.400 

1.86 - 
0.367 

6S-Reference 
T1= 1.90sec 16.0 27.0 0.47 - 

0.406 
0.70 - 
0.503 

1.23 - 
0.612 

1.60 - 
0.480 
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Figures 10-2 to 10-11 present the fragility curves for each of the cases of Table 10-1 and for the four 

values of the residual drift: 0.2%, 0.5%, 1% and 2%. Each graph shows the empirical data (also tabulated 

in Appendix F) and the log-normal representation of the fragility curve. Note that the intensity of the 

seismic motion is normalized by the spectral acceleration at the fundamental period in the MCE. The 

probability of exceeding any of the four limit values of the residual drift given a particular level of 

seismic intensity may be read as the ordinate of each graph at a particular level of seismic intensity of 

which the MCE level is at Sa(T1)/SaMCE(T1)=1 and the DE level is at Sa(T1)/SaMCE(T1)=0.67. The log-normal 

distribution is described by Equation (9-3). Values of the dispersion factor ȕ and the value of 

Sa(T1)/SaMCE(T1) corresponding to a probability of exceedance equal to 0.5 are presented in Table 10-1 

(note that the median “m” of the log-normal distribution-see Equation 9-3 is the median value of 

Sa(T1)/SaMCE(T1)).   

 
 

Figure 10-2 Residual Drift Fragility (or cumulative distribution function) for 3S-75 Frame, Linear 
Viscous Damping Ev=0.1, Device-Brace System Capacity Equal to 1.3FMCE and Sa-Component 

Scaled Motions 
 

 
 

 
Figure 10-3 Residual Drift Fragility (or cumulative distribution function) for 3S-75 Frame, 

Increased Preload, Linear Viscous Damping Ev=0.1, Device-Brace System Capacity Equal to 
1.3FMCE and Sa-Component Scaled Motions 
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Figure 10-4 Residual Drift Fragility (or cumulative distribution function) for 3S-75 Frame, Linear 
Viscous Damping Ev=0.1, Device-Brace System Capacity Equal to 2.0FMCE and Sa-Component 

Scaled Motions 
 

 
 

Figure 10-5 Residual Drift Fragility (or cumulative distribution function) for 3S-75 Frame, 
Nonlinear Viscous Damping Ev=0.15 in DE, Device-Brace System Capacity Equal to 1.3FMCE and Sa-

Component Scaled Motions 
 

 
 

Figure 10-6 Residual Drift Fragility (or cumulative distribution function) for 3S-Reference Frame 
in Sa-Component Scaled Motions 
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Figure 10-7 Residual Drift Fragility (or cumulative distribution function) for 3S-85 Frame, Linear 

Viscous Damping Ev=0.1, Device-Brace System Capacity Equal to 1.3FMCE and Sa-Component 
Scaled Motions 

 

 
 

Figure 10-8 Residual Drift Fragility (or cumulative distribution function) for 6S-75 Frame, Linear 
Viscous Damping Ev=0.1, Device-Brace System Capacity Equal to 1.3FMCE and Sa-Component 

Scaled Motions 
 

 
 

Figure 10-9 Residual Drift Fragility (or cumulative distribution function) for 6S-75 Frame, 
Nonlinear Viscous Damping Ev=0.15 in DE, Device-Brace System Capacity Equal to 1.3FMCE and Sa-

Component Scaled Motions 
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Figure 10-10 Residual Drift Fragility (or cumulative distribution function) for 6S-75 Frame, Linear 
Viscous Damping Ev=0.1, Device-Brace System Capacity Equal to 2.0FMCE and Sa-Component 

Scaled Motions 
 

 

 
 

Figure 10-11 Residual Drift Fragility (or cumulative distribution function) for 6S-Reference Frame 
in Sa-Component Scaled Motions  

 
 

10.3 Summary 
The results on the residual drift fragility presented in this section demonstrate substantial reduction of the 

probability of exceeding the residual drift limits of 0.2% and 0.5% when the fluidic self-centering system 

is used. For example, in the case of the 3-story frame the probability of exceeding the limit value of 0.5% 

of the residual drift given the DE (p(Residual Drift!0.5% ۄ Sa(T1)/SaMCE(T1)=0.67) is less than about 0.05 

for all cases of the analyzed 3S-75 and 3S-85 frames with fluidic self-centering devices and is less than 

about 0.25 for the case of the conventional frame 3S-Reference. In the case of the 3S-75 frame with 

fluidic devices of increased preload, the probability is near zero (Figure 10-3). For the same case, the 

probability of exceeding the limit of 0.5% given the MCE, p(Residual Drift!0.5% ۄ Sa(T1)/SaMCE(T1)=1), is 

0.2, whereas for the conventional 3S-Reference frame (Figure 10-6) the same probability is 0.67.   
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However, the probability of exceeding the residual drift limits of 1% and 2% given any level of seismic 

intensity for the structures with the fluidic self-centering system are about the same or higher than those 

of the conventional structures. The reason for this difference is the fact the structures with the fluidic self-

centering system may experience collapse before they have large residual drift. This is rectified by 

increasing the ultimate capacity of the fluidic device-brace system, as seen in the results for the system 

with ultimate capacity of 2.0FMCE.  
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SECTION 11 
ASSESSMENT OF COLLAPSE RISK AND RESIDUAL DRIFT RISK FOR 

BUILDINGS WITH FLUIDIC SELF-CENTERING DEVICES 
 

11.1 Introduction 
The fragility curves in Section 9 present information on the probability of collapse for specific levels of 

earthquake intensity. Similarly, the fragility curves in Section 10 present information on the probability of 

exceeding certain residual drift ratio values for specific levels of earthquake intensity. This information is 

very useful and obtained in computationally intensive analysis. However, engineers, building officials, 

government officials, owners and insurers are interested in assessing risk, defined in this case as the mean 

annual frequency of collapse, ȜC, or the mean annual frequency of exceeding a specified limit of residual 

drift, ȜRD. The mean annual frequency is related to another important parameter, the probability of 

collapse for a given number of years n, PC (n years), or the probability of exceeding a specified value of 

residual drift for a given number of years n, PRD (n years). Assuming that the earthquake occurrence 

follows a Poisson distribution, the following equations relate the mean annual frequency to the probability 

of collapse or probability of exceedance of a specified limit of residual drift ratio in n years: 

     ( _ ) 1 Cn
CP n years e O� �         (11-1) 

     ( _ ) 1 RDn
RDP n years e O� �       (11-2) 

The calculation of the mean annual frequency requires consideration of the hazard from all possible 

seismic events. The hazard data are obtained from the USGS website 

(http://geohazards.usgs.gov/hazardtool/application.php) in the form of the annual frequency of 

exceedance ȜSa as function of the spectral acceleration Sa for specific values of the period (zero, 0.1, 0.2, 

0.3, 0.5, 0.75, 1.0, 2.0, 3.0, 4.0 and 5.0 second). Values of the annual frequency of exceedance at 

intermediate values of period are typically obtained by linear interpolation in the logarithmic space. 

 

The calculation of the mean annual frequency of collapse, ȜC, and the mean annual frequency of 

exceeding a specified limit of residual drift, ȜRD, requires integration of the collapse or the residual drift 

fragility of the structure over the seismic hazard curve (Medina and Krawinkler, 2004; Ibarra and 

Krawinkler, 2005; Krawinkler et at., 2006; Champion and Liel, 2012; Eads et al., 2013; Elkady and 

Lignos, 2014): 
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In Equations (11-3) and (11-4) _dOSa(Sa)/d(Sa)_ is the absolute value of the slope of the seismic hazard 

curve. 

 

This section presents data on the mean annual frequency of collapse, ȜC, and the mean annual frequency 

of exceeding specified limits of the residual drift, ȜRD (residual drift ratio of 0.2%, 0.5%. 1.0% and 2.0%) 

for the 3S-75, 3S-85, 3S-Reference, 6S-75 and 6S-Reference structures of Table 10-1 for the site 

considered in Section 4 (latitude 37.8814oN, longitude 122.08oW, site class D). Figure 11-1 presents the 

seismic hazard curves for the site (annual frequency of exceedance versus the value of spectral 

acceleration for the relevant periods of 1.0, 2.0 and 3.0 second, 5%-damped). Based on these curves, 

curves for the fundamental period of the structures (1.07, 1.23, 1.28, 1.31, 1.90 and 2.06 second, 5%-

damped) were constructed using linear interpolation in the logarithmic space and are shown in Figure 11-

2.   

 
Figure 11-1 Seismic Hazard Curves at Site of Latitude 37.8814oN and Longitude 122.08oW, Site 

Class D for Periods of 1.0, 2.0 and 3.0 second (source USGS) 
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Figure 11-2 Seismic Hazard Curves at Site of Latitude 37.8814oN and Longitude 122.08oW, Site 

Class D for Periods of 1.07, 1.23, 1.28, 1.31, 1.90 and 2.06 second obtained by Linear Interpolation 

in Logarithmic Space of Data of Figure 11-1 
 

Each of the curves in Figure 11-2 was approximated by polynomials in the logarithmic space that agreed 

with the values of the annual frequency of exceedance, OSa(Sa). As an example, the curve for period of 1.0 

sec in Figure 11-1 was approximated as log10>OSa(Sa)@=1190.8Sa
4-851.9Sa

3�208.6Sa
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The derivative is then obtained as 
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An example of the process in calculating the mean annual frequency is presented in Figure 11-3. In this 

case the figure illustrates the process by using actual data for frame 3S-75 with a fluidic self-centering 

system, case of linear viscous damping Ev1=0.10 and ultimate brace force equal to 1.3FMCE. The top graph 

is the collapse fragility curve for the frame calculated in Section 9 (Figure 9-22, balanced case), PC_Sa. 

The middle graph is the slope of the seismic hazard curve for period T1=1.31sec, _dOSa(Sa)/d(Sa)_, 
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calculated using Equation (11-6). The bottom graph is the product of the other two graphs, PC_Sa� 

_dOSa(Sa)/d(Sa)_. The mean annual frequency of collapse, ȜC, is the area under the line of the bottom graph 

per Equation (11-3), which is numerically calculated. 

 

 

 
Figure 11-3 Example of Calculation of Mean Annual Frequency of Collapse for Frame 3S-75, Case 
of Linear Viscous Damping 1vE =0.10 and Ultimate Brace Force equal to 1.3FMCE.  Top Graph is 

the Collapse Fragility Curve, Middle Graph is the Slope of the Seismic Hazard Curve and Bottom 
Curve is the Product of the Two 
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11.2 Calculated Mean Annual Frequencies and Related Probabilities in 50 years 
The 3-story and 6-story structures without and with fluidic self-centering systems in Table 10-1 have been 

further analyzed to obtain information of the mean annual frequency of collapse, the mean annual 

frequency of exceeding the residual drift limits of 0.2%, 0.5%, 1% and 2%, and the related probability of 

collapse or of exceeding the residual drift limits in 50 years. The procedure described in Section 11.1 was 

followed and detailed data for the fragility curves, seismic hazard curves and the de-aggregation curves 

are presented in Appendix G for each of the analyzed cases. Table 11-1 presents the calculated results.  

Note that OC is the mean annual frequency of collapse, ORD is the mean annual frequency of exceeding the 

specified residual drift ratio, PC is the probability of collapse in 50 years and PRD is the probability of 

exceeding any of the specified residual drift limits in 50 years. 

 

These results provide additional information beyond the data in Sections 9 and 10 that were conditional 

on the level of the seismic intensity (say DE or MCE). Importantly, all analyzed systems have a 

probability of collapse in 50 years of about 1% or less, which is desirable. Also, the structures with fluidic 

self-centering systems have much lower probabilities in 50 years of exceeding the residual drift limits of 

0.2% and 0.5% but they have about the same or higher probabilities of exceeding the limits of 1% and 2%.  

The reason for this difference is the fact the structures with the fluidic self-centering system may 

experience collapse before they have large residual drift. This is rectified by increasing the ultimate 

capacity of the fluidic device-brace system, as seen in Table 11-1 in the results for the system with 

device-brace capacity of 2.0FMCE.  
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Table 11-1 Mean Annual Frequency of Collapse, Mean Annual Frequency of Exceeding Specified 
Residual Drift Limits and Related Probabilities of Exceedance in 50 Years (probabilities in %) 

System Parameter 
0.2% Res. 

Drift 

0.5% Res. 

Drift 

1.0% Res. 

Drift 

2.0% Res. 

Drift Collapse 

3S-75, Capacity 1.3FMCE
Linear Viscous Damping

Ev1=0.10 
T1= 1.31sec 

OC or 
ORD 

1.91î10-3 1.04î10-3 7.19î10-4 4.80î10-4 8.25î10-5 

PC or PRD 9.10 5.07 3.53 2.37 0.41 
3S-75, Increased Preload 

Capacity 1.3FMCE 
Linear Viscous Damping

Ev1=0.10 
T1= 1.28sec 

OC or 
ORD 

1.84î10-3 8.49î10-4 6.15î10-4 4.55î10-4 1.20î10-4 

PC or PRD 8.78 4.16 3.03 2.25 0.60 

3S-75, Increased 
Capacity 
2.0 FMCE 

Linear Viscous Damping
Ev1=0.10 

T1= 1.31sec 

OC or 
ORD 

1.70î10-3 4.97î10-4 2.31î10-4 1.10î10-4 2.65î10-5 

PC or PRD 8.17 2.46 1.15 0.55 0.13 

3S-75, Capacity 1.3FMCE
Increased Nonlinear 

Damping 
Ev1=0.15 in DE (α=0.5) 

T1= 1.31sec 

OC or 
ORD 

1.77î10-3 1.11î10-3 6.79î10-4 3.67î10-4 5.53î10-5 

PC or PRD 8.48 5.39 3.34 1.82 0.28 

3S-85, Capacity 1.3FMCE
Linear Viscous Damping

Ev1=0.10 
T1= 1.23sec 

OC or 
ORD 

1.80î10-3 6.04î10-4 4.80î10-4 3.09î10-4 5.76î10-5 

PC or PRD 8.62 2.98 2.37 1.53 0.29 

3S-Reference 
T1= 1.07sec 

OC or 
ORD 

5.93î10-3 2.90î10-3 8.44î10-4 2.16î10-4 2.62î10-5 

PC or PRD 25.67 13.51 4.13 1.08 0.13 
6S-75, Capacity 1.3FMCE
Linear Viscous Damping

Ev1=0.10 
T1= 2.06sec 

OC or 
ORD 

4.64î10-3 3.50î10-3 2.81î10-3 1.72î10-3 2.42î10-4 

PC or PRD 20.70 16.07 13.10 8.24 1.20 
6S-75, Capacity 1.3FMCE

Increased Nonlinear 
Damping 

Ev1=0.15 in DE (α=0.5) 
T1= 2.06sec 

OC or 
ORD 

9.70î10-3 6.17î10-3 3.70î10-3 1.51î10-3 2.47î10-4 

PC or PRD 38.43 26.54 16.87 7.27 1.22 

6S-75, Capacity 2.0FMCE
Linear Damping 
Ev1=0.10 in DE 

T1= 2.06sec 

OC or 
ORD 

1.92î10-3 1.01î10-3 4.56î10-4 3.49î10-4 1.45î10-4 

PC or PRD 9.13 4.94 2.25 1.73 0.72 

6S-Reference 
T1= 1.90sec 

OC or 
ORD 

9.95î10-3 5.46î10-3 2.16î10-3 8.07î10-4 2.07î10-4 

PC or PRD 39.20 23.90 10.26 3.95 1.03 
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SECTION 12  
FLUIDIC SELF-CENTERING DEVICES AS ELEMENTS OF SEISMIC 

ISOLATION SYSTEMS TO REDUCE RESIDUAL DISPLACEMENTS 
 

12.1 Introduction 
Fluidic self-centering devices may be used as elements of seismic isolation systems to provide re-

centering capability and damping. The original experimental study of Tsopelas and Constantinou (1994) 

with fluidic self-centering devices explored the use of these devices as elements of an isolation system to 

completely eliminate residual displacements. The study presented in this section explores the use of 

fluidic self-centering devices to replace fluid viscous dampers in seismic isolation systems for the benefit 

of eliminating or substantially reducing residual displacements in the isolation system. For the purpose of 

the study, a seismically isolated building with Triple Friction Pendulum (FP) isolators and linear fluid 

viscous dampers is analyzed. The properties of the isolators and dampers are extracted from production 

test data of isolators and dampers used in actual projects. Similarly, the site-specific spectra and the scaled 

motions used in analysis are based on the spectra and motions used in the analysis of an actual seismically 

isolated building in California.   

 

A second study is then conducted that parallels the study of the seismically isolated building but with the 

viscous damping devices designed to provide a nominal preload equal to 0.02 times the weight of the 

building, and a viscous damping function and displacement capacity (�36inch) identical to those of the 

fluid viscous dampers. The design of the devices was performed by the manufacturer of the damping 

devices, who also provided the dimensions and the stiffness of the device. The selection of the preload of 

0.02 times the weight is based on the upper bound friction coefficient under quasi-static conditions for the 

inner surfaces of the Triple FP isolators, which was 0.023. Under these conditions, the fluidic self-

centering devices are expected to substantially reduce residual deformations. The effects on other 

response parameters, like isolators peak displacements, story drift and accelerations are then investigated 

in the study. 

 

12.2 Description of Analyzed Seismically Isolated Building 
The analyzed seismically isolated building is the 4-story steel moment frame used in the examples of 

Sarlis and Constantinou (2010). The structure is illustrated in Figures 12-1 and 12-2. The structure is 

supported on 18 Triple Friction Pendulum (FP) isolators of the geometry shown in Figure 12-3. The 

isolation system also features 12 linear fluid viscous dampers (6 dampers in each principal direction) of 



200 

 

the geometry shown in Figure 12-4. The weight is lumped at the joints as shown in Figure 12-2 so that 

each isolator carries a load (dead plus seismic live) of 3,338kN (or 750kip). The total weight of the 

isolated structure is 60,075kN (or 13,500kip). Note that the structure consists of three identical frames as 

shown in Figure 12-2. These frames are interconnected by W26î245 beams (at 1, 2 and 3 stories and 

roof) and by W26î300 (at base mat) beams in the transverse direction. All connections are rigid. 

 

The analyzed isolated structure is imaginary but the isolators and dampers are actual devices used in 

construction for which the prototype and production test data were used to extract the properties used in 

the analysis of this example. Specifically, test data on 72 identical isolators at load of 3,338kN (750kip) 

and high velocity were available. The data for the first 18 of these isolators were used to obtain the lower 

and upper bound properties of the isolators using the procedures described in McVitty and Constantinou 

(2015). The properties are listed in Table 12-1 (see Sarlis and Constantinou, 2010 and McVitty and 

Constantinou, 2015 for nomenclature and definition of parameters). Note that since production test data at 

high speed are available, there is no production-related uncertainty in the values of friction. Also heating 

effects are included in the test data. Only contamination and aging effects are considered. 

 

 

 
Figure 12-1 Three-Dimensional View of Analysis Model of Isolated Building in SAP2000 
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Figure 12-2 Elevation of Building and Plan of Isolation System 

Fluid 
Viscous 
Damper 

Triple FP 
Isolator 
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Figure 12-3 Section of Triple FP Isolator 

 

 
Figure 12-4 Plan View of Viscous Damping Device 

 

Table 12-1 Properties of Triple FP Isolators 

1 4eff effR R  2096mm (82.5inch) 

2 3eff effR R  191mm (7.5inch) 
 
1 4dd   500mm (19.67inch) 
 
2 3dd   24mm (0.94inch) 

1 4P P  Upper Bound 0.075 
Lower Bound 0.058 

2 3P P  Upper Bound 0.034 
Lower Bound 0.030 

4321 aaaa     
0.1sec/mm 
(2.54sec/in) 

Friction coefficients P1 to �4 are for fast velocity conditions. 
=ero velocity friction values are assumed to be 2/3 of the fast velocity values. 
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The viscous dampers are of linear viscous damping devices with the force F related to the velocity V via 

F=CV. Thirty two of these devices were tested for a project. The properties of the first twelve of these 

devices were reduced based on the procedures in McVitty and Constantinou (2015) and found the average 

value of the damping constant to be C=0.93kN-sec/mm (5.3kip-sec/in). Note that again this value 

includes the heating effects. Aging is not considered as the dampers cannot change properties provided 

that they are maintained with the internal pressure checked to be at the specified level.  

 

The structure was modelled for analysis in program SAP2000 (version 17). The parallel model was used 

in the modeling of the isolators per procedures in Sarlis and Constantinou (2010). Structural damping was 

modeled based on the guidelines of Sarlis and Constantinou (2010) as Rayleigh damping with 2% of 

critical damping ratio anchored at frequencies of 1.9 and 11.9Hz. Also, structural damping was set equal 

to zero for frequencies less than 0.24Hz using the “Rayleigh damping with override” option in the 

program in order to avoid leakage of damping in the isolation system. Table 12-2 presents numerical 

values of the parallel model parameters of each isolator as implemented in SAP2000.  
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Table 12-2 Values of Parameters of Parallel Model of Isolators in SAP2000 

Elements FP1 FP2 
Element Height 406mm (16inch) 406mm (16inch) 

Shear Deformation Location-
(distance from top Moint of FP 

element) 
203mm (8inch) 203mm (8inch) 

Element Mass 4.4î10-4 kN-s2/mm 
(0.0025 kip-s2/inch) 

4.4î10-4 kN-s2/mm 
(0.0025 kip-s2/inch) 

Supported Weight 1668kN (375kip) 1668kN (375kip) 

Vertical Stiffness 6232.5kN/mm 
(35588.4kip/inch) 

6232.5kN/mm 
(35588.4kip/inch) 

Elastic Stiffness Upper Bound 214.5kN/mm (1225.0kip/inch) 8.8kN/mm  
(50.0kip/inch) Lower Bound 188.3kN/mm (1075.0kip/inch)

Yield Displacement 4.0î10-4mm (0.01inch) - 
Effective Stiffness 0 0.8kN/mm (4.5kip/in) 

Friction 
Coefficient SLOW 

Upper Bound 0.0453 0.0497 
Lower Bound 0.04 0.0339 

Friction 
Coefficient FAST 

Upper Bound 0.068 0.0745 
Lower Bound 0.06 0.0509 

Radius 0 2096mm (82.5inch) 
Rate Parameter 0.05mm/sec (1.27inch/sec) 0.05mm/sec (1.27inch/sec)

Rotational/Torsional  Stiffness 
(R1,R2,R3) 0 0 

Rotational Moment of Inertia 56.5kN-mm-sec2 
(0.5 kip-in-sec2) 

56.5kN-mm-sec2 
(0.5 kip-in-sec2) 

 

12.3 Ground Motions Used in Analysis 
The ground motions used in the analysis are based on the motions selected and scaled for the analysis of 

an actual seismically isolated structure in California. Table 12-3 presents the seed motions selected for 

scaling. Each of these motions was rotated and components were obtained along the fault-normal and 

fault-parallel directions. Each of the rotated components was then spectrally matched to site-specific 

fault-normal and fault-parallel spectra representing the maximum considered earthquake. Figure 12-5 

shows the site-specific spectra and the average spectra of the scaled motions in the fault-normal and fault-

parallel directions. Table 12-4 includes information of the peak ground acceleration (PGA) and the peak 

ground velocity (PGV) of the scaled motions in the fault-normal (FN) and fault-parallel (FP) directions. 

Each of the scaled motions was also lengthened with 10 seconds of zeroes to allow for the calculation of 

any residual isolator displacement. For the analysis, the fault-normal components of the scaled motions 

were applied in the transverse building direction. 
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Table 12-3 Seed Ground Motions and Recorded Characteristics 

Motion Earthquake Magnitude/ 
Fault 

Recording Station 
/ Site Class 

Recorded
 PGA (g) 

H1/H2 

Scaled 
PGA (g) 
FN/FP 

Scaled PGV
 (mm/sec) 

FN/FP 

1 1999 Kocaeli, 
Turkey 7.4 / Strike-Slip Duzce 

/ USGS ± C 0.31/0.36 0.84/0.83 1819/1219 

2 1992 Erzincan, 
Turkey 6.7 / Strike-Slip Erzincan 

/ USGS ± C 0.50/0.52 0.85/0.84 1608/1643 

3 1992 Landers, 
USA 7.3 / Strike-Slip Lucerne 

  / USGS ± A 0.72/0.79 0.85/0.85 1963/1755 

4 1989 Loma Prieta,
 USA 

6.9 / Reverse 
Oblique 

Saratoga-Aloha Ave
 / Alluvium 0.51/0.32 0.87/0.87 1654/1676 

5 1995 Kobe, 
Japan 6.9 / Strike-Slip Takarazuka 

/ USGS ± D 0.69/0.69 0.85/0.85 2189/1316 

6 1992 Landers, 
USA 7.3 / Strike-Slip Yermo Fire Station

/ Alluvium 0.24/0.15 0.85/0.84 2040/1143 

7 1999 Kocaeli, 
Turkey 7.4 / Strike-Slip Yarimca 

/ USGS ± C 0.27/0.35 0.85/0.82 1908/1166 

 

 
 

Figure 12-5 Site-Specific Spectra and Average Spectra of Fault Normal and Fault Parallel Scaled 
Motions 
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12.4 Analysis Results for Isolated Building with Fluid Viscous Dampers 
Response history analysis was conducted in the isolator lower bound and upper bound conditions per 

properties of Table 12-1. The damper constant C was 0.93kN-sec/mm (5.3kip-sec/in) for both types of 

analyses. Results are presented in Tables 12-4 to 12-6 in terms of the resultant peak isolator 

displacements, resultant isolator residual displacement, resultant peak base shear force normalized by the 

weight (W=60,075kN or 13,500kip), damper peak displacement and peak force, peak roof acceleration 

and peak story drift ratio (resultant acceleration and drift, not along principal building directions). Note 

that the displacement at initiation of stiffening of the isolators in the lower bound conditions is 1008mm 

(39.7inch) and the displacement capacity of the isolators is 1046mm (41.2inch). Based on the average 

analysis results for the isolator displacement (Table 12-4), the peak displacement demand is 902mm 

(35.5inch) so that there is no initiation of stiffening.  

 

Table 12-4 Peak Isolator Displacements, Residual Displacements and Base Shear Force 

Motion 
Lower Bound Friction  

Isolator Disp. 
(mm) 

Residual Disp. 
(mm) Base Shear /W 

1 934.7 49.3 0.352 
2 779.8 30.0 0.305 
3 970.3 17.8 0.367 
4 937.3 9.4 0.409 
5 899.2 34.8 0.337 
6 901.7 8.1 0.331 
7 889.0 38.4 0.314 

Average 901.7 26.9 0.345 
 

Motion 
Upper Bound Friction 

Isolator Disp. 
(mm) 

Residual Disp. 
(mm) Base Shear/W 

1 873.8 56.9 0.352 
2 706.1 39.9 0.327 
3 944.9 43.2 0.383 
4 886.5 24.1 0.412 
5 858.5 50.8 0.341 
6 825.5 4.3 0.325 
7 807.7 28.2 0.324 

Average 843.3 35.3 0.352 
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Table 12-5 Peak Damper Displacements and Forces 

Motion 
Lower Bound Friction  

Damper Displacement  
(mm) Damper Force (kN) 

1 904.2 1385.6 
2 744.2 1839.8 
3 815.3 1819.8 
4 896.6 2292.2 
5 914.4 1987.5 
6 901.7 1501.7 
7 886.5 1878.5 

Average 866.1 1814.9 
 

Motion 
Upper Bound Friction  

Damper Displacement 
(mm) Damper Force (kN) 

1 843.3 1299.8 
2 675.6 1842.5 
3 779.8 1817.1 
4 843.3 2165.8 
5 866.1 1903.8 
6 828.0 1381.2 
7 805.2 1874.0 

Average 805.2 1754.8 
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Table 12-6 Peak Roof Accelerations and Story Drift Ratios 

Motion 
Lower Bound Friction  

 Roof Acceleration 
(g) 

Story Drift Ratio (%) 
1 2 3 4 

1 0.555 0.763 0.727 0.559 0.316 
2 0.469 0.573 0.595 0.470 0.270 
3 0.578 0.658 0.663 0.568 0.337 
4 0.527 0.713 0.727 0.604 0.334 
5 0.570 0.729 0.685 0.550 0.313 
6 0.540 0.663 0.646 0.519 0.295 
7 0.522 0.671 0.644 0.522 0.298 

Average 0.537 0.682 0.670 0.542 0.309 
 

Motion 
Upper Bound Friction  

 Roof Acceleration 
(g) 

Story Drift Ratio (%) 
1 2 3 4 

1 0.594 0.761 0.726 0.557 0.311 
2 0.532 0.638 0.662 0.523 0.286 
3 0.647 0.693 0.709 0.588 0.353 
4 0.559 0.734 0.757 0.633 0.355 
5 0.587 0.729 0.691 0.580 0.344 
6 0.584 0.655 0.641 0.519 0.298 
7 0.535 0.673 0.649 0.532 0.304 

Average 0.577 0.698 0.691 0.562 0.322 
 

More analyses were conducted only for the upper bound friction properties and for motions being weaker 

(i.e., half in acceleration amplitude) than the scaled motions representing the maximum considered 

earthquake. These motions are representative of an earthquake with a much larger probability of 

occurrence than the maximum considered earthquake. The calculated residual displacements were less 

than those reported in Table 12-6 so that it is concluded that the residual isolator displacements for the 

analyzed isolated building are about 35.6mm (or 1.4inch, average value) with values in the analysis 

ranging from nearly zero to 57.2mm (or 2.25inch). 

 

12.5 Analysis Results for Isolated Building with Fluidic Self-Centering Devices 
The manufacturer of the fluid viscous dampers (Taylor Devices, Inc.) was consulted and was asked to 

develop a design for a fluidic self-centering device having preload of 200kN (45kip), linear viscous 

damping with constant C=0.93kN-sec/mm (5.3kip-sec/in), displacement capacity of �914mm (36inch), 

peak force of 2002kN (450kip) and peak velocity of 2159mm/sec (or 85in/sec); these are the 

characteristics of the fluid viscous damping devices. Note that the preload of 200kN (or about 10% of the 
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peak force) corresponds to a total force (for 6 devices in each direction) of 1202kN (270kip) or 0.02 of the 

weight of the building (=60,075kN or 13,500kip), which is just less than the quasi-static value of friction 

force in the upper bound case of the inner surfaces of the Triple FP isolators is 0.023 of the weight (per 

Table 12-1, values for 2 3P P , see footnote). Thus, the residual displacements are expected to be very 

small. 

 

The device has dimensions close to those of the damper of Figure 12-4, but diameter is 305mm (12inch) 

and pin-to-pin center mid-stroke length is approximately 4572mm (180inch) when the stiffness is 

0.75kN/mm (4.3kip/inch) and is approximately 5080mm (200inch) when the stiffness is 0.51kN/mm 

(2.9kip/inch). Calculations were performed for the case of device stiffness equal to 0.51kN/mm and 

results are presented in Tables 12-7 to 12-9 for both lower and upper bound values of the friction 

coefficients.   

 

The device model used in the analysis in program SAP2000 is illustrated in Figure 12-6. The stiffness, 

viscous damping and preload components of the force are modelled using standard SAP2000 elements. 

Friction in the seals is neglected as it is very small and is included in the viscous damping force. The 

preload component of the force is modeled by a bilinear elastic element with displacement at which the 

preload force of 2002kN (450kip) is reached equal to 25.4mm (1.0 inch). The stiffness and damping 

functions are modelled using the standard linear and damper elements. 

 

 

 
Figure 12-6 Force-Displacement Components for Fluidic Self-Centering Device 
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Table 12-7 Peak Isolator Displacements, Residual Displacements and Base Shear Force in Isolation 

System with Fluidic Self-Centering Devices 

Motion 
Lower Bound Friction 

Isolator Disp. 
(mm) 

Residual Disp. 
(mm) Base Shear /W 

1 891.5 8.4 0.398 
2 721.4 6.4 0.389 
3 919.5 5.8 0.420 
4 962.7 3.6 0.477 
5 947.4 3.6 0.420 
6 769.6 1.5 0.336 
7 792.5 13.7 0.378 

Average 858.5 6.1 0.403 
 

Motion 
Upper Bound Friction 

Isolator Disp. 
(mm) 

Residual Disp. 
(mm) Base Shear/W 

1 838.2 10.2 0.397 
2 703.6 9.1 0.406 
3 909.3 6.1 0.437 
4 906.8 3.6 0.476 
5 899.2 2.0 0.421 
6 703.6 1.8 0.332 
7 774.7 14.5 0.387 

Average 820.4 6.6 0.408 
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Table 12-8 Peak Damper Displacements and Forces in Isolation System with Fluidic Self-Centering 

Devices 

Motion 
Lower Bound Friction 

Device Displacement 
(mm) Damper Force (kN) 

1 878.8 1790.0 
2 701.0 2149.4 
3 749.3 2112.0 
4 919.5 2564.0 
5 975.4 2263.7 
6 769.6 1770.4 
7 800.1 2183.2 

Average 828.0 2119.1 
 

Motion 
Upper Bound Friction 

Device Displacement 
(mm) Damper Force (kN) 

1 823.0 1724.1 
2 624.8 2132.5 
3 731.5 2123.1 
4 861.1 2454.5 
5 922.0 2186.7 
6 706.1 1647.2 
7 782.3 2184.1 

Average 779.8 2064.4 
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Table 12-9 Peak Roof Accelerations and Story Drift Ratios in Isolation System with Fluidic Self-

Centering Devices 

Motion 
Lower Bound Friction 

Roof Acceleration (g) Story Drift Ratio (%) 
1 2 3 4 

1 0.591 0.864 0.824 0.629 0.357 
2 0.559 0.661 0.636 0.500 0.325 
3 0.713 0.743 0.792 0.735 0.430 
4 0.666 0.878 0.838 0.703 0.418 
5 0.581 0.876 0.794 0.586 0.340 
6 0.630 0.712 0.673 0.509 0.312 
7 0.686 0.793 0.713 0.632 0.399 

Average 0.632 0.790 0.753 0.614 0.369 
 

Motion 
Upper Bound Friction 

Roof Acceleration (g) Story Drift Ratio (%) 
1 2 3 4 

1 0.614 0.448 0.429 0.327 0.184 
2 0.576 0.734 0.698 0.532 0.333 
3 0.728 0.763 0.809 0.753 0.439 
4 0.687 0.864 0.863 0.736 0.435 
5 0.645 0.860 0.778 0.650 0.371 
6 0.678 0.701 0.665 0.508 0.327 
7 0.681 0.813 0.726 0.631 0.394 

Average 0.658 0.741 0.710 0.591 0.355 
 

The results demonstrate that the addition of the fluidic self-centering devices with characteristics 

equivalent in the damping function to those of fluid viscous damper results in a substantial reduction of 

the residual displacements (by about 80% in the presented example) and a small reduction in the peak 

isolator displacement (about 5%). This comes at the expense of an increase in the peak story drift and 

peak floor accelerations by as much as 15%. 

 

To further demonstrate the benefits offered by the fluidic self-centering devices, a case is investigated in 

which the isolated building is reanalyzed in the upper case friction properties and with the device preload 

equal to either 151kN or 227kN (34kip or 51kip) (that is, equal to either 0.015W or 0.0227W, 

W=60,075kN or 13,500kip, for the 6 devices). Note that in the case of preload equal to 227kN, the total 

preload is equal to the zero velocity friction force in the inner surfaces of the isolators. Accordingly, one 

would expect the 227kN preload case to further reduce the residual displacement and that the case of 

preload of 151kN will result in larger residual displacement. All other isolator, damper and self-centering 
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device parameters are the same. Results are presented in Table 12-10. Evidently, even small amounts of 

preload, but close to the friction force in the inner surfaces of the Triple FP isolators, result in substantial 

reduction in residual isolator displacements. Nevertheless, it is recognized that for this example, the 

residual displacements were generally small to be of concern.  

 

Table 12-10 Average Isolator Peak Displacement, Residual Displacement, Peak Device 
Displacement and Force, Peak Roof Acceleration and Peak Story Drift Ratio in Isolation System 

with Viscous Dampers and with Fluidic Self-Centering Devices of 151, 200 and 227kN (34, 45 and 

51kip) Preload, Case of Upper Bound Friction 

System 
Isolator 

Displacement 
(mm) 

Residual 
Displacement

(mm) 

Damper/
Device 

Displace-
ment 
(mm) 

Damper/ 
Device Force

 (kN) 

Story 
Drift 
Ratio 
(%) 

Roof 
Acceleration

 (g) 

Fluid Viscous 
Dampers 843.3 35.3 805.2 1755 0.698 0.577 

Fluidic Self 
-Centering 

Devices, 
Preload=151kN 

820.4 8.9 782.3 2024 0.786 0.625 

Fluidic Self 
-Centering Devices, 

Preload=200kN 
820.4 6.6 779.8 2064 0.741 0.658 

Fluidic Self 
-Centering Devices, 

Preload=227kN 
817.9 5.8 777.2 2089 0.807 0.676 

 

12.6 Summary 
It has been demonstrated that replacing viscous damping devices with equivalent fluidic self-centering 

devices in seismic isolation systems results in substantial reduction of residual isolator displacements. 

The studied system employed Triple FP isolators and linear viscous dampers which were then replaced by 

fluidic self-centering devices having a total preload equal to or less than the friction force in the inner 

surfaces of Triple FP isolators. The result was a 4-fold to 6-fold reduction in residual displacement 

together with a small decrease in peak isolator displacement and up to a 15% increase in story drift and 

peak floor acceleration.  Reduction of residual displacements to the level demonstrated in the examples is 

such that the remaining residual offset cannot affect serviceability of the isolated structure. In general, 

isolation systems with large residual displacements need to be detailed to be able to accommodate these 

displacements as they may affect the serviceability of the structure and the functionality of elements 
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crossing the isolation plane, such as fire-protection and weather proofing elements, egress/entrance details, 

elevators, and joints of primary piping systems (see Commentary of ASCE 7-2016). 
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SECTION 13 
SUMMARY AND CONCLUSIONS 

 

The work presented in this report is primarily a study on the use of fluidic devices as elements of self-

centering systems for buildings and secondarily as devices to replace fluid viscous dampers in seismic 

isolation systems. These devices operate on principles similar to those of fluid viscous dampers and fluid 

springs, and have a 50-year history of extensive applications in the military and industry. They provide 

the functions of preload, stiffness and viscous damping incorporated in a single compact device.  The 

main effect of these devices is a substantial reduction of residual displacements in earthquakes. Since they 

incorporate fluid damping, they also offer the benefit of reduction of drift.  

 

The report presented a description of the behavior of these devices based on principles of mechanics, and 

presented results on the behavior of small and large fluidic self-centering devices for varying conditions 

of preload, history of motion and temperature. It also investigated the behavior of two devices tested over 

a period of 22 years. Mathematical models of the behavior of the devices have been presented and 

validated by comparison to experimental results.  

 

Analyses of single-degree-of-freedom systems for a wide range of parameters were performed and the 

results were utilized to demonstrate the effect of the added fluidic self-centering devices on the behavior 

of the structural system, and to derive conclusions on a strategy for the selection of the device properties 

in design. On the basis of these observations, a design strategy was presented that parallels the design 

strategy for buildings with damping systems as presented in ASCE 7-2010. This strategy calls for the 

design of the primary structural system for a base shear force not less than 75% of the base shear force 

prescribed in ASCE 7-2010 for the building exclusive of the self-centering system, a preload equal to 

about (or more) than 20% of the story shear yield strength and a viscous damping ratio of at least 10% of 

critical under elastic frame conditions. Moreover, simplified methods of analysis were presented, again 

similar to the procedures for the analysis and design of buildings with damping systems in ASCE 7-2010, 

and verified by comparison to rigorous response history analysis results.  

 

Three and six-story buildings without and with self-centering systems were designed per ASCE 7-2010 

procedures (for the conventional buildings) and per the procedures developed in this report (for the 

buildings with self-centering fluidic devices). The response of the buildings was then obtained by the 

presented simplified analysis procedures and by nonlinear response history analysis with due 



216 
 

considerations for the behavior of the devices and of the yielding structural system. The results 

demonstrated that the design of buildings with fluidic self-centering devices per the developed procedures 

offers benefits of substantial reduction in residual drift but also reduced peak drift, peak acceleration, 

peak shear and base shear forces, and reduced floor response spectra by comparison to the code-compliant 

buildings without fluidic self-centering devices. Also, the study established the validity of the simplified 

methods of analysis and determined its range of accuracy. Specifically, the simplified methods of analysis 

provide good and most often conservative estimates of drift and good predictions of fluidic self-centering 

device forces. It was determined that the presented Response Spectrum Analysis (RSA) simplified 

method provides sufficient means for developing a design and assessing its adequacy prior to performing 

nonlinear response history analysis.  

 

The seismic collapse performance of two buildings, one 3-story and one 6-story, designed per the 

developed procedures when fluidic self-centering devices are used, was quantified using the FEMA P695 

procedures and was compared to the collapse performance of conventional buildings designed per the 

minimum requirements of ASCE 7-2010. It was concluded that buildings with fluidic self-centering 

devices designed by the procedures presented in this report have a collapse performance comparable to 

that of conventionally designed buildings (in terms of the collapse margin ratio for the Maximum 

Earthquake). The study then varied the parameters of the fluidic devices, of the bracing system and of the 

strength of the frame in order to obtain information on how the design strategy affects the collapse 

performance. It was determined that increases in the preload, increases in the displacement capacity or 

increases in the viscous damping constant of the self-centering devices have marginal or insignificant 

effects on the collapse margin ratio. Rather, an increase in the collapse margin ratio was calculated for 

frames having a device-braced system with increased ultimate capacity and for frames with increased 

frame strength. It was concluded that designing the device-brace system for an ultimate capacity of about 

twice the calculated peak device force in the Maximum Earthquake (average of 7 analyses) while the 

frame is designed for a base shear force equal to 75% of the minimum prescribed base shear force per 

ASCE 7-2010 results in the best collapse performance. 

 

The study then concentrated on the residual drift fragility of buildings with fluidic self-centering systems 

and calculated and compared them to those of conventional buildings. It was shown that buildings with 

fluidic self-centering systems, designed per the procedures of this document have substantial reduction of 

the probability of exceeding the residual drift limits of 0.2% and 0.5% for any level of earthquake. 
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Buildings without and with fluidic self-centering systems were further analyzed to obtain information of 

the mean annual frequency of collapse, the mean annual frequency of exceeding the residual drift limits 

of 0.2%, 0.5%, 1% and 2%, and the related probability of collapse or of exceeding the residual drift limits 

in 50 years. It was concluded that all analyzed systems have a probability of collapse in 50 years of about 

1% or less, which is desirable. Also, the structures with fluidic self-centering systems have much lower 

probabilities in 50 years of exceeding the residual drift limits of 0.2% and 0.5% than conventional 

structures. This information is of much interest to engineers, building officials, government officials, 

owners and insurers.   

 

Finally, a study was conducted on the effects of replacing viscous damping devices in seismic isolation 

systems by equivalent fluidic self-centering devices with identical damping characteristics and preload 

related to the minimum strength in the isolation system. It was observed that the use of the fluidic self-

centering devices results in reduction of the residual displacements by four fold to six fold, in a small 

reduction of the peak isolator displacement and an increase in the peak floor accelerations and story drift 

ratio by as much as 15%. 
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APPENDIX A 
SUPPLEMENTAL RESULTS ON SINGLE-DEGREE-OF-FREEDOM 

SYSTEM WITH AND WITHOUT FLUIDIC SELF-CENTERING DEVICES 
 

This appendix presents a collection of results in the analysis of the SDOF system with and without fluidic 

self-centering devices. Results are presented for (a) the three types of motion (near fault pulse-like, near 

fault non-pulse-like and far-field), (b) DE and MCE level of earthquake, (c) damping ratio in the range of 

Ev=0.0 to 0.20, (d) strength to elastic demand ratio RP=1, 2 and 5, (e) elastic period Te in the range of 0.3 

to 3.0sec, (f) stiffness K0=0 or K0≠0 and such that the spring force at maximum displacement is equal to 

the preload, and (g) preload over strength ratio F0/Fy = 0.00 to 1.00. The figures below are grouped as 

follows: 

A.1.1: Linear viscous damping, K0=0, Near-fault Pulse-like motions 

A.1.2: Non-linear viscous damping, K0=0, Near-fault Pulse-like motions 

A.1.3: Upper-half viscous damping, K0=0, Near-fault Pulse-like motions 

A.2.1: Linear viscous damping, K0=0, Near-fault Non-pulse-like motions 

A.2.2: Non-linear viscous damping, K0=0, Near-fault Non-pulse-like motions 

A.2.3: Upper-half viscous damping, K0=0, Near-fault Non-pulse-like motions 

A.3.1: Linear viscous damping, K0=0, Far-field motions  

A.3.2: Non-linear viscous damping, K0=0, Far-field motions 

A.3.3: Upper-half viscous damping, K0=0, Far-field motions  

A.4: Linear viscous damping, K0≠0, Near-fault Pulse-like motions 

A.5: Linear viscous damping, K0≠0, Near-fault Non-pulse-like motions 

A.6: Linear viscous damping, K0≠0, Far-field motions 

 

Tables A-1 and A-2 present symbols and lines used in the figures to distinguish the analyzed cases.   

Table A-1 Legend (Lines) 

Structures without self-centering device  

Structures with self-centering device  

 

Table A-2 Legend (Markers) 

RP=1 
RP=2 
RP=5 
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A.1     Seismic Response under Near-Fault Pulse-Like Ground Motions 

A.1.1 Structure with Linear Viscous Damping and K0=0 for Near-Fault Pulse-Like Ground Motions 
 

 

 
 

 

Figure A-1  Acceleration in DE, Near-Fault Pulse-like Motions, Linear Viscous Damping, Stiffness 

K0=0, RP=1, 2 and 5 
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Figure A-1 (Continued) 
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Figure A-2  Displacement in DE, Near-Fault Pulse-like Motions, Linear Viscous  

Damping, Stiffness K0=0, RP=1, 2 and 5 

 

 

 

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]
D

m
ax

 [m
m

]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]
D

m
ax

 [m
m

]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]
D

m
ax

 [m
m

]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

Ev
Ev=0.05 Ev=0.10 Ev=0.15 Ev=0.20Ev=0.00 

F0/Fy 

F0/Fy= 

0.00 

F0/Fy= 

0.25 

F0/Fy= 

0.50 

F0/Fy= 

0.75 

F0/Fy= 

1.00 



233 

 

 

 

 

 
 

Figure A-2 (Continued) 
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Figure A-3  Residual Displacement in DE, Near-Fault Pulse-like Motions, Linear Viscous  

Damping, Stiffness K0=0, RP=1, 2 and 5 
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Figure A-3 (Continued) 
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Figure A-4  Ductility Ratio in DE, Near-Fault Pulse-like Motions, Linear Viscous Damping,  

Stiffness K0=0, RP=1, 2 and 5 
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Figure A-4 (Continued) 
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Figure A-5  Acceleration in MCE, Near-Fault Pulse-like Motions, Linear Viscous  

Damping, Stiffness K0=0, RP=1, 2 and 5 
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Figure A-5 (Continued) 
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Figure A-6 Displacement in MCE, Near-Fault Pulse-like Motions, Linear Viscous Damping, 

Stiffness K0=0, RP=1, 2 and 5 

 
 
 

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]
D

m
ax

 [m
m

]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]
D

m
ax

 [m
m

]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]
D

m
ax

 [m
m

]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

Ev
Ev=0.05 Ev=0.10 Ev=0.15 Ev=0.20Ev=0.00 

F0/Fy 

F0/Fy= 

0.00 

F0/Fy= 

0.25 

F0/Fy= 

0.50 

F0/Fy= 

0.75 

F0/Fy= 

1.00 



241 

 

 

 

 

 
 

Figure A-6 (Continued) 
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Figure A-7 Residual Displacement in MCE, Near-Fault Pulse-like Motions, Linear Viscous 

Damping, Stiffness K0=0, RP=1, 2 and 5 
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Figure A-7 (Continued) 
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Figure A-8 Ductility Ratio in MCE, Near-Fault Pulse-like Motions, Linear Viscous Damping, 

Stiffness K0=0, RP=1, 2 and 5 

 

 

 

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]
µ f [−

]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]
µ f [−

]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

Ev
Ev=0.05 Ev=0.10 Ev=0.15 Ev=0.20Ev=0.00 

F0/Fy 

F0/Fy= 

0.00 

F0/Fy= 

0.25 

F0/Fy= 

0.50 

F0/Fy= 

0.75 

F0/Fy= 

1.00 



245 

 

 

 

 

 
 

Figure A-8 (Continued) 
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A.1.2 Structure with Non-Linear Viscous Damping and K0=0 in Near-Fault Pulse-Like Ground 

Motions 
 

 

 
 

 

 

Figure A-9 Acceleration in DE, Near-Fault Pulse-like Motions, Non-linear Viscous Damping, 

Stiffness K0=0, RP=1, 2 and 5 
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Figure A-9 (Continued) 
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Figure A-10 Displacement in DE, Near-Fault Pulse-like Motions, Non-linear Viscous Damping, 

Stiffness K0=0, RP=1, 2 and 5 
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Figure A- 10 (Continued) 
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Figure A-11 Residual Displacement in DE, Near-Fault Pulse-like Motions, Non-linear Viscous  

Damping, Stiffness K0=0, RP=1, 2 and 5 
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Figure A-11 (Continued) 
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Figure A-12  Ductility Ratio in DE, Near-Fault Pulse-like Motions, Non-linear Viscous Damping, 

Stiffness K0=0, RP=1, 2 and 5 
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Figure A-12 (Continued) 
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Figure A-13  Acceleration in MCE, Near-Fault Pulse-like Motions, Non-linear Viscous Damping, 

Stiffness K0=0, RP=1, 2 and 5 
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Figure A-13 (Continued) 
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Figure A-14 Displacement in MCE, Near-Fault Pulse-like Motions, Non-linear Viscous Damping, 

Stiffness K0=0, RP=1, 2 and 5 
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Figure A-14 (Continued) 
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Figure A-15 Residual Displacement in MCE, Near-Fault Pulse-like Motions, Non-linear Viscous 

Damping, Stiffness K0=0, RP=1, 2 and 5 
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Figure A-15 (Continued) 
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Figure A-16 Ductility Ratio in MCE, Near-Fault Pulse-like Motions, Non-linear Viscous Damping, 

Stiffness K0=0, RP=1, 2 and 5 

 

 

 

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]
µ f [−

]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]
µ f [−

]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

Ev
Ev=0.05 Ev=0.10 Ev=0.15 Ev=0.20Ev=0.00 

F0/Fy 

F0/Fy= 

0.00 

F0/Fy= 

0.25 

F0/Fy= 

0.50 

F0/Fy= 

0.75 

F0/Fy= 

1.00 



261 

 

 

 

 

 
 

Figure A-16 (Continued) 
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A.1.3 Structure with Upper-Half Viscous Damping and K0=0 in Near-Fault Pulse-Like Ground 

Motions 
 
 

 
 

 

 

Figure A-17 Acceleration in DE, Near-Fault Pulse-like Motions, Upper-half Viscous Damping,   

Stiffness K0=0, RP=1, 2 and 5 
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Figure A-17 (Continued) 
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Figure A-18  Displacement in DE, Near-Fault Pulse-like Motions, Upper-half Viscous Damping, 

Stiffness K0=0, RP=1, 2 and 5 

 
 

 

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]
D

m
ax

 [m
m

]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]
D

m
ax

 [m
m

]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]
D

m
ax

 [m
m

]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

Ev
Ev=0.05 Ev=0.10 Ev=0.15 Ev=0.20Ev=0.00 

F0/Fy 

F0/Fy= 

0.00 

F0/Fy= 

0.25 

F0/Fy= 

0.50 

F0/Fy= 

0.75 

F0/Fy= 

1.00 



265 

 

 

 

 

 
 

Figure A-18 (Continued) 
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Figure A-19  Residual Displacement in DE, Near-Fault Pulse-like Motions, Upper-half Viscous 

Damping, Stiffness K0=0, RP=1, 2 and 5 
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Figure A-19 (Continued) 
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Figure A-20  Ductility Ratio in DE, Near-Fault Pulse-like Motions, Upper-half Viscous Damping, 

Stiffness K0=0, RP=1, 2 and 5 
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Figure A-20 (Continued) 
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Figure A-21  Acceleration in MCE, Near-Fault Pulse-like Motions, Upper-half Viscous Damping,

 Stiffness K0=0, RP=1, 2 and 5 
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Figure A-21 (Continued) 
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Figure A-22 Displacement in MCE, Near-Fault Pulse-like Motions, Upper-half Viscous Damping, 

Stiffness K0=0, RP=1, 2 and 5 
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Figure A-22 (Continued) 
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Figure A-23 Residual Displacement in MCE, Near-Fault Pulse-like Motions, Upper-half Viscous 

Damping, Stiffness K0=0, RP=1, 2 and 5 
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Figure A-23 (Continued) 
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Figure A-24 Ductility Ratio in MCE, Near-Fault Pulse-like Motions, Upper-half Viscous Damping, 

Stiffness K0=0, RP=1, 2 and 5 
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Figure A-24 (Continued) 
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A.2     Seismic Response under Near-Fault Non-Pulse-Like Ground Motions 

A.2.1 Structure with Linear Viscous Damping and K0=0 for Near-Fault Non-Pulse-Like Ground 
Motions 

 

 

 
 

 

Figure A-25 Acceleration in DE, Near-Fault Non-Pulse-like Motions, Linear Viscous Damping, 

Stiffness K0=0, RP=1, 2 and 5 
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Figure A-25 (Continued) 
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Figure A-26 Displacement in DE, Near-Fault Non-pulse-like Motions, Linear Viscous Damping, 

Stiffness K0=0, RP=1, 2 and 5 
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Figure A-26 (Continued) 
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Figure A-27 Residual Displacement in DE, Near-Fault Non-pulse-like Motions, Linear Viscous 

Damping, Stiffness K0=0, RP=1, 2 and 5 
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Figure A-27 (Continued) 
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Figure A-28  Ductility Ratio in DE, Near-Fault Non-pulse-like Motions, Linear Viscous Damping,

 Stiffness K0=0, RP=1, 2 and 5 
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Figure A-28 (Continued) 
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Figure A-29 Acceleration in MCE, Near-Fault Non-Pulse-like Motions, Linear Viscous Damping, 

Stiffness K0=0, RP=1, 2 and 5 
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Figure A-29 (Continued) 
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Figure A-30 Displacement in MCE, Near-Fault Non-Pulse-Like Motions, Linear Viscous Damping, 

Stiffness K0=0, RP=1, 2 and 5 
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Figure A-30 (Continued) 
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Figure A-31 Residual Displacement in MCE, Near-Fault Non-Pulse-Like Motions, Linear Viscous 

Damping, Stiffness K0=0, RP=1, 2 and 5 
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Figure A-31 (Continued) 
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Figure A-32 Ductility Ratio in MCE, Near-Fault Non-Pulse-like Motions, Linear Viscous Damping, 

Stiffness K0=0, RP=1, 2 and 5 
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Figure A- 32 (Continued) 
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A.2.2 Structure with Non-Linear Viscous Damping and K0=0 in Near-Fault Non-Pulse-like Ground 

Motions 
 

 

 
 

 

Figure A-33 Acceleration in DE, Near-Fault Non-Pulse-like Motions, Non-linear Viscous Damping, 

Stiffness K0=0, RP=1, 2 and 5 
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Figure A-33 (Continued) 
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Figure A-34 Displacement in DE, Near-Fault Non-Pulse-like Motions, Non-linear Viscous Damping, 

Stiffness K0=0, RP=1, 2 and 5 
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Figure A-34 (Continued) 
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Figure A-35 Residual Displacement in DE, Near-Fault Non-Pulse-like Motions, Non-linear Viscous 

Damping, Stiffness K0=0, RP=1, 2 and 5 

 

 

 

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]
D

R
es

 [m
m

]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]
D

R
es

 [m
m

]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]
D

R
es

 [m
m

]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

Ev
Ev=0.05 Ev=0.10 Ev=0.15 Ev=0.20Ev=0.00 

F0/Fy 

F0/Fy= 

0.00 

F0/Fy= 

0.25 

F0/Fy= 

0.50 

F0/Fy= 

0.75 

F0/Fy= 

1.00 



299 

 

 

 

 

 
 

Figure A-35 (Continued) 
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Figure A-36 Ductility Ratio in DE, Near-Fault Non-Pulse-like Motions, Non-linear Viscous 

Damping, Stiffness K0=0, RP=1, 2 and 5 
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Figure A-36 (Continued) 
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Figure A-37 Acceleration in MCE, Near-Fault Non-Pulse-like Motions, Non-linear Viscous 

Damping, Stiffness K0=0, RP=1, 2 and 5 
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Figure A-37 (Continued) 
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Figure A-38 Displacement in MCE, Near-Fault Non-Pulse-like Motions, Non-linear Viscous 

Damping, Stiffness K0=0, RP=1, 2 and 5 
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Figure A-38 (Continued) 
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Figure A-39 Residual Displacement in MCE, Near-Fault Non-Pulse-like Motions, Non-linear 

Viscous Damping, Stiffness K0=0, RP=1, 2 and 5 
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Figure A-39 (Continued) 
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Figure A-40 Ductility Ratio in MCE, Near-Fault Non-Pulse-like Motions, Non-linear Viscous 

Damping, Stiffness K0=0, RP=1, 2 and 5 
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Figure A-40 (Continued) 
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A.2.3 Structure with Upper-Half Viscous Damping and K0=0 in Near-Fault Non-Pulse-Like Ground 

Motions 

 

 

 
 

 

 

Figure A-41 Acceleration in DE, Near-Fault Non-Pulse-like Motions, Upper-half Viscous Damping, 

Stiffness K0=0, RP=1, 2 and 5 
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Figure A-41 (Continued) 
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Figure A-42 Displacement in DE, Near-Fault Non-Pulse-like Motions, Upper-half Viscous Damping, 

Stiffness K0=0, RP=1, 2 and 5 
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Figure A-42 (Continued) 
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Figure A-43 Residual Displacement in DE, Near-Fault Non-Pulse-like Motions, Upper-half Viscous 

Damping, Stiffness K0=0, RP=1, 2 and 5 
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Figure A-43 (Continued) 
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Figure A-44 Ductility Ratio in DE, Near-Fault Non-Pulse-like Motions, Upper-half Viscous 

Damping, Stiffness K0=0, RP=1, 2 and 5 
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Figure A-44 (Continued) 
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Figure A-45 Acceleration in MCE, Near-Fault Non-Pulse-like Motions, Upper-half Viscous 

Damping, Stiffness K0=0, RP=1, 2 and 5 
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Figure A-45 (Continued) 
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Figure A-46 Displacement in MCE, Near-Fault Non-Pulse-like Motions, Upper-half Viscous 

Damping, Stiffness K0=0, RP=1, 2 and 5 
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Figure A-46 (Continued) 
 

 

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]
D

m
ax

 [m
m

]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]
D

m
ax

 [m
m

]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

Ev
Ev=0.05 Ev=0.10 Ev=0.15 Ev=0.20Ev=0.00 

F0/Fy= 

0.20 

F0/Fy= 

0.25 

F0/Fy= 

0.00 

F0/Fy= 

0.05 

F0/Fy= 

0.10 

F0/Fy= 

0.15 

F0/Fy 



322 

 

 

 

 

 
 

 

 

Figure A-47 Residual Displacement in MCE, Near-Fault Non-Pulse-like Motions, Upper-half 

Viscous Damping, Stiffness K0=0, RP=1, 2 and 5 
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Figure A-47 (Continued) 
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Figure A-48 Ductility Ratio in MCE, Near-Fault Non-Pulse-like Motions, Upper-half Viscous 

Damping, Stiffness K0=0, RP=1, 2 and 5 
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Figure A-48 (Continued) 
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A.3     Seismic Response under Far-Field Ground Motions 

A.3.1 Structure with Linear Viscous Damping and K0=0 for Far-Field Ground Motions  
 

 

 
 

 

 

Figure A-49 Acceleration in DE, Far-Field Motions, Linear Viscous Damping, Stiffness K0=0, RP=1, 

2 and 5 
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Figure A-49 (Continued) 
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Figure A-50 Displacement in DE, Far-Field Motions, Linear Viscous Damping, Stiffness K0=0, RP=1, 

2 and 5 
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Figure A-50 (Continued) 
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Figure A-51 Residual Displacement in DE, Far-Field Motions, Linear Viscous Damping, Stiffness 

K0=0, RP=1, 2 and 5 
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Figure A-51 (Continued) 
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Figure A-52 Ductility Ratio in DE, Far-Field Motions, Linear Viscous Damping, Stiffness K0=0, 

RP=1, 2 and 5 
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Figure A-52 (Continued) 
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Figure A-53 Acceleration in MCE, Far-Field Motions, Linear Viscous Damping, Stiffness K0=0, 

RP=1, 2 and 5 
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Figure A-53 (Continued) 
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Figure A-54 Displacement in MCE, Far-Field Motions, Linear Viscous Damping, Stiffness K0=0, 

RP=1, 2 and 5 
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Figure A-54 (Continued) 
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Figure A-55 Residual Displacement in MCE, Far-Field Motions, Linear Viscous Damping, Stiffness 

K0=0, RP=1, 2 and 5 
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Figure A-55 (Continued) 
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Figure A-56 Ductility Ratio in MCE, Far-Field Motions, Linear Viscous Damping, Stiffness K0=0, 

RP=1, 2 and 5 
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Figure A-56 (Continued) 
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A.3.2 Structure with Non-Linear Viscous Damping and K0=0 in Far-Field Ground Motions  
 

 

 
 

 

 

Figure A-57 Acceleration in DE, Far-Field Motions, Non-linear Viscous Damping, Stiffness K0=0, 

RP=1, 2 and 5 
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Figure A-57 (Continued) 
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Figure A-58 Displacement in DE, Far-Field Motions, Non-linear Viscous Damping, Stiffness K0=0, 

RP=1, 2 and 5 
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Figure A-58 (Continued) 
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Figure A-59 Residual Displacement in DE, Far-Field Motions, Non-linear Viscous Damping, 

Stiffness K0=0, RP=1, 2 and 5 
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Figure A-59 (Continued) 
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Figure A-60 Ductility Ratio in DE, Far-Field Motions, Non-linear Viscous Damping, Stiffness K0=0, 

RP=1, 2 and 5 
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Figure A-60 (Continued) 
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Figure A-61 Acceleration in MCE, Far-Field Motions, Non-linear Viscous Damping, Stiffness K0=0, 

RP=1, 2 and 5 
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Figure A-61 (Continued) 
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Figure A-62 Displacement in MCE, Far-Field Motions, Non-linear Viscous Damping, Stiffness K0=0, 

RP=1, 2 and 5 
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Figure A-62 (Continued) 
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Figure A-63 Residual Displacement in MCE, Far-Field Motions, Non-linear Viscous Damping, 

Stiffness K0=0, RP=1, 2 and 5 
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Figure A-63 (Continued) 
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Figure A-64 Ductility Ratio in MCE, Far-Field Motions, Non-linear Viscous Damping, Stiffness 

K0=0, RP=1, 2 and 5 
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Figure A-64 (Continued) 
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A.3.3 Structure with Upper-Half Viscous Damping and K0=0 in Far-Field Ground Motions  
 

 

 
 

 

 

Figure A-65 Acceleration in DE, Far-Field Motions, Upper-half Viscous Damping, Stiffness K0=0, 

RP=1, 2 and 5 
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Figure A-65 (Continued) 
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Figure A-66 Displacement in DE, Far-Field Motions, Upper-half Viscous Damping, Stiffness K0=0, 

RP=1, 2 and 5 
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Figure A-66 (Continued) 
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Figure A-67 Residual Displacement in DE, Far-Field Motions, Upper-half Viscous Damping, 

Stiffness K0=0, RP=1, 2 and 5 
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Figure A-67 (Continued) 
 

 

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]
D

R
es

 [m
m

]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]
D

R
es

 [m
m

]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

Ev
Ev=0.05 Ev=0.10 Ev=0.15 Ev=0.20Ev=0.00 

F0/Fy= 

0.20 

F0/Fy= 

0.25 

F0/Fy= 

0.00 

F0/Fy= 

0.05 

F0/Fy= 

0.10 

F0/Fy= 

0.15 

F0/Fy 



364 

 

 

 

 

 
 

 

 

Figure A-68 Ductility Ratio in DE, Far-Field Motions, Upper-half Viscous Damping, Stiffness K0=0, 

RP=1, 2 and 5 
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Figure A-68 (Continued) 
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Figure A-69 Acceleration in MCE, Far-Field Motions, Upper-half Viscous Damping, Stiffness K0=0, 

RP=1, 2 and 5 
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Figure A-69 (Continued) 
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Figure A-70 Displacement in MCE, Far-Field Motions, Upper-half Viscous Damping, Stiffness K0=0, 

RP=1, 2 and 5 
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Figure A-70 (Continued) 
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Figure A-71 Residual Displacement in MCE, Far-Field Motions, Upper-half Viscous Damping, 

Stiffness K0=0, RP=1, 2 and 5 
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Figure A-71 (Continued) 
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Figure A-72 Ductility Ratio in MCE, Far-Field Motions, Upper-half Viscous Damping, Stiffness 

K0=0, RP=1, 2 and 5 
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Figure A-72 (Continued) 
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A.4 Structure with Linear Viscous Damping and K0≠0 in Near-Fault Pulse-Like Ground Motions 
 

 

 
 

 

 

Figure A-73 Acceleration in DE, Near-Fault Pulse-like Motions, Linear Viscous Damping, 

Stiffness K0z0, RP=1, 2 and 5 

 
 
 

0.3 1.0 2.0 3.0
0.0

0.4

0.8

1.2

1.6

Te [seccond]

A
m

ax
 [g

]

0.3 1.0 2.0 3.0
0.0

0.4

0.8

1.2

1.6

Te [seccond]

A
m

ax
 [g

]

0.3 1.0 2.0 3.0
0.0

0.4

0.8

1.2

1.6

Te [seccond]

A
m

ax
 [g

]

0.3 1.0 2.0 3.0
0.0

0.4

0.8

1.2

1.6

Te [seccond]

A
m

ax
 [g

]

0.3 1.0 2.0 3.0
0.0

0.4

0.8

1.2

1.6

Te [seccond]

A
m

ax
 [g

]

0.3 1.0 2.0 3.0
0.0

0.4

0.8

1.2

1.6

Te [seccond]

A
m

ax
 [g

]

0.3 1.0 2.0 3.0
0.0

0.4

0.8

1.2

1.6

Te [seccond]

A
m

ax
 [g

]

0.3 1.0 2.0 3.0
0.0

0.4

0.8

1.2

1.6

Te [seccond]

A
m

ax
 [g

]

0.3 1.0 2.0 3.0
0.0

0.4

0.8

1.2

1.6

Te [seccond]

A
m

ax
 [g

]

0.3 1.0 2.0 3.0
0.0

0.4

0.8

1.2

1.6

Te [seccond]

A
m

ax
 [g

]

0.3 1.0 2.0 3.0
0.0

0.4

0.8

1.2

1.6

Te [seccond]

A
m

ax
 [g

]

0.3 1.0 2.0 3.0
0.0

0.4

0.8

1.2

1.6

Te [seccond]

A
m

ax
 [g

]

0.3 1.0 2.0 3.0
0.0

0.4

0.8

1.2

1.6

Te [seccond]

A
m

ax
 [g

]

0.3 1.0 2.0 3.0
0.0

0.4

0.8

1.2

1.6

Te [seccond]
A

m
ax

 [g
]

0.3 1.0 2.0 3.0
0.0

0.4

0.8

1.2

1.6

Te [seccond]

A
m

ax
 [g

]
0.3 1.0 2.0 3.0

0.0

0.4

0.8

1.2

1.6

Te [seccond]

A
m

ax
 [g

]

0.3 1.0 2.0 3.0
0.0

0.4

0.8

1.2

1.6

Te [seccond]

A
m

ax
 [g

]

0.3 1.0 2.0 3.0
0.0

0.4

0.8

1.2

1.6

Te [seccond]

A
m

ax
 [g

]

0.3 1.0 2.0 3.0
0.0

0.4

0.8

1.2

1.6

Te [seccond]

A
m

ax
 [g

]

0.3 1.0 2.0 3.0
0.0

0.4

0.8

1.2

1.6

Te [seccond]
A

m
ax

 [g
]

0.3 1.0 2.0 3.0
0.0

0.4

0.8

1.2

1.6

Te [seccond]

A
m

ax
 [g

]

0.3 1.0 2.0 3.0
0.0

0.4

0.8

1.2

1.6

Te [seccond]

A
m

ax
 [g

]

0.3 1.0 2.0 3.0
0.0

0.4

0.8

1.2

1.6

Te [seccond]

A
m

ax
 [g

]

0.3 1.0 2.0 3.0
0.0

0.4

0.8

1.2

1.6

Te [seccond]

A
m

ax
 [g

]

0.3 1.0 2.0 3.0
0.0

0.4

0.8

1.2

1.6

Te [seccond]

A
m

ax
 [g

]

Ev
Ev=0.05 Ev=0.10 Ev=0.15 Ev=0.20Ev=0.00 

F0/Fy 

F0/Fy= 

0.00 

F0/Fy= 

0.25 

F0/Fy= 

0.50 

F0/Fy= 

0.75 

F0/Fy= 

1.00 



375 

 

 

 

 

 
 

Figure A-73 (Continued) 
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Figure A-74 Displacement in DE, Near-Fault Pulse-like Motions, Linear Viscous Damping, Stiffness 

K0z0, RP=1, 2 and 5 
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Figure A-74 (Continued) 
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Figure A-75 Residual Displacement in DE, Near-Fault Pulse-like Motions, Linear Viscous Damping, 

Stiffness K0z0, RP=1, 2 and 5 
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Figure A-75 (Continued) 
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Figure A-76 Ductility Ratio in DE, Near-Fault Pulse-like Motions, Linear Viscous Damping, 

Stiffness K0z0, RP=1, 2 and 5 
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Figure A-76 (Continued) 
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Figure A-77 Acceleration in MCE, Near-Fault Pulse-like Motions, Linear Viscous Damping, 

Stiffness K0z0, RP=1, 2 and 5 
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Figure A-77 (Continued) 
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Figure A-78 Displacement in MCE, Near-Fault Pulse-like Motions, Linear Viscous Damping, 

Stiffness K0z0, RP=1, 2 and 5 
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Figure A-78 (Continued) 
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Figure A-79 Residual Displacement in MCE, Near-Fault Pulse-like Motions, Linear Viscous 

Damping, Stiffness K0z0, RP=1, 2 and 5 
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Figure A-79 (Continued) 
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Figure A-80 Ductility Ratio in MCE, Near-Fault Pulse-like Motions, Linear Viscous Damping, 

Stiffness K0z0, RP=1, 2 and 5 
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Figure A-80 (Continued) 
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A.5 Structure with Linear Viscous Damping and K0≠0 in Near-Fault Non-Pulse-Like Ground 

Motions 
 

 

 
 

 

Figure A-81 Acceleration in DE, Near-Fault Non-Pulse-like Motions, Linear Viscous Damping, 

Stiffness K0z0, RP=1, 2 and 5 
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Figure A-81 (Continued) 
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Figure A-82 Displacement in DE, Near-Fault Non-Pulse-like Motions, Linear Viscous Damping, 

Stiffness K0z0, RP=1, 2 and 5 
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Figure A-82 (Continued) 
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Figure A-83 Residual Displacement in DE, Near-Fault Non-Pulse-like Motions, Linear Viscous 

Damping, Stiffness K0z0, RP=1, 2 and 5 

 

 

 

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]
D

R
es

 [m
m

]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]
D

R
es

 [m
m

]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]
D

R
es

 [m
m

]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

Ev
Ev=0.05 Ev=0.10 Ev=0.15 Ev=0.20Ev=0.00 

F0/Fy 

F0/Fy= 

0.00 

F0/Fy= 

0.25 

F0/Fy= 

0.50 

F0/Fy= 

0.75 

F0/Fy= 

1.00 



395 

 

 

 

 

 
 

Figure A-83 (Continued) 
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Figure A-84 Ductility Ratio in DE, Near-Fault Non-Pulse-like Motions, Linear Viscous Damping, 

Stiffness K0z0, RP=1, 2 and 5 
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Figure A-84 (Continued) 
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Figure A-85 Acceleration in MCE, Near-Fault Non-Pulse-like Motions, Linear Viscous Damping, 

Stiffness K0z0, RP=1, 2 and 5 
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Figure A-85 (Continued) 
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Figure A-86 Displacement in MCE, Near-Fault Non-Pulse-like Motions, Linear Viscous Damping, 

Stiffness K0z0, RP=1, 2 and 5 
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Figure A-86 (Continued) 
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Figure A-87 Residual Displacement in MCE, Near-Fault Non-Pulse-like Motions, Linear Viscous 

Damping, Stiffness K0z0, RP=1, 2 and 5 
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Figure A-87 (Continued) 
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Figure A-88 Ductility Ratio in MCE, Near-Fault Non-Pulse-like Motions, Linear Viscous Damping, 

Stiffness K0z0, RP=1, 2 and 5 

 

 

 

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]
µ f [−

]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]
µ f [−

]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

0.3 1.0 2.0 3.0
0

4

8

12

16

Te [seccond]

µ f [−
]

Ev
Ev=0.05 Ev=0.10 Ev=0.15 Ev=0.20Ev=0.00 

F0/Fy 

F0/Fy= 

0.00 

F0/Fy= 

0.25 

F0/Fy= 

0.50 

F0/Fy= 

0.75 

F0/Fy= 

1.00 



405 

 

 

 

 

 
 

Figure A-88 (Continued) 
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A.6 Structure with Linear Viscous Damping and K0≠0 in Far-Field Ground Motions  
 

 

 
 

 

 

Figure A-89 Acceleration in DE, Far-Field Motions, Linear Viscous Damping, Stiffness K0z0, RP=1, 

2 and 5 
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Figure A-89 (Continued) 
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Figure A-90 Displacement in DE, Far-Field Motions, Linear Viscous Damping, Stiffness K0z0, RP=1, 

2 and 5 

 

 

 

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]
D

m
ax

 [m
m

]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]
D

m
ax

 [m
m

]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]
D

m
ax

 [m
m

]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

600

750

900

Te [seccond]

D
m

ax
 [m

m
]

Ev
Ev=0.05 Ev=0.10 Ev=0.15 Ev=0.20Ev=0.00 

F0/Fy 

F0/Fy= 

0.00 

F0/Fy= 

0.25 

F0/Fy= 

0.50 

F0/Fy= 

0.75 

F0/Fy= 

1.00 



409 

 

 

 

 

 
 

Figure A-90 (Continued) 
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Figure A-91 Residual Displacement in DE, Far-Field Motions, Linear Viscous Damping, Stiffness 

K0z0, RP=1, 2 and 5 

 

 

 

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]
D

R
es

 [m
m

]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]
D

R
es

 [m
m

]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]
D

R
es

 [m
m

]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

0.3 1.0 2.0 3.0
0

150

300

450

Te [seccond]

D
R

es
 [m

m
]

Ev
Ev=0.05 Ev=0.10 Ev=0.15 Ev=0.20Ev=0.00 

F0/Fy 

F0/Fy= 

0.00 

F0/Fy= 

0.25 

F0/Fy= 

0.50 

F0/Fy= 

0.75 

F0/Fy= 

1.00 



411 

 

 

 

 

 
 

Figure A-91 (Continued) 
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Figure A-92 Ductility Ratio in DE, Far-Field Motions, Linear Viscous Damping, Stiffness K0z0, 

RP=1, 2 and 5 
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Figure A-92 (Continued) 
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Figure A-93 Acceleration in MCE, Far-Field Motions, Linear Viscous Damping, Stiffness K0z0, 

RP=1, 2 and 5 
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Figure A-93 (Continued) 
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Figure A-94 Displacement in MCE, Far-Field Motions, Linear Viscous Damping, Stiffness K0z0, 

RP=1, 2 and 5 
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Figure A-94 (Continued) 
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Figure A-95 Residual Displacement in MCE, Far-Field Motions, Linear Viscous Damping, Stiffness 

K0z0, RP=1, 2 and 5 
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Figure A-95 (Continued) 
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Figure A-96 Ductility Ratio in MCE, Far-Field Motions, Linear Viscous Damping, Stiffness K0z0, 

RP=1, 2 and 5 
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Figure A-96 (Continued) 
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APPENDIX B 
DESCRIPTION OF EXAMPLE CONVENTIONAL BUILDINGS AND 

DESIGN OF LATERAL FORCE RESISTING SYSTEMS PER ASCE 7-2010 
 

B.1 Introduction 
This appendix presents a description of a 3-story and a 6-story building that are utilized in the 

development of design examples for structures with fluidic self-centering systems.  The examples follow 

the paradigm in the corresponding appendix in Ramirez et al (2001) but the procedures and adequacy 

criteria follow ASCE 7-2010 instead of NEHRP (1997).   The appendix presents the design of special 

steel moment frames for these buildings without any fluidic self-centering system to meet the strength and 

drift criteria of ASCE 7-2010.  A comparison of these frames to those of the same buildings with fluidic 

self-centering devices illustrates the benefits and drawbacks offered by the self-centering systems.   

The two designed frames are termed 3S-Reference and 6S-Reference frames. 

 

B.2 Description of 3-Story Building 

This building is residential in use and is of regular configuration, constructed of steel, 41.15 m (135c) x 

41.15 m (135c) in plan, and 13.028 m (42c-9s) high.  A typical floor plan and a typical elevation are 

shown in Figure B-1. Columns are spaced at 8.23 m (27c-0s) o.c. Wind and earthquake resistance is 

provided by two three-span special moment frames in each direction, located on the perimeter of the 

building and are indicated by heavy lines in Figure B-1. Floors are assumed to behave as rigid diaphragms. 

The site of the buildings is considered to be in California and having a Risk-Targeted Maximum 

Considered (MCER) response spectrum constructed per ASCE 7-2010 to have the characteristic values of 

SMS=1.875g and SM1= 0.9g.  The Design level response spectrum (DE) has characteristic values equal to 

2/3 of those of the MCER, so SDS=1.25g and SD1= 0.6g. The spectra of the two levels of earthquake are 

shown in Figure 4-1. 
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Figure B-1 Plan and Elevation of 3-Story Building 
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Design Parameters 
The building is designed to meet the criteria of the ASCE 7-2010 Standard: Minimum Design Loads for 

Buildings and Other Structures. 

 

Loads 
Roof Dead Load:     1.68 kN/m² (35 psf) 
Roof Live Load:     0.96 kN/m² (20 psf) 
Floor Dead load:     3.35 kN/m² (70 psf) 
Floor Live Load:     1.68 kN/m² (35 psf) 
Cladding:      1.20 kN/m² (25 psf) 

 
Reduced floor live load of 35 psf is assumed for all floors for convenience.  Unreduced live load is  
40 psf. 
 

Material 
Steel with yield strength:                                         Fy= 345 MPa (50 ksi) 

 

Weight of the Building 

      Third Floor (roof):                                                 3 3,134w kN  

      Second Floor:                                                        kN800,5w2   

      First Floor:                                                             kN800,5w1    

      Total                                                                      kN734,14WT       

 
Design Coefficients per Table 12.2.1, ASCE 7-2010 
For Steel Special Moment Frame 

Response Modification Factor:                                0.8R   
System Over-strength Factor:                               0.30  :  
Deflection Amplification Factor:         5.5 dC   

 

Importance Factor per Table 1.5-2, ASCE 7-2010 
       Ie=1 for Risk Category I or II 

 

Allowable Story Drift per Table 12.12.1, ASCE 7-2010 

       For Seismic Group I or II, all other Structures:     sxa h02.0 '  
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Evaluation of Design Gravity Loads 
Gravity loads on beams are summarized in Table B-1 using the loads described in Section B.3.1 and the 

tributary width to each beam of the special steel moment frame. 

 

Table B-1 Uniform Gravity Loads on Beams of Typical Steel Special Moment Frame 

Floor 
Tributary 
Width 

(m) 

Floor Dead Load 
(kN/m) 

Cladding 
(kN/m) 

Total Dead Load 
(kN/m) 

Live Load
(kN/m) 

3 4.725 7.9 2.6 10.5 4.5 
2 4.725 15.8 5.2 21.0 8.0 
1 4.725 15.8 5.2 21.0 8.0 

 

B.3 Design of Typical 3-Story Steel Special Moment Frame 
Seismic Base Shear V and Minimum Required Base Shear Strength Vy 

Fundamental Period of the Structure, T (per Chapter 12.8.2, ASCE 7-2010) 
Approximate fundamental period Ta (eq. 12.8-7): 

� �0.8
a t nT C h  

                              0.028tC   

� �0.80.028 42.74aT            0.565secaT?   
 

au TCT �d  
                   11.4      (For 0.4 , Table 12.8-1)u DC S g !  

1.4 0.565 0.79sec       0.79secT Td u  ?   
 
 Seismic Response Coefficient, Cs (eq. 12.8-3) 

� �
1 0.6 0.095

0.798 1.0

D
s

e

S
C

TR I

   
§ · u¨ ¸
© ¹

 

(Limits per equations 12.8-5 and 12.8-6 of ASCE 7-2010 do not govern) 
 
 Seismic Base Shear, V (eq. 12.8-1) 

Ts WCV �  
0.095 14,734V x                                  1,400 kNV?  (315 kip) 

 
The seismic base shear of each frame is 0.525V where 0.5V is the share of V by one of two frames and 

0.025V is the additional force due to an accidental eccentricity of 5% of the plan dimension.  The seismic 

base shear per frame, including the effects of torsion, is V= 735 kN (165 kip).   
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Accordingly, the minimum required base shear strength for each frame Vy (see Section 6 herein) is 

  
5.5 3.0735 1,516 (341 )

8
d o

y
CV V kN kip

R
�: u

 �  u   

 
Vertical Distribution of Seismic Forces  
The vertical distribution of the seismic forces is described in Chapter 12.8.3 of ASCE 7-2010.  The 

base shear is V=735kN.  
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¦
                  For T = 0.79sec                    k = 1.145 

Per Chapter 12.3.4.2, the redundancy factor is taken as equal to 1.3. 

  1.3U   
The lateral seismic forces are presented in Table B-2. 

Table B-2 Lateral Seismic Forces for 3-Story Frame 

Floor wx
* 

(kN) 
hx 

(m)
k

x xw h  vxC  Fx 

(kN) 
3 1567 13.03 29627 0.3697 271.7 
2 2900 8.72 34617 0.4319 317.5 
1 2900 4.42 15900 0.1984 145.8 

                      : Reactive weight of each frame    
1

80,144
N

k
i i

i

w h�
 

 ¦    

 
Preliminary Design of Beams and Columns 

The critical loading combination for this frame is (1.2�0.2SDS)D�UQE�0.5L per ASCE 7-2010 Section 

12.4.2.3, where D is dead load, L is live load and QE is seismic load from the lateral forces Fx in Table B-

2. Given that SDS=1.25, the critical loading case is 1.45D�0.5L�1.3QE. This loading combination controls 

the requirements for the strength design of the frame. Accordingly, the assessment of adequacy starts with 

a preliminary design that is identical to the one of Ramirez et al. (2001) for the 3-story reference frame. 

This frame has W14x211 column sections and W18x46, W21x50 and W24x62 beam sections from top to 

bottom. Static analysis of the frame for the critical loading combination for strength shows that all 

members have a required strength that is substantially less than the design strength. This was expected as 

the drift criteria control the design. For the calculation of the drift the seismic forces based on the 

computed fundamental period of the structure, without use of the upper limit CuTa=0.79sec, are used. 

The fundamental period of the trial frame was calculated by eigenvalue analysis in program OpenSees to 

be T=1.07sec. The seismic response coefficient is Cs=SD1/(RT)=0.6/(8x1.07)=0.07. The seismic base shear 

is V=0.525CsWT=0.525x0.07x14734=541.5kN. 



The lateral loads are then recalculated based Section 12.8.3 of ASCE 7-2010 and the values are presented 

in Table B-3. Note that for T=1.07sec, the exponent k is equal to 1.285. Floor displacement are calculated 

as the displacement Gxe due to the lateral loads shown times Cd/Ie=5.5. The drift criteria are satisfied. 

Table B-3 Calculation of Story Drifts of 3-Story Frame 

Level hi 

(m) 
wi 

(kN) wihi
k Cvx Fxi

(kN) 
GXe

(mm) 
CdGxe/Ie 

(mm) 
'i 

(mm) '/hsx

3 13.03 1567 42440 0.3897 211.0 36 197.5 68.8 0.016
2 8.72 2900 46877 0.4305 233.1 24 128.7 80.6 0.019
1 4.42 2900 19578 0.1798 97.4 9 48.1 48.1 0.011

895,108hw k
ii  ¦

Figure B-2 shows the frame geometry, section properties and tributary weights. 

Figure B-2 3S-Reference Frame Geometry, Section Properties and Tributary Weights 

B.4 Design of 6-Story Special Steel Moment Frame
Consider that the building of Figure B-1 has six stories.  Assume that the number and distribution of 

special steel moment frames remains as shown.  Furthermore, assume that the interstory height and floor 

weights also remain unchanged. This section presents the design of the 6-story special  steel  moment  

frame following the same approach as in the 3-story example. The allowable story drift is 0.02 times the 

story height (Table 12.12.1, ASCE 7-2010). Same gravity loads are assigned for the 6-story building as 

for the 3-story building shown in Table B-1 for the typical floors and the top floor.

428 
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Seismic Base Shear V and Minimum Required Strength Vy 
Fundamental Period of the Structure, T (per Chapter 12.8.2, ASCE 7-2010) 
Height of the structure:                                              mm25940430454420hn  u�  (85.1c) 

Approximate period:                                                   � �0.8
aT = 0.028 85.1' = 0.98sec   

Upper bound period:                                                   1T = 1.4×0.98 = 1.372sec  
 

Seismic Response Coefficient, Cs 
0.6 0.0547

8 1.372sC   
u

 

Cs shall not be less than (Eq. 12.8-5, ASCE-2010) 0.044 0.01S DS eC S I t  

Here, Cs=0.044SDSIe=0.0441.251.0=0.055�0.0547, thus Cs=0.055 governs. 

 

Seismic Base Shear, V (eq. 12.8-1) 

Ts WCV �  
0.055 32134V  u                                  1767.4 (397.2 )V kN kip?   

 

The seismic base shear of each frame, including the torsional effect is V= 927.9 kN (208.5 kip).   

Accordingly, the minimum required base shear strength for each frame Vy (see Section 6 herein) is 

  
5.5 3.0927.9 1,913.8 (430.1 )

8
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y
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V V kN kip
R
�: u

 �  u   

 
Vertical Distribution of Seismic Forces 

       Exponent k (for T=1.372 sec):                                                           k = 1.436 

Redundancy reliability factor (per 12.3.4.2 in ASCE 7-2010):         U  = 1.3 

 

Calculations of the vertical distribution of seismic forces per frame are presented in Table B-4. 

 

Table B-4 Lateral Seismic Forces for 6-Story Frame 

Level wi 

(kN) 
hi 

(m) wihi
k 

vxiC  Fxi 

(kN) 
6 1567 25.94 168085 0.2135 198.1 
5 2900 21.63 239629 0.3044 282.5 
4 2900 17.33 174306 0.2214 205.4 
3 2900 13.03 115733 0.1470 136.4 
2 2900 8.72 65010 0.0826 76.6 
1 2900 4.42 24503 0.0311 28.9 
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                                                                     787,266
N

k
i i

i=1

w h =¦   

 
Preliminary Design of Beams and Columns 
Beams are proportioned for the maximum of the bending moments obtained from critical seismic loads 

according to load combination of 1.45D�0.5L�1.3QE. Similar to the 3-story building, the assessment of 

adequacy started with a preliminary design that is identical to the one of Ramirez et al. (2001) for the 6-

story reference frame. This frame has W14x211, W14x233 and W14x257 column sections from top to 

bottom, each spanning for two stories, and W21x44, W21x50, W24x68, W24x76, W27x84 and W27x94 

beam sections from top to bottom, each spanning over the entire floor. Static analysis of the frame for the 

critical loading combination for strength shows that all members a required strength that is much larger 

than needed. Drift is calculated using seismic forces calculated based on the computed fundamental 

period of the structure without use of the upper limit value of CuTa=1.372sec. 

 

The fundamental period of the trial frame was calculated by eigenvalue analysis in program OpenSees to 

be T=1.90sec. The seismic response coefficient is Cs=SD1/(RT)=0.6/(8x1.90)=0.0395. The seismic base 

shear is V=0.525CsWT=0.525x0.0395x32134=666.4kN. 

The lateral loads are recalculated based on Section 12.8.3 of ASCE 7-2010 and the values are presented in 

Table B-5. Note that the exponent k is equal to 1.7. Floor displacements are calculated as the 

displacement Gxe due to the lateral loads shown and then multiplied by Cd/Ie=5.5. The drift criteria are 

satisfied. 

 

Table B-5 Calculation of Story Drifts of 6-Story Frame 

Level wi 
(kN) 

hi 
(m) wihi

k Cvx 
Fxi 

(kN) 
Gxe 

(mm) 

CdGxe/I
e 

(mm) 

'i 
(mm) 

'i/hsx 
 

6 1567 25.94 397025 0.2354 156.9 73.0 401.6 55.5 0.013 

5 2900 21.64 539927 0.3202 213.4 62.9 346.1 75.1 0.017 

4 2900 17.33 370131 0.2195 146.2 49.3 271.0 81.8 0.019 

3 2900 13.03 227931 0.1352 90.1 34.4 189.2 81.0 0.019 

2 2900 8.72 115153 0.0683 45.5 19.7 108.2 68.9 0.016 

1 2900 4.42 36276 0.0215 14.3 7.2 39.4 39.4 0.009 

                                                                    k
i

N

1i
ihw¦

 

=1,686,443 
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Figure B-3 shows the frame geometry, section properties and tributary weights. 

 

 
 

Figure B-3 6-Story Special Moment Frame Designed to Meet ASCE 7-2010 Criteria without a Self-
Centering Damping System (6S-Reference) 
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APPENDIX C 
DESIGN AND ANALYSIS OF EXAMPLE 3-STORY BUILDING WITH 

FLUIDIC SELF-CENTERING DEVICES 

This appendix presents the design and simplified analysis of an example 3-story building with fluidic self-

centering devices.  The building is the one shown in Figure B-1 of Appendix B and consists of two steel 

special moment frames in each principal direction.  Each frame is designed for a base shear equal to 

0.75V, where V is determined in accordance with Section 12.8 of ASCE 7-2010 per design procedures of 

Section 6 of this report.  This frame is designated as 3S-75. Fluidic self-centering devices are added as 

diagonal elements to this frame.  Alternatively, the fluidic self-centering devices may be added to another 

frame (e.g., along lines 2, 5, B and E of plan in Figure B-1 of Appendix B) that is designed to remain 

elastic and with all simple connections.  This is a preferred arrangement as it results in less force in the 

special moment frame and allows for easier assessment of adequacy of the structural system.   

The frame exclusive of the fluidic self-centering system is first designed per procedures of Section 6 of 

this report.  Then fluidic self-centering devices are added per procedures of Section 6 and analysis is 

performed again following the simplified ELF and RSA procedures of Section 6.   

At the end of this appendix there is a brief presentation on the design of a stronger 3-story 

frame.  Designated as 3S-85, the frame is designed for a base shear equal to 0.85V, where V is 

determined  in  accordance with Section 12.8 of ASCE 7-2010 per design procedures of Section 6 of 

this report.  The frame is of interest in studying its response and its collapse fragility by comparison to 

those of the 3S-75 and the 3S-References frames.  

C.1 Design of Frame 3S-75
The geometry, material and gravity loading of the 3S-75 frame are the same as those of the 3S-Reference

of Appendix B. Only difference between the two frames is the size of the member sections.  Figure C-1

shows the geometry, section properties and the tributary weights of the 3S-75 frame.  Note that the beam

sections are slightly larger than those of the frame used by Ramirez et al. (2001) for buildings with

damping systems and also designated as frame 3S-75. The reasons for the slight difference are: (a) the

lateral and distribution of lateral forces are slightly different, (b) the redundancy factor is larger in ASCE

7 than in the older version of NEHRP, and (c) the vertical earthquake and accidental torsion effects have

been accounted for in the current design.
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Analysis following Chapter 12.8 of ASCE 7-2010 and presented in Appendix B established the seismic 

base shear for a single 3S-Reference frame, including the effect of torsion, to be V=735kN.  The 

minimum base shear allowed for the 3S-75 frame per procedures of Section 6 is 0.75V=551.3kN.  The 

required minimum base shear strength for the frame is  

                5.5 3.0551.3 1,137 (255.5 )
8

d o
y

CV V kN kip
R
�: u

 �  u   

 

 
Figure C-1 Frame 3S-75 Geometry, Section Properties and Tributary Weights 

 

Verification of the design is described below based on the procedures of Appendix B following ASCE 7-

2010 and then by pushover analysis to obtain the force-displacement characteristics and verify the base 

shear strength. The parameters are:  R=8, ȍ0=3, Cd=5.5, Ie=1.0, ȡ=1.3, SMS=1.875g, SM1=0.9g, SDS=1.25g 

and SD1=0.6g. Also, the period for calculations of internal forces per ASCE 7-2010 is T=0.79sec (see 

Appendix B). 

 

The seismic base shear for a single frame V=551.3kN is distributed vertically using ASCE 7-2010 

equations 12.8-11 and 12.8-12: 

    y vxF C V                                                                   (C-1) 

1

k
x x

vx n k
i ii

w hC
w h

 

 
¦

                                                             (C-2) 

The value of parameter k has been determined in Appendix B to be k =1.145. The calculated lateral 

seismic forces are summarized in Table C-1. Quantity 
1

n k
i ii

w h
 ¦  is equal to 80,144. 



435 

 

Table C-1 Lateral Seismic Forces for 3-Story Frame 3S-75 

Floor wi >kN@ hi >m@ wihi
k Cvx Fx >kN@ 

3 1567 13.03 29627 0.3697 203.8 

2 2900 8.72 34617 0.4319 238.1 

1 2900 4.42 15900 0.1984 109.4 

 

Analysis of the frame for the critical loading combination (1.2�0.2SDS)D�0.5L�ȡQE (which is equal to 

1.45D�0.5L�1.3QE) resulted in the required strengths of the members of the frame. The required bending 

moment strengths are as follows: (a) third floor beam 202kN-m, (b) second floor beam 467kN-m, (c) first 

floor beam 495kN-m, and (d) columns 656kN-m.  The factored compressive axial force in the interior 

columns is Pu=695kN, prior to the use of the ȍ0 factor. 

 

C.2 Construction of Push-Over Curve of 3S-75 based on Plastic Analysis 
Plastic analysis may be used to calculate the base shear strength of the frame. Then with information on 

the fundamental mode period and mode shape, the push-over curve may be constructed. The method was 

detailed in Ramirez et al. (2001) and is reproduced below with minor modifications and some 

condensation. 

 

Consider the N-story, n-bay moment frame subjected to an arbitrary distribution of lateral load as shown 

in Figure C-2(a). Arbitrary span length, story height, and corresponding beam and column ultimate 

bending capacities are assumed at any level. The base shear strength of the frame, Vy, is defined as the 

resultant lateral force at the collapse stage (Figure C-2(b)). 

 

The base shear strength is calculated by equating the work done by the forces applied to the structure to 

the energy dissipated at plastic hinge locations, that is, 

 ij

N

1i

n

1j
pbij

K

1k
pcki

N

1i
i M2MDF ET ��� � ¦¦¦¦

    

                                   (C-3) 

where Fi = lateral load applied at level i, Di = lateral displacement of level i, Mpck = plastic moment at 

base of first-story column at column line k, Mpbij = plastic moment of beam at level i and span j, Eij = 

rotation of beam plastic hinge at level i and span j, and T   rotation of plastic hinge at base of columns. 

From Figure C-2(c), Eij can be calculated by 
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where Dij = length factor for beam hinge location at level i and span j (see Figure C-2(c)). 

Equilibrium of forces in the horizontal direction of the whole structure at the collapse stage requires that 

the sum of lateral forces must equal the base shear strength, Vy, that is, 

y

N

1i
yi

N

1i
i VVF   ¦¦

  

O                                                        (C-5) 

where the lateral force at any level, Fi, are expressed as a fraction of the base shear strength, Fi = OiVy.  

Parameter Oi is a force distribution factor that depends on the lateral force pattern (first mode, modal, 

uniform, etc.) utilized in the pushover analysis of the structure.  
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Figure C-2 Plastic Analysis of Moment Frame for Calculation of Base Shear Strength 
 

Substitution of (C-5) and (C-4) into (C-3) results in 
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where, hi = height of level i above the hinge at the base of the structure as shown in Figure C-2(b), and 

 
ij

ij 21
1
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                                                                        (C-7) 

Equation (C-4) may be further simplified when all first story columns have the same section, so that Mpck 

= Mpc, and all beams in a floor have the same section, so that Mpbij = Mpbi. Accordingly Fij=Fi=1/(1-2Di) 

and (C-6) simplifies to: 

� �
� � � �

1

1

1 1 2
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y pc pbi iN
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i
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                                    (C-8) 

An idealized elasto-plastic representation of the pushover curve of a moment frame is characterized by 

the base shear strength, Vy, as given by equation C-6 or C-8 and a yield displacement, yR' , which is the 

roof displacement when the plastic collapse mechanism develops. The latter is calculated by use of 

equations (6-41) and (6-42) as:  

 2
1 12

14
y

yR

Vg T
WS
§ ·§ ·'  �* � �¨ ¸¨ ¸

© ¹ © ¹
                                                      (C-9) 

where *1 is the first mode participation factor given by equation (6-15), 1W is the first modal weight and 

T1 is the fundamental period of the frame under elastic conditions. 

 

The method is applied for constructing the push-over curve for frame 3S-75 of Figure C-1.  
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Frame parameters  

Number and length of spans:  n=3;     Lb=8230 mm 

Number of stories:                     N=3; 

Material properties:          Fy=345 MPa (50 ksi) 

Column sections:                      W14î109 (dc = 363 mm; Mpc= ZxîFy = 1086.8 kN-m) 

Beam properties: 

  3rd floor:  W14î30 (db = 351 mm; Mpc = ZxîFy = 267.4 kN-m) 

  2nd floor:   W14î61 (db = 353 mm; Mpc=ZxîFy= 576.2 kN-m) 

  1st floor:  W14î61 (db = 353 mm; Mpc=ZxîFy= 576.2 kN-m) 

1

i

i i i

i i

Floor weights:                                         w3=1567kN; w2=w1=2,900kN 

Story heights:                                         h3=12928 mm; h2=8624 mm; h1=4320 mm 

Eigenvalue analysis: T1=1.50sec; ^I `T=>1.000, 0.675, 0.265@; W 1 =5959.2kN; *1=1.4 

It is assumed that plastic hinges form in the beams at a point located at a distance of half the depth of the 

column section dc/2 from the column center (i.e., D = (dc/2)/Li).  Also, in columns a plastic hinge develops 

near the base at a distance of one depth (dc) of the column section from the base of the frame. 

Evaluation of parameters D , F , and MpbiF

Parameters are presented in Table C-2. 
Table C-2 Parameters D , F , and MpbiF i

Level Mpbi (kN-m) Di Fi MpbiFi (kN-m) 

3 267.4 0.022 1.05 279.7 

2 576.2 0.022 1.05 602.8 

1 576.2 0.022 1.05 602.8 

6MpbiFi=1485.3 kN-m 

From Table C-2, the term � � � �pc pbi1
1 2 N

ii
n M n M F

 
� � �¦  in equation (C-8) is calculated as: 

pc pb
1

( 1) 2 ( ) (3 1) 1086.8 2 3 1485.3 13259.0 kN m
N

i i
i

n M n M F
 

� � �  � � � � �  �¦  

The term � �1

N
i ii
hO

 ¦  in equation (C-8) depends on the horizontal shear distribution Oi. In this study, 

Oi=Cvx as defined in section 12.8-12 in ASCE 7-2010. Thus,  
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                                                               (C-10) 

Here, k is calculated to be k=1.5 (ASCE 7, 2010) based on the period of 1.50sec. Calculations are 

summarized in Table C-3. 

Table C-3 Calculation of Oihi 

Level wi (kN) hi (mm) wihi
kî106 Oi Oihi (mm) 

3 1567 13027 2329.9 0.420 5471.3 

2 2900 8724 2363.0 0.426 3716.4 

1 2900 4420 852.2 0.154 680.7 

   6wihi
kî106=5545.1  6Oihi=9868.4 

 

Thus, Vy is calculated from equation (C-8) as: 
3

y
13259.0 10 1343.2 kN

9868.4
V u

                                                   (C-11) 

yR'  is calculated from equation (C-9) as: 

2
2

1343.21.4 1.50 176.4 mm
4 5959.2yR

g
S

§ · § ·'   ¨ ¸ ¨ ¸
© ¹ © ¹

                                     (C-12) 

 

C.3 Push-Over Analysis of 3S-75 Frame and Comparison to Results of Plastic Analysis 
A pushover analysis of frame 3S-75 was conducted in program OpenSees and the base shear-roof 

displacement relation was constructed. Lateral loads in the pushover analysis were distributed in 

proportion to parameter Oi as shown in Table C-3. Figure C-3 presents the pushover curves computed in 

OpenSees with and without consideration of P-ǻ effects and the pushover curve obtained in plastic 

analysis. The latter does not include P-ǻ effects. Also, the computation when P-ǻ effects are accounted 

for considers a small post-elastic stiffness of members (ratio of post-elastic to elastic stiffness equal to 

0.01). 

 

Evidently, plastic analysis predicts well the pushover curve of the frame when P-ǻ effects are neglected.  

Note that the calculated (OpenSees) base shear strength of 1,400kN without P-ǻ effects exceeds the 

minimum required for this frame, which is 1,137kN. Also, it is observed that the pushover curve is 

affected by P-ǻ effects and this behavior will be accounted for in the analysis of the frame with added 

fluidic self-centering devices. The base shear strength including P-ǻ effects is equal to about 1,300kN, 

thus slightly more than the minimum required. 
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Figure C-3 Comparison of Pushover Curves of Frame 3S-75 
 

C.4 Design and Simplified Analysis of 3S-75 Frame with Fluidic Self-Centering Devices 
The procedures of Section 6.5 are applied.  The first step is to conduct a pushover analysis and determine 

the story shear-story drift relations of each story so that the story shear yield strengths are determined.  

This may be obtained by plastic analysis as described in Section C.3 but computational analysis including 

P-ǻ effects is preferred to better capture the frame behavior.  This analysis has been performed (see 

Section C.3) and Figure C-4 presents the results. Based on this figure, the story yield strengths are 

obtained as : Fy,1=1,300 kN, Fy,2=1,110 kN and Fy,3=550 kN. Note that the pushover curves in Figure C-4 

have some small post-elastic stiffness so that the yield strength was defined as the force at initiation of 

inelastic action in bilinear representations of the pushover curves.  
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Figure C-4 Story Shear Force Versus Story Drift Relations for Frame 3S-75 
 

Parameters for fluidic self-centering devices 

The component of preload in the horizontal direction is selected to be approximately equal to a 20% of 

the story shear yield strength.  One device will be used at each story placed in a diagonal configuration at 

an angle ș. The preload for the device at story i, F0,i is calculated as: 

y,
0,

0.2
cos

i
i

F
F

T
u

                                                             (C-13) 

Accordingly, 

y,1
0,1

0.2 0.2 1300 295.0
cos 28.2 cos28.2

F
F kN

u u
   

q q
        (select 300 kN) 

y,2
0,2

0.2 0.2 1100 248.2
cos 27.6 cos 27.6

F
F kN

u u
   

q q
       (select 300 kN) 

y,3
0,3

0.2 0.2 500 124.1
cos 27.6 cos 27.6

F
F kN

u u
   

q q
       (select 125 kN) 

It was decided that a single device design will be used but the fluid initial pressure will be varied to 

achieve the desired preload for the two types of devices needed. The displacement capacity of the devices 

was calculated as 1.5x0.02h(R/Cd )cosș which is an upper bound estimate of the displacement in the MCE 

when the drift limit in the DE is 0.02h per ASCE 7-2010. The manufacturer of the devices was then 

contacted and asked to develop a design for a device that can be preloaded to either 300 or 125kN, have a 

displacement capacity of 165mm (6.5inch) and have linear viscous damping (could be of the half 
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damping type) with a damping constant C=1,140kN-sec/m (6.5kip-sec/in).  The manufacturer provided 

the following: 

x Basic dimensions of the device (including the connection details) to be 216mm (8.5inch) in 

diameter and 1145mm (45inch) in length (pin to pin).  

x The end-load of the device under quasi-static conditions at the displacement of 165mm, which 

was used to calculate the stiffness K0 as follows 
K0,1 = 2320 kN/m 

K0,2 = 2320 kN/m 

K0,3 = 1545 kN/m 

x Information on the force capacity of the device, including information that the peak damping 

force should not exceed 1,000kN, which effectively limits the peak device velocity to about 

0.9m/sec.  

Bracing for connecting this device to the frame was selected based on a compression force of three times 

the preload or 900 kN for an effective length of s9.1m (30ft). According to the AISC Construction 

Manual 14th Edition (2010), a section HSS8î8î1/2 with effective length KL=30ft has a design strength 

equal to 915kN, thus sufficient.  Note that the effective length is actually equal to 8.5m (28ft) but the 

larger value of 9.1m is used for conservatism. The size of the bracing will be checked when the simplified 

analysis is completed and then verified when the response history analysis is completed.   

 

Calculation of response in the Design Earthquake using the Response Spectrum Analysis (RSA) 

procedure 

The steps described in Section 6.5 are followed. 

1) The yield displacement of each story (relative displacement) is obtained either from the computed 

story shear ± story displacement curves in Figure C-4 or from the calculated value of ǻyR 

(Equations C-9, C-12) as follows where ^`r1 is the modal drift in mode 1: 

^ ` ^ `yRy r1

1.000 0.675 57.6
176.4 0.675 0.265 72.3 mm

0.265 46.7
G I

� ½  ½
° ° ° ° '  � �  ® ¾ ® ¾
° ° ° °
¯ ¿ ¯ ¿

 

The calculated story yield displacements are in good agreement with the values obtained from 

pushover analysis of the frame in OpenSees where the values are 61, 75, and 47 mm, from the top 

to the bottom story (Figure C-4). The device stroke at the stage of initiation of story yield is 

calculated as follow: 
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^ ` ^ `y y

57.3 cos27.6 50.8
cos 72.3 cos27.6 64.1 mm

46.7 cos28.2 41.1
G T

u ½  ½
° ° ° °'  u  u  ® ¾ ® ¾
° ° ° °u¯ ¿ ¯ ¿

 

The effective stiffness of each device at initiation of yield Keff,i is approximately calculated as: 

0, y, 0,
eff,

y,

i i i
i

i

F K
K

� ' �
 

'
 

Thus (see Figure 6-2 for illustration), 
3

eff,1 3
300 41.1 2320 10 9619.3 kN/m

41.1 10
K

�

�

� u u
  

u
 

3

eff,2 3
300 64.1 2320 10 7000.2 kN/m

64.1 10
K

�

�

� u u
  

u
 

3

eff,3 3
125 50.8 1545 10 4005.6 kN/m

50.8 10
K

�

�

� u u
  

u
 

 

2) The 3S-75 frame with diagonal bracing and with each self-centering device represented by a 

linear elastic spring with stiffness Keff,i (as calculated above) is analyzed to obtain the periods, 

mode shapes, participation factors and modal weights. The results are: 

1 2 31.31sec, 0.44sec, 0.23secT T T    

^ ` > @ ^ ` > @ ^ ` > @T T T

1 2 31.000,0.681,0.274 , 1.000, 0.521, 0.679 , 1.000, 1.609,2.030I I I  � �  �   

1 2 36007.5kN, 990.2kN, 369.3kNW W W     

1 2 31.386, 0.518, 0.133*  *  � *    

The modal drifts ^Ir`j are calculated from modal displacements ^I`j as: 

^ ` > @ ^ ` > @ ^ ` > @T T T

1 2 30.319,0.407,0.274 , 1.521,0.158, 0.679 , 2.609, 3.639,2.030r r rI I I  �  �   

 

3) The damping ratio in each mode is calculated for the damping constant Cj=1,140 kN-s/m and 

angle of device inclination Tj using Equation (6-36) (note that the damping constant was selected 

to provide a damping ratio in the fundamental mode equal to 0.1): 

� �2 2 2 2 2 2

1 2 2 2

1140 9.81 0.319 cos 27.6 0.407 cos 27.6 0.274 cos 28.21.31 0.100
4 2900 0.274 2900 0.681 1567 1.000vE S

u u u � u � u
 �  

u � u � u
 

� �� �
� � � �

22 2 2 2 2

2 2 2 2

1140 9.81 1.521 cos 27.6 0.158 cos 27.6 0.679 cos 28.20.44 0.233
4 2900 0.679 2900 0.521 1567 1.000vE S

u u u � u � � u
 �  

u � � u � � u
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� �� �
� �

22 2 2 2 2

3 22 2

1140 9.81 2.609 cos 27.6 3.639 cos 27.6 2.030 cos 28.20.23 0.184
4 2900 2.030 2900 1.609 1567 1.000vE S

u u u � � u � u
 �  

u � u � � u
 

 

4) The effective yield displacement in the spectral representation is calculated using Equation (6-

42): 

yR
y

1

176.4 127.3 mm
1.386

D
'

   
*

 

 

5) Assume the value of displacement D in the single-degree-of-freedom spectral representation of 

the pushover curve as D=185 mm. The ductility ratio µ is calculated using Equation (6-46): 

D

y

154 1.21
127.3

D
D

P     

 

6) The effective period Teff is calculated using Equation  (6-44): 

y F0
eff 1

y F0

0.216 0.0501.31 1.21 1.32 sec
2 0.216 2 0.050

A A g gT T
A A g g

P
� �

   
� � u

 

Quantities ܣ௬and ܣிwere calculated using Equations (6-41) and (6-45): 

y
y

1

1300 0.216
6007.5

V g gA g
W

u
    

01
F0

1

300 0.050
6007.5

F g gA g
W

u
    

The effective damping ratio is calculated using Equation (6-47): 

eff H
eff v1

1

1.42 1 1.32 1.42 1.0 11 0.05 0.1 1 0.229
1.31 1.21i

T q
T

E E E
S P S

§ · u § · � u � �  � u � �  ¨ ¸ ¨ ¸
© ¹© ¹

 

Note that qH=1.0. Using Table 18.6-1 of ASCE 7-2010 the damping factor is obtained as B=1.587. 

 

7) Displacement DD for the Design Earthquake is calculated using Equation (6-55): 

� �2 2
eff a eff

D 2 2

, 0.05 1.32 0.448 9810 122.2 mm
4 4 1.587

T S T g
D

B
E
S S

 u u
   

u
 

Before proceeding to additional iterations for the calculation of the displacement, the elastic 

displacement demand is calculated. 

 

8) The displacement demand is calculated again considering elastic conditions 
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 � �2 2
1 a 1

D 2 2
E

, 0.05 1.31 0.4514 9810 142.6 mm
4 4 1.35

T S T g
D

B
E
S S

 u u
   

u
 

Note that the damping factor B=1.35 was obtained from Table 18.6-1 in ASCE 7-2010 for 

damping ratio Ei�Ev1=0.05�0.10=0.15. Since the elastic displacement DD (=142.6 mm) is larger 

than the inelastic DD (=122.2 mm), the elastic value is used so that DD =142.6mm. Still the frame 

has yielded as the displacement exceeds the yield displacement Dy=127.3 mm. 

 

9) The displacements contributed by the fundamental mode are given by Equation (6-56): 

^ ` ^ `1 D1 1

1.000 197.6
1.386 0.681 142.6 134.6 mm

0.274 54.2
u DI

 ½  ½
° ° ° ° *  � �  ® ¾ ® ¾
° ° ° °
¯ ¿ ¯ ¿

 

Story drifts are calculated as: 

 

 

10) The displacements contributed by the higher modes are (Equation (6-57)): 

^ ` ^ ` � �2 2
2 2 a 22

2 22
2

1.000 17.8
, 0.05 0.518 0.44 1.2507 9810

0.521 9.3 mm
4 4 1.749

0.679 12.1

T S T g
u

B
I E

S S

 ½  ½
*  � u u u ° ° ° °  �  �® ¾ ® ¾

u ° ° ° °� �¯ ¿ ¯ ¿

  

^ ` ^ ` � �2 2
3 3 a 33

2 23
3

1.000 1.4
, 0.05 0.133 0.23 1.2507 9810

1.609 2.2 mm
4 4 1.602

2.030 2.8

T S T g
u

B
I E

S S

 ½  ½
*  u u u ° ° ° °  �  �® ¾ ® ¾

u ° ° ° °
¯ ¿ ¯ ¿

  

Note that the modal damping ratios were obtained by use of Equation (6-53): 

2 v2 0.05 0.233 0.283iE E E �  �   

3 v3 0.05 0.184 0.234iE E E �  �   

The damping factors based on these values of damping ratio are B2=1.749, B3=1.602 (Table 18.6-

1 in ASCE 7-2010). 

Story drifts are calculated as: 

^ `
� �
� �2

17.8 9.3 27.1
9.3 12.1 2.8 mm

12.1 12.1
u

 � � ½  ½
° ° ° °'  � � �  ® ¾ ® ¾
° ° ° °� �¯ ¿¯ ¿

 

^ `
� �

3

1.4 2.2 3.6
2.2 2.8 5.0 mm

2.8 2.8
u

 � � ½  ½
° ° ° °'  � �  �® ¾ ® ¾
° ° ° °

¯ ¿¯ ¿
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11) Combining the modal displacements and drifts by the SRSS rule: 

^ ` � � � �

� �

2 2 2

2 22
T

22 2

197.6 17.8 1.4 198.4
134.6 9.3 2.2 134.9 mm

55.6
54.2 12.1 2.8

u

 ½� �  ½° °
° ° ° ° � � � �  ® ¾ ® ¾
° ° ° °

¯ ¿° °� � �¯ ¿

 

^ ` � �

� �

2 2 2

22 2
T

22 2

63.0 27.1 3.6 68.7
80.4 2.8 5.0 80.6 mm

55.6
54.2 12.1 2.8

u

 ½� �  ½° °
° ° ° °'  � � �  ® ¾ ® ¾
° ° ° °

¯ ¿° °� � �¯ ¿

 

For checking drift against the limits in ASCE 7-2010, the drift ratio is calculated as: 

^ ` � �d
T

s,

68.7
4304 0.011

1 80.6 5.5 0.0134304 8
0.00955.6

4420
i

Cu
R h

 ½
 ½° °

° ° ° °' � �  u  ® ¾ ® ¾
° ° ° °

¯ ¿° °¯ ¿

 

Thus the calculated drift is less that the maximum allowable drift 0.02hs per criteria in Table 

12.12-1 in ASCE 7-2010. 

 

12) Not used. 

 

13) Not used. 

 

14) Not used. 

 

15) The relative velocity of each self-centering device for each mode is calculated using Equations 

(6-58) and (6-59): 

^ ` ^ ` � � � �1 11 1
1

63.0 cos27.6 244.2
2 2cos , 80.4 cos27.6 1.31,0.15 311.6 mm/sec

1.31
54.2 cos28.2 208.9

jj
u CFV T CFV

T
S ST E

� ½  ½
° ° ° °�  '  �  ® ¾ ® ¾
° ° ° °�¯ ¿ ¯ ¿
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^ ` ^ ` � � � �2 22 2
2

27.1 cos27.6 246.4
2 2cos , 2.8 cos27.6 0.44,0.283 25.5 mm/sec

0.44
12.1 cos28.2 109.4

jj u CFV T CFV
T
S ST E

� ½  ½
° ° ° °�  '  �  ® ¾ ® ¾
° ° ° °� � �¯ ¿ ¯ ¿

^ ` ^ ` � � � �3 33 3
3

3.6 cos27.6 60.7
2 2cos , 5.0 cos27.6 0.23,0.234 84.3 mm/sec

0.23
2.8 cos28.2 47.0

jj u CFV T CFV
T
S ST E

� ½  ½
° ° ° °�  '  � �  �® ¾ ® ¾
° ° ° °�¯ ¿ ¯ ¿

Factor CFV was obtained from the data in Table 5-3: CFV(for T=1.31sec,ȕ=0.15)=0.9118, 

CFV(for T=0.44sec, ȕ=0.283)=0.7185 and CFV(for T=0.23sec, ȕ=0.234)=0.6966, for the first, 

second and third mode, respectively.  

 

16) The device velocities are obtained by combining the modal device velocities by the SRSS rule: 

^ ` � �

� �

2 2 2

22 2
T

22 2

244.2 246.4 60.7 352.2
311.6 25.5 84.3 323.8 mm/sec

240.5
208.9 109.4 47.0

 ½� �  ½° °
° ° ° °�  � � �  ® ¾ ® ¾
° ° ° °

¯ ¿° °� � �¯ ¿

 

Also, the device displacements are calculated as cosiT iu T' ,  m=1, 2, and 3, where iTu' are the 

drifts calculated in step 11: 

^ `T

68.7 cos27.6 60.9
cos 80.6 cos27.6 71.4 mm

55.6 cos28.2 49.0
u T

� ½  ½
° ° ° °'  �  ® ¾ ® ¾
° ° ° °�¯ ¿ ¯ ¿

 

 

17) The peak damping force in each self-centering device is calculated by use of Equation (6-60): 

^ ` ^ `^ `v, TTi iF C �  

Thus, 

^ `v, 3

1140.0 352.2 401.5
11140.0 323.8 369.1 kN

10
1140.0 240.5 274.2

iF
 ½  ½  ½
° ° ° ° ° ° � �  ® ¾ ® ¾ ® ¾
° ° ° ° ° °
¯ ¿ ¯ ¿ ¯ ¿

 

 

18) The peak self-centering device force is expressed using Equation (6-61): 

^ ` ^ ` ^ ` ^ ` ^ ` � �2
D, MA; min, 0, 0, v, D, TT

1i i i i i iF F F K u F u u � � � �  

Thus, 
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^ `
� �

� �

� �

2
3

3
2

D, MA; 2 2T

21
1

1 60.9
125 125 1545 401.5 543.6

0.05 300 300 2320 369.1 1 71.4 719.6 kN
300 300 2320 274.2 611.81 49.0

i

u
u

F u u
u

u

 ½�° ° ½  ½  ½ ½  ½  ½
° °° ° ° ° ° °° ° ° ° ° ° u � � � �  ® ¾ ® ¾ ® ¾® ¾ ® ¾® ¾ ® ¾

° ° ° ° ° °° ° ° °° ° ° °
¯ ¿ ¯ ¿ ¯ ¿¯ ¿ ¯ ¿ ¯ ¿° °�

¯ ¿

  

The maximum values of force were calculated for displacements ^u3, u2, u1` = ^13.9, 29.2, 18.8` 

(mm). 

 

19) The peak shear force in each story is calculated as: 

^ ` ^ ` ^ `D, MA; D, MA;TT T

550 543.6 cos27.6 1031.7
cos 1100 719.6 cos27.6 1737.7 kN

1300 611.8 cos28.2 1839.2
i i iV V F T

� q ½  ½  ½
° ° ° ° ° ° � �  � � q  ® ¾ ® ¾ ® ¾
° ° ° ° ° °� q¯ ¿ ¯ ¿ ¯ ¿

  

 

Calculation of response in the Design Earthquake using the Equivalent Lateral Force (ELF) 

procedure 

The steps described in the corresponding part of Section 6.5 are followed. 

1) Step 1 is the same as step 1 of the RSA procedure.  

 

2) T1, ^I`1 and *1 are the same as those obtained in the RSA procedure: T1=1.31 sec, 

^I`1=>1.000,0.681,0.274@T and *1=1.386. The residual period TR is calculated using Equation (6-

28): 

R 10.4 0.4 1.31 0.524 secT T  �   

The residual modal participation factor *R is calculated using Equation (6-26): 

R 11 1 1.386 0.386*  � *  �  �  

The residual modal shape is calculated using Equation (6-27): 

^ ` ^ ` ^ ` ^ ` ^ `1 1 1
R

R

1.000 1.000 1.000
1 1 1.386 11.000 1.386 0.681 0.145

0.386 0.386
1.000 0.274 1.607

I I
I

§ ·ª º ª º ª º
� * � � � ¨ ¸« » « » « »   � � �  �¨ ¸« » « » « »* � �¨ ¸« » « » « »�¬ ¼ ¬ ¼ ¬ ¼© ¹

  

The modal drifts ^Ir`R are calculated from the modal displacements ^I`R as: 

^ ` > @Tr R 1.145,1.462, 1.607I  �  

 

3) The damping ratio for m=1 is Ev1= 0.10 as obtained in step 3 of the RSA procedure.  

For the residual mode, 
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� �� �
� � � �

22 2 2 2 2

vR 2 2 2

1140 9.81 1.145 cos 27.6 1.462 cos 27.6 1.607 cos 28.20.524 0.241
4 2900 1.607 2900 0.145 1567 1.000

E
S

u u u q � u q � � u q
 �  

u � � u � � u
4-9) Steps 4 to 9 are the same as steps 4 to 9 of the RSA procedure. 

 

10) The displacements contributed by the residual mode are given by Equation (6-57) for m=R: 

^ ` ^ ` � �2 2
R R a RR

2 2R
R

1.000 16.8
, 0.05 0.386 0.524 1.1285 9810

0.145 2.4 mm
4 4 1.773

1.607 26.9

T S T g
u

B
I E

S S

 ½  ½
*  � u u u ° ° ° °  �  �® ¾ ® ¾

u ° ° ° °� �¯ ¿ ¯ ¿
The modal damping ratio was obtained using Equation (6-53): 

R vR 0.05 0.241 0.291iE E E �  �   

The damping coefficient is BR=1.773 (Table 18.6-1 in ASCE 7-2010). 

Story drifts for the residual mode are calculated as: 

^ `
� �
� �R

16.8 2.4 19.2
2.4 26.9 24.5 mm

26.9 26.9
u

 � � ½  ½
° ° ° °'  � � �  ® ¾ ® ¾
° ° ° °� �¯ ¿¯ ¿

 

 

11) The total displacements and drifts are calculated by combining first mode and residual mode 

responses by SRSS: 

^ ` � �

� �

2 2

22
T

22

197.6 16.8 198.3
134.6 2.4 134.6 mm

60.5
54.2 26.9

u

 ½�  ½° °
° ° ° ° � �  ® ¾ ® ¾
° ° ° °

¯ ¿° °� �¯ ¿

 

^ `
� �

2 2

2 2
T

22

63.0 19.2 65.9
80.4 24.5 84.1 mm

60.554.2 26.9

u

 ½�  ½° °° ° ° °'  �  ® ¾ ® ¾
° ° ° °

¯ ¿� �° °¯ ¿

 

For checking drift against the limits of ASCE 7-2010, the drift ratio is calculated as: 

^ ` d
T

s,

65.9
4304 0.011

1 84.1 5.5 0.0134304 8
0.01060.5

4420
i

Cu
R h

 ½
 ½° °

° ° ° °' � �  �  ® ¾ ® ¾
° ° ° °

¯ ¿° °¯ ¿

 

Thus the design satisfies the maximum allowable drift criteria in Table 12.12-1 in ASCE 7-2010. 

 

12) Not used. 
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13) Not used. 

 

14) Not used. 

 

15) The relative velocity in each self-centering device for the first mode has been calculated in the 

corresponding step of RSA. For the residual mode the relative velocity is calculated using 

Equation (6-59) for m=R: 

^ ` ^ ` � � � �R RR R
R

19.2 cos 27.6 150.2
2 2cos , 24.5 cos 27.6 0.524,0.291 191.6 mm/sec

0.524
26.9 cos 28.2 209.2

ju CFV T CFV
T
S ST E

� ½  ½
° ° ° °�  � ' � �  � � �  ® ¾ ® ¾
° ° ° °� � �¯ ¿ ¯ ¿

 Factor CFV was obtained from the data in Table 5-3: CFV(0.524,0.291)=0.7361. 

 

16) By combining the first and residual mode responses by SRSS, the device relative velocity is 

obtained: 

^ `
� �

2 2

2 2
T

22

244.2 150.2 286.7
311.6 191.6 365.8 mm/sec

295.6208.9 209.2

 ½�  ½° °° ° ° °�  �  ® ¾ ® ¾
° ° ° °

¯ ¿� �° °¯ ¿

 

Also, the device relative displacements are calculated as cosiT iu T' , where iTu' are the drifts 

calculated in step 11: 

^ `T

65.9 cos27.6 58.4
cos 84.1 cos27.6 74.5 mm

60.5 cos28.2 53.3
u T

� q ½  ½
° ° ° °'  � q  ® ¾ ® ¾
° ° ° °� q¯ ¿ ¯ ¿

 

 

17) The peak damping force in each self-centering device is calculated by use of Equation (6-60): 

^ ` ^ `^ `v, TTi iF C �  

Thus, 

^ `v, 3T

286.7 326.8
11140 365.8 417.0 kN

10
295.6 337.0

iF
 ½  ½
° ° ° ° � �  ® ¾ ® ¾
° ° ° °
¯ ¿ ¯ ¿

 

 

18) The peak self-centering device force is calculated using Equation (6-61): 

^ ` ^ ` ^ ` ^ ` ^ ` � �2
D, MA; min, 0, 0, v, D, TT

1i i i i i iF F F K u F u u � � � �  
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Thus, 

^ `
� �

� �

� �

2
3

3
2

D, MA; 2 2T

21
1

1 / 58.4
125 125 1545 326.8 470.3

0.05 300 300 2320 417.0 1 / 74.5 766.4 kN
300 300 2320 337.0 674.0

1 / 53.3

i

u
u

F u u
u

u

 ½�° ° ½  ½  ½ ½  ½  ½
° °° ° ° ° ° °° ° ° ° ° ° u � � � �  ® ¾ ® ¾ ® ¾® ¾ ® ¾® ¾ ® ¾

° ° ° ° ° °° ° ° °° ° ° °
¯ ¿ ¯ ¿ ¯ ¿¯ ¿ ¯ ¿ ¯ ¿° °�

¯ ¿

 

The maximum values of force were calculated for displacements ^u3, u2, u1` = ^15.5, 28.5, 18.4` 

(mm). 

 

19) The peak shear force in each story is calculated as: 

^ ` ^ ` ^ `D, MA; D, MA;TT T

550 470.3 cos27.6 966.8
cos 1100 766.4 cos27.6 1779.2 kN

1300 674.0 cos28.2 1894.0
i i iV V F T

� q ½  ½  ½
° ° ° ° ° ° � �  � � q  ® ¾ ® ¾ ® ¾
° ° ° ° ° °� q¯ ¿ ¯ ¿ ¯ ¿

 

 

Calculation of response in the Maximum Considered Earthquake using the Response Spectrum 

Analysis (RSA) procedure 

 
The steps described in Section 6.5 are followed. Steps 1 to 4 are the same as those of the design example 

for Design Earthquake. Step 5 and thereafter are presented in the sequel. 

5) Assume the value of displacement DM in the single-degree-of-freedom spectral representation of 

the pushover curve as DM=200 mm. The ductility ratio µ is calculated using Equation (6-46): 

M

y

200 1.57
127.3

D
D

P     

 

6) The effective period Teff is calculated using Equation  (6-44): 

y F0
eff 1

y F0

0.216 0.0501.31 1.57 1.51 sec
2 0.216 2 0.050

A A g gT T
A A g g

P
� �

   
� � u

 

Quantities ܣ௬and ܣிwere calculated using Equations (6-41) and (6-45): 

y
y

1

1300 0.216
6007.5

V g gA g
W

u
    

F0
F0

1

300 0.050
6007.5

F g gA g
W

u
    

The effective damping ratio is calculated using Equation (6-47): 
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eff H
eff v1

1

1.42 1 1.51 1.42 1.0 11 0.05 0.1 1 0.329
1.31 1.57i

T q
T

E E E
S P S

§ · u § · � u � �  � u � �  ¨ ¸ ¨ ¸
© ¹© ¹

 

Note that qH=1.0. Using Table 18.6-1 of ASCE 7-2010 the damping factor B=1.887. 

 

7) Displacement DD for the Maximum Considered Earthquake is calculated using Equation (6-55): 

� � � �2 2
eff a eff

M 2 2

1.5 , 0.05 1.51 1.5 0.3916 9810 176.4 mm
4 4 1.887

T S T g
D

B
E

S S
 u u u

   
u

 

Before proceeding to additional iterations for the calculation of the displacement, the elastic 

displacement demand is calculated. 

 

8) The displacement demand is calculated again considering elastic conditions 

� � � �2 2
1 a 1

M 2 2
E

1.5 , 0.05 1.31 1.5 0.4514 9810 213.9 mm
4 4 1.35

T S T g
D

B
E

S S
 u u u

   
u

 

Note that the damping factor B=1.35 was obtained from Table 18.6-1 in ASCE 7-2010 for 

damping ratio Ei�Ev1=0.05�0.10=0.15. Since the elastic displacement DM (=213.9 mm) is larger 

than the inelastic DD (=176.4 mm), the elastic value is used so that DM=213.9mm. Still the frame 

has yielded as the displacement exceeds the yield displacement Dy=127.3 mm. 

 

9) The displacements contributed by the fundamental mode are given by Equation (6-56): 

^ ` ^ `1 M1 1

1.000 296.5
1.386 0.681 213.9 201.9 mm

0.274 81.2
u DI

 ½  ½
° ° ° ° *  � �  ® ¾ ® ¾
° ° ° °
¯ ¿ ¯ ¿

 

Story drifts are calculated as: 

^ 1̀

296.5 201.9 94.6
201.9 81.2 120.7 mm

81.2 81.2
u

� ½  ½
° ° ° °'  �  ® ¾ ® ¾
° ° ° °
¯ ¿ ¯ ¿

 

 

10) The displacements contributed by the higher modes are (Equation (6-57)): 

^ ` ^ ` � � � �2 2
2 2 a 22

2 22
2

1.000 26.7
1.5 , 0.05 0.518 0.44 1.5 1.2507 9810

0.521 13.9 mm
4 4 1.749

0.679 18.1

T S T g
u

B
I E

S S

 ½  ½
*  � u u u u ° ° ° °  �  �® ¾ ® ¾

u ° ° ° °� �¯ ¿ ¯ ¿

^ ` ^ ` � � � �2 2
3 3 a 33

2 23
3

1.000 2.0
1.5 , 0.05 0.133 0.23 1.5 1.2507 9810

1.609 3.3 mm
4 4 1.602

2.030 4.2

T S T g
u

B
I E

S S

 ½  ½
*  u u u u ° ° ° °  �  �® ¾ ® ¾u ° ° ° °

¯ ¿ ¯ ¿
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Note that the modal damping ratios were obtained by use of Equation (6-53): 

2 v2 0.05 0.233 0.283iE E E �  �   

3 v3 0.05 0.184 0.234iE E E �  �   

The damping factors based on these values of damping ratio are B2=ͳǤͶͻ, B3=ͳǤ0ʹ (Table 

18.6-1 in ASCE 7-2010). 

Story drifts are calculated as: 

^ `
� �
� �2

26.7 13.9 40.6
13.9 18.1 4.2 mm

18.1 18.1
u

 � � ½  ½
° ° ° °'  � � �  ® ¾ ® ¾
° ° ° °� �¯ ¿¯ ¿

 

^ `
� �

3

2.0 3.3 5.3
3.3 4.2 7.5 mm

4.2 4.2
u

 � � ½  ½
° ° ° °'  � �  �® ¾ ® ¾
° ° ° °

¯ ¿¯ ¿

 

 

11) Combining the modal displacements and drifts by the SRSS rule: 

^ ` � � � �

� �

2 2 2

2 22
T

22 2

296.5 26.7 2.0 297.7
201.9 13.9 3.3 202.4 mm

83.381.2 18.1 4.2

u

 ½� �  ½° °
° ° ° ° � � � �  ® ¾ ® ¾
° ° ° °

¯ ¿° °� � �¯ ¿

 

^ ` � �

� �

2 2 2

22 2
T

22 2

94.6 40.6 5.3 103.1
120.7 4.2 7.5 121.0 mm

83.3
81.2 18.1 4.2

u

 ½� �  ½° °
° ° ° °'  � � �  ® ¾ ® ¾
° ° ° °

¯ ¿° °� � �¯ ¿

 

 

12) Not used. 

 

13) Not used. 

 

14) Not used. 

 

15) The relative velocity of each self-centering device for each mode is calculated using Equations 

(6-58) and (6-59): 
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^ ` ^ ` � � � �1 11 1
1

94.6 cos27.6 366.6
2 2cos , 120.7 cos27.6 1.31,0.15 467.8 mm/sec

1.31
81.2 cos28.2 313.0

jj u CFV T CFV
T
S ST E

� ½  ½
° ° ° °�  '  �  ® ¾ ® ¾
° ° ° °�¯ ¿ ¯ ¿

 

^ ` ^ ` � � � �2 22 2
2

40.6 cos27.6 369.2
2 2cos , 4.2 cos27.6 0.44,0.283 38.2 mm/sec

0.44
18.1 cos28.2 163.7

jj
u CFV T CFV

T
S ST E

� ½  ½
° ° ° °�  '  �  ® ¾ ® ¾
° ° ° °� � �¯ ¿ ¯ ¿

^ ` ^ ` � � � �3 33 3
3

5.3 cos27.6 89.4
2 2cos , 7.5 cos27.6 0.23,0.234 126.5 mm/sec

0.23
4.2 cos28.2 70.4

jj u CFV T CFV
T
S ST E

� ½  ½
° ° ° °�  '  � �  �® ¾ ® ¾
° ° ° °�¯ ¿ ¯ ¿

Factor CFV was obtained from the data in Table 5-3: CFV (for T=1.31sec,ȕ=0.15)=0.9118, CFV 

(for 0.44sec,0.283)=0.7185 and CFV (for 0.23sec,0.234)=0.6966, for the first, second and third 

mode, respectively.  

16) The device velocities are obtained by combining the modal device velocities by the SRSS rule: 

^ ` � �

� �

2 2 2

22 2
T

22 2

366.6 369.2 89.4 527.9
467.8 38.2 126.5 486.1 mm/sec

360.2
313.0 163.7 70.4

 ½� �  ½° °
° ° ° °�  � � �  ® ¾ ® ¾
° ° ° °

¯ ¿° °� � �¯ ¿

 

Also, the device displacements are calculated as cosiT iu T' ,  m=1, 2, and 3, where iTu' are the 

drifts calculated in step 11: 

^ `T

103.1cos27.6 91.4
cos 121.0cos27.6 107.2 mm

83.3cos28.2 73.4
u T

 ½  ½
° ° ° °'   ® ¾ ® ¾
° ° ° °
¯ ¿ ¯ ¿

 

 

17) The peak damping force in each self-centering device is calculated by use of Equation (6-60): 

^ ` ^ `^ `v, TTi iF C �  

Thus, 

^ `v, 3

1140.0 527.9 601.8
11140.0 486.1 554.2 kN

10
1140.0 360.2 410.6

iF
 ½  ½  ½
° ° ° ° ° ° � �  ® ¾ ® ¾ ® ¾
° ° ° ° ° °
¯ ¿ ¯ ¿ ¯ ¿

 

 

18) The peak self-centering device force is expressed using Equation (6-61): 

^ ` � �2
M, MA; min, 0, 0, v, D, TT

1i i i i i iF F F K u F u u � � � �  

Thus, 
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^ `
� �

� �

� �

2
3

3
2

M, MA; 2 2T

21
1

1 91.4
125 125 1545 601.8 749.4

0.05 300 300 2320 554.2 1 107.2 922.4 kN
300 300 2320 410.6 759.51 73.4

i

u
u

F u u
u

u

 ½�° ° ½  ½  ½ ½  ½  ½
° °° ° ° ° ° °° ° ° ° ° ° u � � � �  ® ¾ ® ¾ ® ¾® ¾ ® ¾® ¾ ® ¾

° ° ° ° ° °° ° ° °° ° ° °
¯ ¿ ¯ ¿ ¯ ¿¯ ¿ ¯ ¿ ¯ ¿° °�

¯ ¿

 

The maximum values of force were calculated for displacements ^u3, u2, u1` = ^20.9, 43.9, 28.1` 

(mm). 

 

19) The peak shear force in each story is calculated as: 

^ ` ^ ` ^ `M, MA; M, MA;TT T

550 749.4 cos27.6 1214.1
cos 1100 922.4 cos27.6 1917.4 kN

1300 759.5 cos28.2 1969.3
i i iV V F T

� q ½  ½  ½
° ° ° ° ° ° � �  � � q  ® ¾ ® ¾ ® ¾
° ° ° ° ° °� q¯ ¿ ¯ ¿ ¯ ¿

 

 

Calculation of response in the Maximum Considered Earthquake using the Equivalent Lateral Force 

(ELF) procedure 

The steps described in the corresponding part of Section 6.5 are followed. 

1) Step 1 is the same as step 1 of the RSA procedure.  

2) T1, ^I`1 and *1 are the same as those obtained in the RSA procedure: T1=1.31 sec, 

^I`1=>1.000,0.681,0.274@T and *1=1.386. The residual period TR is calculated using Equation (6-

28): 

R 10.4 0.4 1.31 0.524 secT T  �   

The residual modal participation factor Ȟோ�is calculated using Equation (6-26): 

R 11 1 1.386 0.386*  �*  �  �  

The residual modal shape is calculated using Equation (6-27): 

^ ` ^ ` ^ ` ^ ` ^ `1 1 1
R

R

1.000 1.000 1.000
1 1 1.386 11.000 1.386 0.681 0.145

0.386 0.386
1.000 0.274 1.607

I I
I

§ ·ª º ª º ª º
� * � � � ¨ ¸« » « » « »   � � �  �¨ ¸« » « » « »* � �¨ ¸« » « » « »�¬ ¼ ¬ ¼ ¬ ¼© ¹

 

The modal drifts ^Ir`R are calculated from modal displacements ^I`R as: 

^ ` > @Tr R 1.145,1.462, 1.607I  �  

 

3) The damping ratio for m=1 is Ev1= 0.10 as obtained in step 3 of the RSA procedure.  

For the residual mode, 
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� �� �
� � � �

22 2 2 2 2

vR 2 2 2

1140 9.81 1.145 cos 27.6 1.462 cos 27.6 1.607 cos 28.20.524 0.241
4 2900 1.607 2900 0.145 1567 1.000

E
S

u u u q � u q � � u q
 �  

u � � u � � u
 

4-9) Steps 4 to 9 are the same as steps 4 to 9 of the RSA procedure. 

 

10) The displacements contributed by the residual mode is (Equation (6-57)): 

^ ` ^ ` � � � �2 2
R R a RR

2 2R
R

1.000 25.1
1.5 , 0.05 0.386 0.524 1.5 1.1285 9810

0.145 3.6 mm
4 4 1.773

1.607 40.4

T S T g
u

B
I E

S S

 ½  ½
*  � u u u u ° ° ° °  �  �® ¾ ® ¾

u ° ° ° °� �¯ ¿ ¯ ¿
The modal damping ratios are obtained (Equation (6-53)): 

R vR 0.05 0.241 0.291iE E E �  �   

The damping coefficient is B2=1.773 (Table 18.6-1 in ASCE 7-2010). 

Story drifts for the residual mode are calculated as: 

^ `
� �
� �R

25.1 3.6 28.7
3.6 40.4 36.8 mm

40.4 40.4
u

 � � ½  ½
° ° ° °'  � � �  ® ¾ ® ¾
° ° ° °� �¯ ¿¯ ¿

 

 

11) The total displacements and drifts are calculated by combining first mode and residual mode 

responses by SRSS: 

^ ` � �

� �

2 2

22
T

22

296.5 25.1 297.6
201.9 3.6 201.9 mm

90.7
81.2 40.4

u

 ½�  ½° °
° ° ° ° � �  ® ¾ ® ¾
° ° ° °

¯ ¿° °� �¯ ¿

 

^ `
� �

2 2

2 2
T

22

94.6 28.7 98.9
120.7 36.8 126.2 mm

90.781.2 40.4

u

 ½�  ½° °° ° ° °'  �  ® ¾ ® ¾
° ° ° °

¯ ¿� �° °¯ ¿

 

 

12) Not used. 

 

13) Not used. 

 

14) Not used. 
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15) The relative velocity in each self-centering device for the first mode has been calculated in the 

corresponding step of RSA. For the residual mode the relative velocity is calculated using 

Equation (6-59) for m=R: 

^ ` ^ ` � � � �R RR R
R

28.7 cos 27.6 224.5
2 2cos , 36.8 cos 27.6 0.524,0.291 287.9 mm/sec

0.524
40.4 cos 28.2 314.3

ju CFV T CFV
T
S ST E

� ½  ½
° ° ° °�  � ' � �  � � �  ® ¾ ® ¾
° ° ° °� � �¯ ¿ ¯ ¿

Factor CFV was obtained from the data in Table 5-3: CFV (0.524, 0.291) = 0.7361.  

 

16) By combining the first and residual modes by SRSS, the device relative velocity is obtained: 

^ `
� �

2 2

2 2
T

22

366.6 224.5 429.9
467.8 287.9 549.3 mm/sec

443.6313.0 314.3

 ½�  ½° °° ° ° °�  �  ® ¾ ® ¾
° ° ° °

¯ ¿� �° °¯ ¿

 

Also, the device relative displacements are calculated as cosiT iu T' , where iTu' are the drifts 

calculated in step 11: 

^ `T

98.9 cos27.6 87.6
cos 126.2 cos27.6 111.8 mm

90.7 cos28.2 79.9
u T

� q ½  ½
° ° ° °'  � q  ® ¾ ® ¾
° ° ° °� q¯ ¿ ¯ ¿

 

 

17) The peak damping force in each self-centering device is calculated by use of Equation (6-60): 

^ ` ^ `^ `v, TTi iF C �  

Thus, 

^ `v, 3T

429.9 490.1
11140 549.3 626.2 kN

10
443.6 505.7

iF
 ½  ½
° ° ° ° � �  ® ¾ ® ¾
° ° ° °
¯ ¿ ¯ ¿

 

 

18) The peak self-centering device force is calculated using Equation (6-61): 

^ ` � �2
M, MA; min, 0, 0, v, D, TT

1i i i i i iF F F K u F u u � � � �  

^ `
� �

� �

� �

2
3

3
2

M, MA; 2 2T

21
1

1 / 87.6
125 125 1545 490.1 639.7

0.05 300 300 2320 626.2 1 /111.8 992.8 kN
300 300 2320 505.7 853.6

1 / 79.9

i

u
u

F u u
u

u

 ½�° ° ½  ½  ½ ½  ½  ½
° °° ° ° ° ° °° ° ° ° ° ° u � � � �  ® ¾ ® ¾ ® ¾® ¾ ® ¾® ¾ ® ¾

° ° ° ° ° °° ° ° °° ° ° °
¯ ¿ ¯ ¿ ¯ ¿¯ ¿ ¯ ¿ ¯ ¿° °�

¯ ¿
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The maximum values of force were calculated for displacements ^u3, u2, u1` = ^23.3, 42.8, 27.5` 

(mm). 

 

19) The peak shear force in each story is calculated as: 

^ ` ^ ` ^ `M, MA; M, MA;TT T

550 639.7 cos27.6 1116.9
cos 1100 992.8 cos27.6 1979.8 kN

1300 853.6 cos28.2 2052.3
i i iV V F T

� q ½  ½  ½
° ° ° ° ° ° � �  � � q  ® ¾ ® ¾ ® ¾
° ° ° ° ° °� q¯ ¿ ¯ ¿ ¯ ¿

 

Table C-4 presents a summary of the calculated response. 

 

Table C-4 Summary of RSA and ELF Analysis Results  

Response Quantity Story RSA (DE) ELF (DE) RSA (MCE) ELF (MCE) 

Floor Displacement 

(mm) 

3 198.4 198.3 297.7 297.6 

2 134.9 134.6 202.4 201.9 

1 55.6 60.5 83.3 90.7 

Story Drift 

(mm) 

3 68.7 65.9 103.1 98.9 

2 80.6 84.1 121.0 126.2 

1 55.6 60.5 83.3 90.7 

Device Velocity 

(mm/sec) 

3 352.2 286.7 527.9 429.9 

2 323.8 365.8 486.1 549.3 

1 240.5 295.6 360.2 443.6 

Device Force 

(kN) 

3 543.6 470.3 749.4 639.7 

2 719.6 766.4 922.4 992.8 

1 611.8 674.0 759.5 853.6 

Maximum Story 

Shear Force (kN) 

3 1031.7 966.8 1214.1 1116.9 

2 1737.7 1779.2 1917.4 1979.8 

1 1839.2 1894.0 1969.3 2052.3 

 

The adequacy of the bracing is checked based on the results of the simplified analysis.  The maximum 

device force in the MCE was calculated to be 992.8kN (MCE, ELF method).  The nominal strength in 

compression of an HSS8x8x1/2 brace of effective length KL=8535mm (28ft) is 1216kN, thus sufficient.  

Results of response history analysis in the MCE (to be presented in Section 7) show a peak brace force 

(average of seven analyses) equal to 891.8kN.  Sections 18.7.1.2 to 18.7.1.4 in ASCE 7-2010 specify the 

requirements for the design of damping systems and their connections, which presumably also apply to 
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fluidic self-centering devices.  The criteria require that the devices, bracing and connections are designed 

to resist the forces, displacements and velocities calculated in the MCE and assessed using strength design 

criteria with a redundancy factor ȡ=1 and a resistance factor 1=ࢥ.  Since compression is critical for the 

bracing, the design strength of the HSS8x8x1/2 tube (yield stress of 318MPa, or 46ksi) with KL=8535mm 

and 1=ࢥ is 1216kN.  The question at this point is what is the required strength?  Is it the 891.8kN force 

calculated as the average of the seven analyses in the MCE or a multiple of this value to ensure adequacy?  

An appropriate value to use is 1.3 times the calculated average of the seven analyses, or 

1.3x891.8=1159kN.  Therefore, the HSS8x8x1/2 tube with KL=8535mm with design strength of 1216kN 

is sufficient. 

 

C.5 Design of Frame 3S-85 
Analysis following Chapter 12.8 of ASCE 7-2010 and presented in Appendix B established the seismic 

base shear for a single 3S-Reference frame, including the effect of torsion, to be V=735kN.  The 

minimum base shear allowed for the 3S-85 frame per procedures of Section 6 is 0.85V=624.8kN. The 

required minimum base shear strength for the frame is  

5.5 3.0624.8 1,289 (289.7 )
8

d o
y

CV V kN kip
R
�: u

 �  u   

The seismic base shear for a single frame V=624.8kN is distributed vertically using ASCE 7-2010 

equations 12.8-11 and 12.8-12.  The value of parameter k has been determined in Appendix B to be k 

=1.145. The calculated lateral seismic forces are summarized in Table C-5. Quantityσ ݄ݓ
ୀଵ is equal to 

80,144. 

 

Table C-5 Lateral Seismic Forces for 3-Story Frame 3S-85 

Floor wx >kN@ hx >m@ wxhx
k Cvx Fx >kN@ 

3 1567 13.03 29627 0.3697 231.0 

2 2900 8.72 34617 0.4319 269.9 

1 2900 4.42 15900 0.1984 124.0 

 

Analysis of the frame for the critical loading combination (1.2�0.2SDS)D�0.5L�ȡQE (which is equal to 

1.45D�0.5L�1.3QE) resulted in the required strengths of the members of the frame. The frame with 

section properties for 3S-85 is shown in Figure C-5. 
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Figure C-5 Frame 3S-85 Geometry, Section Properties and Tributary Weights 

A push-over analysis was conducted to obtain the relationship between base shear force and roof 

displacement. To validate the analysis results, a plastic analysis was conducted following the procedures 

described in Section C.2 in this appendix and using the following parameters: 

Number and length of spans:   n=3;     Lb=8230 mm 

Number of stories:                     N=3; 

Material properties:        Fy=345 MPa (50 ksi) 

Column sections:                      W14î120 (dc = 368 mm; Mpc= ZxîFy = 1197.2 kN-m) 

Beam properties: 

  3rd floor:   W14î34 (db = 356 mm; Mpc = ZxîFy = 308.8 kN-m) 

  2nd floor:   W14î68 (db = 356 mm; Mpc=ZxîFy= 648.6 kN-m) 

  1st floor:  W14î68 (db = 356 mm; Mpc=ZxîFy= 648.6 kN-m) 

 w3=1567kN; w2=w1=2,900kN Floor weights: 

Story heights:   h3=12928 mm; h2=8624 mm; h1=4320 mm 

It was assumed that plastic hinges form in the beams at a point located at a distance of half the depth of 

the column section dc/2 from the column center (i.e., Di= (dc/2)/Li).  Also, in columns a plastic hinge was 

assumed to develop near the base at a distance of one depth (dc) of the column section from the base of 

the frame. 

Values of parameters Di, Fi, and MpbiFi are presented in Table C-6. Note that Fi=1/(1-2Dij). 
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Table C-6 Parameters Di, Fi, and MpbiFI for Frame 3S-85 

Level Mpbi (kN-m) Di Fi MpbiFi (kN-m) 

3 308.8 0.022 1.05 324.2 

2 648.6 0.022 1.05 681.0 

1 648.6 0.022 1.05 681.0 

    6MpbiFi=1686.2 kN-m 

 

Using data in Table C-6, the term � � � �
1

1 2
N

pc pbi i
i

n M n M F
 

� � �¦  in equation (C-8) was calculated as: 

� � � � � �
1

1 2 3 1 1197.2 2 3 1686.2 14906.0 kN m
N

pc pbi i
i

n M n M F
 

� � �  � � � � �  �¦  

An eigenvalue analysis resulted in the following: T1=1.41sec; ^I1`T=>1.000, 0.677, 0.266@; 
ഥܹଵ=5966.4kN; *1=1.387. The k-value (Section 12.8.3 in ASCE 7, 2010) was calculated to be k=1.455. 

The lateral loads were distributed in proportion to factor Oi, which was calculated by the following 

equation: 

1

k
i i

i N k
m mm

w h
w h

O
 

 
¦

 

where wi is the weight of each floor. Results are presented in Table C-7. 

 

Table C-7 Calculation of OI for Frame 3S-85 

Level wi (kN) hi (mm) wihi
kî106 Oi Oihi (mm)�

3 1567 13027 1521.1 0.414 5393.2 

2 2900 8724 1570.9 0.427 3725.1 

1 2900 4420 584.1 0.159 702.8 

   6wihi
kî106=3676.1  9821.1 

 

The base shear strength Vy is calculated using equation (C-8) as: 
3

y
14906.0 10 1517.8 kN

9821.1
V u

   

The roof displacement when the plastic collapse mechanism develops 'yR is calculated using equation (C-

9) as: 

2
yR 2

1517.81.387 1.41 174.3 mm
4 5966.4

g
S

§ · § ·'   ¨ ¸ ¨ ¸
© ¹ © ¹
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The push-over curves obtained by the plastic analysis is presented in Figure C-6 and compared to the 

pushover curve obtained computationally (program OpenSees) without consideration of P-ǻ effects and 

assuming a small post-elastic stiffness (ratio of post-elastic to elastic stiffness equal to 0.01). 

 
 

Figure C-6 Base Shear Force versus Roof Drift Relations for Frame 3S-85 
 

The story shear force to story drift relations, as obtained by the computational model, are presented in 

Figure C-7.  Based on the results in Figure C-7, the story yield strengths are obtained as: Fy,1=1,500kN, 

Fy,2=1,250kN and Fy,3=600kN. Note that the pushover curves in Figure C-7 have some small post-elastic 

stiffness so that the yield strength was defined as the force at initiation of inelastic action in bilinear 

representations of the pushover curves.  

 

 
Figure C-7 Story Shear Force versus Story Drift Relations for Frame 3S-85 
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Parameters for fluidic self-centering devices for frame 3S-85 

The component of preload in the horizontal direction is selected to be approximately equal to a 20% of 

the story shear yield strength.  One device will be used at each story placed in a diagonal configuration at 

an angle ș. The preload for the device at story i, F0,i is calculated using equation (C-13): 

,
0,

0.2
cos

y i
i

F
F

T
u

  

Accordingly, 

,1
0,1

0.2 0.2 1500 340.4 kN
cos 28.2 cos 28.2

yF
F

u u
   

q q
   (select 350 kN) 

,2
0,2

0.2 0.2 1250 282.1 kN
cos 27.6 cos 27.6

yF
F

u u
   

q q
   (select 350 kN) 

,3
0,3

0.2 0.2 600 135.4 kN
cos 27.6 cos 27.6

yF
F

u u
   

q q
    (select 150 kN) 

It was decided that a single device design will be used but the fluid initial pressure will be varied to 

achieve the desired preload for the two types of devices needed. The stiffness in each device K0,i was 

approximately calculated to be: 

0,1 2320 kN/mK   

0,2 2320 kN/mK   

0,3 1545 kN/mK   

 

Calculation of response in the Design Earthquake using the Response Spectrum Analysis (RSA) 

procedure for frame 3S-85 

The steps described in Section 6.5 are followed. 

 

20) The yield displacement of each story (relative displacement) is obtained either from the computed 

story shear ± story displacement curves in Figure C-7 or from the calculated value of 'y,i 

(Equation C-9, C-12) as follows, where ^`r1 is the modal drift in mode 1: 

^ ` ^ `yRy 1

1.000 0.677 56.3
174.3 0.677 0.266 71.6 mm

0.266 46.4
rG I

� ½  ½
° ° ° ° '  � �  ® ¾ ® ¾
° ° ° °
¯ ¿ ¯ ¿

 

The calculated story yield displacements are in good agreement with the values obtained from pushover 

analysis of the frame in OpenSees where the values are 61, 76, and 46 mm, from the top to the bottom 

story (Figure C-7). The device stroke at the stage of initiation of story yield is calculated as follows: 
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^ ` ^ `y y

56.3 cos27.6 49.9
cos 71.6 cos27.6 63.5 mm

46.4 cos28.2 40.9
G T

u q ½  ½
° ° ° °'  u  u q  ® ¾ ® ¾
° ° ° °u q¯ ¿ ¯ ¿

 

The effective stiffness of each device at initiation of yield Keff,i is approximately calculated as: 

0, y, 0,
eff,

y,

i i i
i

i

F K
K

� ' �
 

'
 

Thus (see Figure 6-2 for illustration), 
3

eff,1 3
350 40.9 2320 10 10877.5 kN/m

40.9 10
K

�

�

� u u
  

u
 

3

eff,2 3
350 63.5 2320 10 7831.8 kN/m

63.5 10
K

�

�

� u u
  

u
 

3

eff,3 3
150 49.9 1545 10 4551.0 kN/m

49.9 10
K

�

�

� u u
  

u
 

 

21) The 3S-85 frame with diagonal bracing and with each self-centering device represented by a 

linear elastic spring with stiffness Keff,i (as calculated above) is analyzed to obtain the periods, 

mode shapes, participation factors and modal weights. The results are: 

1 2 31.23sec, 0.41sec, 0.22secT T T    

^ ` > @ ^ ` > @ ^ ` > @T T T

1 2 31.000,0.684,0.275 , 1.000, 0.516, 0.681 , 1.000, 1.597,2.004I I I  � �  �  

1 2 36017.4kN, 982.9kN, 366.7kNW W W     

1 2 31.383, 0.516, 0.133*  *  � *   

The modal drifts ^Ir`j are calculated from modal displacements ^I`j as: 

^ ` > @ ^ ` > @ ^ ` > @T T T

1 2 30.316,0.409,0.275 , 1.516,0.165, 0.681 , 2.597, 3.601,2.004r r rI I I  �  �   

 

22) The damping ratio in each mode is calculated for the damping constant Cj=1,220 kN-s/m and 

angle of device inclination Tj using Equation (6-36) (note that the damping constant was selected 

to provide a damping ratio in the fundamental mode equal to 0.1): 

� �2 2 2 2 2 2

1 2 2 2

1220 9.81 0.316 cos 27.6 0.409 cos 27.6 0.275 cos 28.21.23 0.100
4 2900 0.275 2900 0.684 1567 1.000vE S

u u u � u � u
 �  

u � u � u
 

� �� �
� � � �

22 2 2 2 2

2 2 2 2

1220 9.81 1.516 cos 27.6 0.165 cos 27.6 0.681 cos 28.20.41 0.232
4 2900 0.681 2900 0.516 1567 1.000vE S

u u u � u � � u
 �  

u � � u � � u
 



465 

 

� �� �
� �

22 2 2 2 2

3 22 2

1220 9.81 2.597 cos 27.6 3.601 cos 27.6 2.004 cos 28.20.22 0.189
4 2900 2.004 2900 1.597 1567 1.000vE S

u u u � � u � u
 �  

u � u � � u
 

 

Response history analysis of 3S-85 with Fluidic Self-Centering devices under MCE motions 

Response history analysis of frame 3S-85 with fluidic self-centering devices in MCE motions was 

conducted. The results of this analysis is summarized in Table C-8 where it is compared with the 

calculated response of frame 3S-75, also with a fluidic self-centering system. Moreover, Table C-9 

compares the response of frame 3S-85 in DE and MCE motions. 

 

Based on the calculated self-centering device peak force in the MCE (959.7kN), a brace of section HSS 

8x8x5/8 was selected with ultimate capacity FTension = FCompression = 1435 kN (compressive strength for 

effective length of 8535mm).  The device displacement capacity is DCapacity = 165mm. 

Table C-8 Comparison of Average Response Calculated in Response History Analysis 
for 3S-75 and 3S-85 in MCE 

Response Quantity Story

3S-75 3S-85 
Near-
Fault 
Pulse 

Near-Fault 
Non-Pulse Far-Field

Near-
Fault 
Pulse 

Near-Fault 
Non-Pulse Far-Field

Peak Story Drift 
(mm) 

3 80.2 71.8 76.5 73.9 67.2 70.9 
2 107.5 96.7 95.6 103.2 90.2 88.7 
1 97.6 86.2 79.4 92.3 76.4 72.7 

Residual Story Drift 
(mm) 

3 6.2 2.1 2.4 3.7 0.9 1.4 
2 8.4 2.7 2.3 6.4 1.4 1.7 
1 12.2 5.9 6.4 11.4 3.9 5.9 

Story Shear Force 
(kN) 

3 938.8 959.9 970.6 1073.8 1035.9 1034.2 
2 1791.1 1718.2 1768.6 1957.0 1866.8 1934.8 
1 2473.3 2347.9 2322.6 2667.5 2535.1 2452.8 

Peak Floor 
Acceleration (g) 

3 0.634 0.663 0.661 0.720 0.711 0.711 
2 0.466 0.525 0.516 0.528 0.553 0.549 
1 0.573 0.627 0.651 0.613 0.631 0.673 

Peak Absolute 
Floor Velocity 

(mm/sec) 

3 1689.4 1638.2 1844.1 1721.9 1676.8 1859.6 
2 1562.6 1526.6 1722.4 1597.6 1554.5 1752.9 
1 1578.8 1513.4 1645.1 1596.6 1514.6 1659.4 

Device Velocity 
(mm/sec) 

3 523.8 540.5 526.5 549.2 535.2 535.9 
2 525.4 533.6 515.0 560.7 537.8 524.4 

1 434.6 401.4 394.5 420.6 390.1 364.0 

Device Force 
(kN) 

3 663.2 721.2 715.2 750.4 776.9 784.9 
2 891.8 862.8 889.1 956.5 939.9 959.7 

1 854.8 780.6 753.7 893.7 848.8 798.0 
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Table C-9 Comparison of Average Response Calculated in Response History Analysis 
for 3S-85 in DE and MCE 

Response Quantity Story

DE MCE 
Near-
Fault 
Pulse 

Near-Fault 
Non-Pulse Far-Field

Near-
Fault 
Pulse 

Near-Fault 
Non-Pulse Far-Field

Peak Story Drift 
(mm) 

3 52.2 46.1 48.7 73.9 67.2 70.9 
2 68.9 58.4 64.0 103.2 90.2 88.7 
1 52.3 45.0 45.5 92.3 76.4 72.7 

Residual Story Drift 
(mm) 

3 0.2 0.0 0.1 3.7 0.9 1.4 
2 0.5 0.2 0.2 6.4 1.4 1.7 
1 2.8 1.3 0.8 11.4 3.9 5.9 

Story Shear Force 
(kN) 

3 844.9 792.7 781.4 1073.8 1035.9 1034.2 
2 1610.3 1486.5 1570.0 1957.0 1866.8 1934.8 
1 2167.1 2079.8 1938.3 2667.5 2535.1 2452.8 

Peak Floor 
Acceleration (g) 

3 0.576 0.533 0.522 0.720 0.711 0.711 
2 0.453 0.437 0.416 0.528 0.553 0.549 
1 0.461 0.454 0.478 0.613 0.631 0.673 

Peak Absolute 
Floor Velocity 

(mm/sec) 

3 1241.5 1205.4 1294.4 1721.9 1676.8 1859.6 
2 1126.3 1079.0 1209.2 1597.6 1554.5 1752.9 
1 1098.3 1031.3 1129.2 1596.6 1514.6 1659.4 

Device Velocity 
(mm/sec) 

3 438.8 408.8 392.9 549.2 535.2 535.9 
2 441.0 405.3 383.4 560.7 537.8 524.4 

1 301.1 271.9 257.9 420.6 390.1 364.0 

Device Force 
(kN) 

3 646.4 612.7 606.9 750.4 776.9 784.9 
2 823.1 774.6 765.6 956.5 939.9 959.7 

1 672.1 669.6 659.5 893.7 848.8 798.0 
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APPENDIX D 
DESIGN AND ANALYSIS OF EXAMPLE 6-STORY BUILDING WITH 

FLUIDIC SELF-CENTERING DEVICES 
 

This appendix presents the design and simplified analysis of an example 6-story building with fluidic self-

centering devices. The building is the one shown in Figure B-1 of Appendix B (but the number of stories 

is 6) and consists of two steel special moment frames in each principal direction. Each frame is designed 

for a base shear equal to 0.75V, where V is determined in accordance with Section 12.8 of ASCE 7-2010 

per design procedures of Section 6 of this report. This frame is designated as 6S-75. Fluidic self-centering 

devices are added as diagonal elements to this frame. Similar to the comments in Appendix C for the 3-

story example, the fluidic self-centering devices may be added to another frame (e.g., along lines 2, 5, B 

and E of plan in Figure B-1 of Appendix B) that is designed to remain elastic and with all simple 

connections.  This is a preferred arrangement as it results in less force in the special moment frame and 

allows for easier assessment of adequacy of the structural system.   

 

The frame exclusive of the fluidic self-centering system is first designed per procedures of Section 6 of 

this report.  Then fluidic self-centering devices are added per procedures of Section 6 and analysis is 

performed again following the simplified ELF and RSA procedures of Section 6.   

 

D.1 Design of Frame 6S-75 
The geometry, material and gravity loading of the 6S-75 frame are the same as those of the 6S-Reference 

of Appendix B. Only difference between the two frames is the size of the member sections. Figure D-1 

shows the geometry, section properties and the tributary weights of the 6S-75 frame. Note that the beam 

sections are slightly larger than those of the frame used by Ramirez et al. (2001) for buildings with 

damping systems and also designated as frame 6S-75. The reasons for the slight difference are: (a) the 

lateral distribution of lateral forces are slightly different, (b) the redundancy factor is larger in ASCE 7 

than in the older version of NEHRP, and (c) the vertical earthquake and accidental torsion effects have 

been accounted for in the current design. 

 

Analysis following Chapter 12.8 of ASCE 7-2010 and presented in Appendix B established the seismic 

base shear for a single 6S-Reference frame, including the effect of torsion, to be V=927.9kN. The 

minimum base shear allowed for the 6S-75 frame per procedures of Section 6 is 0.75V=695.9kN. The 

required minimum base shear strength for the frame is  
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Figure D-1 Frame 6S-75 Geometry, Section Properties and Tributary Weights 

 

Verification of the design is described below based on the procedures of Appendix B following ASCE 7-

2010 and then by pushover analysis to obtain the force-displacement characteristics and verify the base 

shear strength. The parameters are: R=8, ȍ0=3, Cd=5.5, Ie=1.0, ȡ=1.3, SMS=1.875g, SM1=0.9g, SDS=1.25g 

and SD1=0.6g. Also, the period for calculations of internal forces per ASCE 7-2010 is T=1.372sec (see 

Appendix B). 

 

The seismic base shear for a single frame V=695.9kN is distributed vertically using ASCE 7-2010 

equations 12.8-11 and 12.8-12: 

y vxF C V                                                               (D-1) 

1

k
x x

vx n k
i ii

w hC
w h

 

 
¦

                                                        (D-2) 
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The value of parameter k has been determined in Appendix B to be k =1.436. The calculated lateral 

seismic forces are summarized in Table D-1. Quantity 
1

n k
i ii

w h
 ¦  is equal to 787,266. 

 

Table D-1 Lateral Seismic Forces for 6-Story Frame 6S-75 

Floor wi >kN@ hi >m@ wihi
k Cvx Fx >kN@ 

6 1567 25.94 168085 0.2135 148.6 

5 2900 21.63 239629 0.3044 211.8 

4 2900 17.33 174306 0.2214 154.1 

3 2900 13.03 115733 0.1470 102.3 

2 2900 8.72 65010 0.0826 57.5 

1 2900 4.42 24503 0.0311 21.6 

 

Analysis of the frame for the critical loading combination (1.2�0.2SDS)D�0.5L�ȡQE (which is equal to 

1.45D�0.5L�1.3QE) resulted in the required strengths of the members of the frame. The required bending 

moment strengths are as follows: (a) sixth floor beam 168kN-m, (b) fifth floor beam 402kN-m, (c) fourth 

floor beam 566kN-m, (d) third floor beam 670kN-m, (e) second floor beam 754kN-m, (f) first floor beam 

678kN-m and (g) sixth and fifth story columns 285kN-m, fourth and third columns 480kN-m and second 

and first story columns 775kN-m. The factored compressive axial force in the interior columns at the first 

story is Pu=1553kN, prior to the use of the ȍ0 factor. 

 

D.2 Construction of Push-Over Curve of 6S-75 Based on Plastic Analysis 
Plastic analysis may be used to calculate the base shear strength of the frame. Then with information on 

the fundamental mode period and mode shape, the push-over curve may be constructed. The method was 

detailed in Ramirez et al. (2001) and was reproduced in Appendix C. The application of the method is 

described below. 

 

Frame parameters  

Number and length of spans:                    n=3;     Lb=8230 mm 

Number of stories:                                    N=6; 

Material properties:                                 Fy=345 MPa (50 ksi) 

Column sections:           6th 	 5th story:   W14î90   (dc = 356 mm; Mpc= ZxîFy = 886.7 kN-m) 

                                       4th 	 3rd story:   W14î132 (dc = 373 mm; Mpc= ZxîFy = 1321.4 kN-m) 

                                       2nd 	 1st story:   W14î176 (dc = 386 mm; Mpc= ZxîFy = 1807.8 kN-m) 
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Beam properties: 

  6th floor:  W16î31 (db = 404 mm; Mpb=ZxîFy= 305.3 kN-m) 

  5th floor:  W21î44 (db = 526 mm; Mpb=ZxîFy= 538.2 kN-m) 

  4th floor:  W21î62 (db = 533 mm; Mpb=ZxîFy= 814.2 kN-m) 

  3rd floor:  W21î68 (db = 536 mm; Mpb=ZxîFy= 903.9 kN-m) 

  2nd floor:   W24î68 (db = 602 mm; Mpb=ZxîFy= 1000.5 kN-m) 

  1st floor:  W24î68 (db = 602 mm; Mpb=ZxîFy= 1000.5 kN-m) 

1

i

i i i

i i

Floor weights:                                         w6=1,567kN; w5=w4=w3=w2=w1=2,900kN 

Story heights:     h6=25940 mm; h5=21636 mm; h4=17332 mm; h3=13028 mm; h2=8724 mm; h1=4420 

mm 

Eigenvalue analysis: T1=2.30sec; ^I `T=>1.000, 0.876, 0.701, 0.507, 0.298, 0.113@; W 1 =12383.2kN; 

*1=1.41 

It is assumed that plastic hinges form in the beams at a point located at a distance of half the depth of the 

column section dc/2 from the column center (i.e., D = (dc/2)/Li).  Also, in columns a plastic hinge develops 

near the base at a distance of one depth (dc) of the column section from the base of the frame. 

Evaluation of parameters D , F , and MpbiF

Parameters are presented in Table D-2. 
Table D-2 Parameters D , F , and MpbiF i

Level Mpbi (kN-m) Di Fi MpbiFi (kN-m) 

6 305.3 0.022 1.05 319.1 

5 538.2 0.022 1.05 562.5 

4 814.2 0.023 1.05 852.9 

3 903.9 0.023 1.05 946.8 

2 1000.5 0.023 1.05 1049.7 

1 1000.5 0.023 1.05 1049.7 

6MpbiFi=4780.8 kN-m 

From Table D-2, the term � � � �pc pbi1
1 2 N

ii
n M n M F

 
� � �¦  in equation (C-8) is calculated as: 

pc pbi
1

( 1) 2 ( ) (3 1) 1807.8 2 3 4780.8 35916.0 kN m
N

i
i

n M n M F
 

� � �  � � � � �  �¦
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The term � �1

N
i ii
hO

 ¦  in equation (C-8) depends on the horizontal shear distribution Oi. In this study, 

Oi=Cvx as defined in section 12.8-12 in ASCE 7-2010. Thus, 

1

k
i i

i N k
m mm

w h
w h

O
 

 
¦

                                                            (D-3) 

Here, k is calculated to be k=1.90 (ASCE 7, 2010) based on the period of 2.30sec. Calculations are 

summarized in Table D-3. 

 

Table D-3 Calculation of Oihi 

Level wi (kN) hi (mm) wihi
kî108 Oi Oihi (mm) 

6 1567 25940 3816.0 0.252 6536.9 

5 2900 21636 5003.0 0.330 7139.9 

4 2900 17332 3282.5 0.217 3761.0 

3 2900 13028 1908.4 0.126 1641.5 

2 2900 8724 890.8 0.059 514.7 

1 2900 4420 244.7 0.016 70.7 

   6wihi
kî108=15145.4  6Oihi=19664.7 

 

Thus, Vy is calculated from equation (C-8) as: 
3

y
35916.0 10 1826.4 kN

19664.7
V u

                                                   (D-4) 

yR'  is calculated from equation (C-9) as: 

2
yR 2

1826.41.41 2.30 273.4 mm
4 12383.2

g
S

§ · § ·'   ¨ ¸ ¨ ¸
© ¹ © ¹

                                  (D-5) 

 

D.3 Push-Over Analysis of 6S-75 Frame and Comparison to Results of Plastic Analysis 
A pushover analysis of frame 6S-75 was conducted in program OpenSees and the base shear-roof 

displacement relation was constructed. Lateral loads in the pushover analysis were distributed in 

proportion to parameter Oi as shown in Table D-3. Figure D-2 presents the pushover curves computed in 

OpenSees with and without consideration of P-ǻ effects and the pushover curve obtained in plastic 

analysis. The latter does not include P-ǻ effects. Also, the computation when P-ǻ effects are accounted 

for considers a small post-elastic stiffness of members (ratio of post-elastic to elastic stiffness equal to 

0.01). 
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 Figure D-2 Comparison of Pushover Curves of Frame 6S-75 

 
Evidently, plastic analysis predicts well the pushover curve of the frame when P-ǻ effects are neglected.  

Note that the calculated (OpenSees) base shear strength of 1,800 kN without P-ǻ effects exceeds the 

minimum required for this frame, which is 1,435kN.  Also, it is observed that the pushover curve is 

affected by P-ǻ effects and this behavior will be accounted for in the analysis of the frame with added 

fluidic self-centering devices.  The base shear strength including P-ǻ effects is equal to about 1,750kN, 

thus more than the minimum required. 

 

D.4 Design and Simplified Analysis of 6S-75 Frame with Fluidic Self-Centering Devices 
The procedures of Section 6.5 are applied. The first step is to conduct a pushover analysis and determine 

the story shear-story drift relations of each story so that the story shear yield strengths are determined. 

This may be obtained by plastic analysis as described in Section D.3 but computational analysis including 

P-ǻ effects is preferred to better capture the frame behavior.  This analysis has been performed (see 

Section D.3) and Figure D-3 presents the results. Based on this figure, the story yield strengths are 

obtained as: Fy,1=1,750 kN, Fy,2=1,700 kN, Fy,3=1,550 kN, Fy,4=1,250 kN, Fy,5=1,000 kN and Fy,6= 400 

kN. Note that the pushover curves in Figure D-3 have some small post-elastic stiffness so that the yield 

strength was defined as the force at initiation of inelastic action in bilinear representations of the pushover 

curves. 
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Figure D-3 Story Shear Force versus Story Drift Relations for Frame 6S-75 
 

Parameters for fluidic self-centering devices 

The component of preload in the horizontal direction is selected to be approximately equal to a 20% of 

the story shear yield strength.  One device will be used at each story placed in a diagonal configuration at 

an angle ș.  The preload for the device at story i, F0,i is calculated as: 

y,
0,

0.2
cos

i
i

F
F

T
u

                                                                       (C-13) 

Accordingly, 

y,1
0,1

0.2 0.2 1750 397 kN
cos 28.2 cos 28.2

F
F

u u
   

q q
    (select 400 kN) 

y,2
0,2

0.2 0.2 1700 384 kN
cos27.6 cos27.6

F
F

u u
   

q q
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0,3

0.2 0.2 1550 350 kN
cos 27.6 cos 27.6

F
F

u u
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A single fluidic self-centering device design is possible that is suitable for all six stories with only the 

fluid initial pressure varied to achieve the desired preload for the three types of devices needed. The 
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displacement capacity of the devices was calculated as 1.5x0.02h(R/Cd )cosș which is an upper bound 

estimate of the displacement in the MCE when the drift limit in the DE is 0.02h per ASCE 7-2010. The 

manufacturer of the devices was then contacted and asked to develop a design for a device that can be 

preloaded to either 400, 250 or 100kN, have a displacement capacity of 165mm (6.5inch) and have linear 

viscous damping (could be of the half damping type) with a damping constant C1=C2=C3=C4=C5= 

C6=2,900kN-sec/m (17kip-sec/in). The manufacturer provided the following: 

x Basic dimensions of the device (including the connection details) to be 216mm (8.5inch) in 

diameter and 1145mm (45inch) in length (pin to pin).  

x The end-load of the device under quasi-static conditions at the displacement of 165mm, which 

was used to calculate the stiffness K0 as follows 

K0,1 = 2230 kN/m 

K0,2 = 2230 kN/m 

K0,3 = 2230 kN/m 

K0,4 = 1790 kN/m 

K0,5 = 1790 kN/m 

K0,6 = 1350 kN/m 

x Information on the force capacity of the device, including information that the peak damping 

force should not exceed 1,000kN, which effectively limits the peak device velocity to about 

0.35m/sec.  

 

Bracing for connecting this device to the frame was selected based on a compression force of three times 

the preload or 300, 750 and 1200kN (top to bottom) for an effective length of 9.1m (30ft). Referring to 

the AISC Construction Manual 14th Edition (2010), the following brace sections are selected: 

HSS7î7î1/4 (6th story), HSS8î8î3/8 (4th and 5th stories) and HSS9î9î1/2 (1st to 3rd stories).  These 

sections have sufficient design strength for the effective length of KL=9.1m (30ft): 362 kN, 774kN and 

1357 kN, respectively..  Note that the effective length is actually equal to 8.5m (28ft) but the larger value 

of 9.1m is used for conservatism.  The size of the bracing will be again checked when the MCE analysis 

is completed.   

 

Calculation of response in the Design Earthquake using the Response Spectrum Analysis (RSA) 

procedure 

The steps described in Section 6.5 are followed. 



475 

 

1) The yield displacement of each story (relative displacement) is obtained either from the computed 

story shear ± story displacement curves in Figure D-4 or from the calculated value of Dy as 

follows where r1 is the modal drift in mode 1: 

^ ` ^ `yRy r1

1.000 0.876 33.9
0.876 0.701 47.8
0.701 0.507 53.0

176.4 mm
0.507 0.298 57.1
0.298 0.113 50.6

0.113 30.9

G I

� ½  ½
° ° ° °�° ° ° °
° ° ° °�° ° ° ° '  �  ® ¾ ® ¾�° ° ° °
° ° ° °�
° ° ° °
° ° ° °¯ ¿ ¯ ¿

 

The calculated story yield displacements are in good agreement with the values obtained from 

pushover analysis of the frame in OpenSees where the values are 37, 55, 55, 59, 51 and 31 mm, 

from the top to the bottom story (Figure D-4). The device stroke at the stage of story initiation of 

yield is calculated as follow: 

^ ` ^ `y y

33.9 cos27.6 30.0
47.8 cos27.6 42.4
53.0 cos27.6 47.0

cos mm
57.1 cos27.6 50.6
50.6 cos27.6 44.8
30.9 cos28.2 27.4

G T

u q ½  ½
° ° ° °u q° ° ° °
° ° ° °u q° ° ° °'  u   ® ¾ ® ¾u q° ° ° °
° ° ° °u q
° ° ° °

u q° ° ° °¯ ¿ ¯ ¿

 

The effective stiffness of each device at initiation of yield Keff,i is approximately calculated as: 

0, y, 0,
eff,

y,

i i i
i

i

F K
K

� ' �
 

'
 

Thus (see Figure 6-2 for illustration), 
3

eff,1 3
400 27.4 2230 10 16828.5 kN/m

27.4 10
K

�

�

� u u
  

u
 

3

eff,2 3
400 44.8 2230 10 11158.6 kN/m

44.8 10
K

�

�

� u u
  

u
 

3

eff,3 3
400 50.6 2230 10 10135.1 kN/m

50.6 10
K

�

�

� u u
  

u
 

3

eff,4 3
250 47.0 1790 10 7109.1 kN/m

47.0 10
K

�

�

� u u
  

u
 

3

eff,5 3
250 42.4 1790 10 7686.2 kN/m

42.4 10
K

�

�

� u u
  

u
 

3

eff,6 3
100 30.0 1350 10 4683.3 kN/m

30.0 10
K

�

�

� u u
  

u
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2) The 6S-75 frame with diagonal bracing and with each self-centering device represented by a 

linear elastic spring with stiffness Keff,i (as calculated above) is analyzed to obtain the periods, 

mode shapes, participation factors and modal weights. The results are: 

1 2 3 4 5 62.06sec, 0.75sec, 0.44sec, 0.29sec, 0.21sec, 0.16secT T T T T T       

^ ` > @T1 1.000,0.883,0.713,0.517,0.307,0.117 ,I   

^ ` > @T2 1.000,0.305, 0.359, 0.662, 0.587, 0.266 ,I  � � � �  

^ ` > @T3 1.000, 0.454, 0.691,0.137,0.736,0.478 ,I  � �  

^ ` > @T4 1.000, 1.199,0.480,0.912, 0.629, 0.871 ,I  � � �  

^ ` > @T5 1.000, 1.827,2.923, 2.337, 0.328,2.537 ,I  � � �  

^ ` > @T6 1.000, 2.357,6.249, 11.980,17.518, 17.880I  � � �  

1 2 312464.1kN, 1900.3kN, 803.6kN,W W W    

4 5 6406.5kN, 270.0kN, 222.5kNW W W    

1 2 3 4 5 61.397, 0.637, 0.371, 0.183, 0.062, 0.010*  *  � *  *  � *  *  �  

The modal drifts ^Ir`j are calculated from modal displacements ^I`j as: 

^ ` > @T1 0.117,0.170,0.196,0.210,0.190,0.117 ,rI   

^ ` > @T2 0.695,0.663,0.304, 0.076, 0.320, 0.266 ,rI  � � �  

^ ` > @T3 1.454,0.237, 0.828, 0.598,0.258,0.478 ,rI  � �  

^ ` > @T4 2.199, 1.679, 0.432,1.540,0.242, 0.871 ,rI  � � �  

^ ` > @T5 2.827, 4.750,5.260, 2.009, 2.865,2.537 ,rI  � � �  

^ ` > @T6 3.357, 8.606,18.229, 29.498,35.397, 17.880rI  � � �  

 

3) The damping constants were selected so that the added first mode damping ratio Ev1 equals 0.1 

(10%). This distribution of properties appears to be appropriate but not necessarily important as 

the damping force is linearly related to the velocity (it would have been more appropriate for 

nonlinear viscous dampers). The damping ratio of each mode was calculated as follows: using 

Equation (6-36): 
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� �
� �

2 2 2 2 2 2 2 2

v1 2 2 2 2 2 2

0.117 0.170 0.196 0.210 0.190 cos 27.6 0.117 cos 28.2 29002.06 9.81 0.100
4 1.000 1567 0.883 0.713 0.517 0.307 0.117 2900

E
S

ª º� � � � u q � u q u¬ ¼ � �  
u � � � � � u

  

� � � �� � � �

� � � � � � � �

2 2 22 2 2 2 2

v2 2 2 2 22 2

0.695 0.663 0.304 0.076 0.320 cos 27.6 0.266 cos 28.2 29000.75 9.81 0.340
4 1.000 1567 0.305 0.359 0.662 0.587 0.266 2900

E
S

ª º� � � � � � u q � � u q u
¬ ¼ � �  

ª ºu � � � � � � � � � u¬ ¼

 

� � � �� �
� � � �

2 22 2 2 2 2 2

v3 2 22 2 2 2

1.454 0.237 0.828 0.598 0.258 cos 27.6 0.478 cos 28.2 29000.44 9.81 0.470
4 1.000 1567 0.454 0.691 0.137 0.736 0.478 2900

E
S

ª º� � � � � � u q � u q u
¬ ¼ � �  

ª ºu � � � � � � � u¬ ¼

 

� � � �� � � �

� � � � � �

2 2 22 2 2 2 2

v4 2 2 22 2 2

2.199 1.679 0.432 1.540 0.242 cos 27.6 0.871 cos 28.2 29000.29 9.81 0.467
4 1.000 1567 1.199 0.480 0.912 0.629 0.871 2900

E
S

ª º� � � � � � u q � � u q u
¬ ¼ � �  

ª ºu � � � � � � � � u¬ ¼

 

� � � � � �� �
� � � � � �

2 2 22 2 2 2 2

v5 2 2 22 2 2

2.827 4.750 5.260 2.009 2.865 cos 27.6 2.537 cos 28.2 29000.21 9.81 0.405
4 1.000 1567 1.827 2.923 2.337 0.328 2.537 2900

E
S

ª º� � � � � � � u q � u q u
¬ ¼ � �  

ª ºu � � � � � � � � u¬ ¼

 

� � � �� � � �

� � � � � �

2 2 22 2 2 2 2

v6 2 2 22 2 2

3.357 8.606 18.229 29.498 35.397 cos 27.6 17.880 cos 28.2 29000.16 9.81 0.344
4 1.000 1567 2.357 6.249 11.98 17.518 17.88 2900

E
S

ª º� � � � � � u q � � u q u
¬ ¼ � �  

ª ºu � � � � � � � � u¬ ¼
 

4) The effective yield displacement in the spectral representation is calculated using Equation (6-

42): 

yR
y

1

273.4 195.7 mm
1.397

D
'

   
*

 

 

5) Assume the value of displacement D in the single-degree-of-freedom spectral representation of 

the pushover curve as DD=235 mm. Ductility ratio µ is calculated using Equation (6-46): 

D

y

235 1.20
195.7

D
D

P     

 

6) The effective period Teff is calculated using Equation  (6-44): 

y F0
eff 1

y F0

0.140 0.0322.06 1.20 2.07 sec
2 0.140 2 0.032

A A g gT T
A A g g

P
� �

   
� � u

 

Quantities ܣ௬and ܣிwere calculated using Equations (6-41) and (6-45): 

y
y

1

1750 0.140
12464.1

V g gA g
W

u
    

01
F0

1

400 0.032
12464.1

F g gA g
W

u
    

The effective damping ratio is calculated using Equation (6-47): 
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eff H
eff v1

1

1.42 1 2.07 1.42 1.0 11 0.05 0.1 1 0.226
2.06 1.20i

T q
T

E E E
S P S

§ · u § · � u � �  � u � �  ¨ ¸ ¨ ¸
© ¹© ¹

 

Note that qH=1.0. Using Table 18.6-1 of ASCE 7-2010 the damping factor is obtained as B=1.578. 

 

7) Displacement DD for the Design Earthquake is calculated using Equation (6-55): 

� �2 2
eff a eff

D 2 2

, 0.05 2.07 0.2857 9810 192.8 mm
4 4 1.578

T S T g
D

B
E

S S
 u u

   
u

 

Before proceeding to additional iterations for the calculation of the displacement, the elastic 

displacement demand is calculated. 

 

8) The displacement demand is calculated again considering elastic conditions 

� �2 2
1 a 1

D 2 2
E

, 0.05 2.06 0.2871 9810 224.3 mm
4 4 1.35

T S T g
D

B
E
S S

 u u
   

u
 

Note that the damping factor B=1.35 was obtained from Table 18.6-1 in ASCE 7-2010 for 

damping ratio Ei�Ev1=0.05�0.10=0.15. Since the elastic displacement DD (=224.3 mm) is larger 

than the inelastic DD (=192.8 mm), the elastic value is used so that DD=224.3mm. Still the frame 

has yielded as the displacement exceeds the yield displacement Dy=195.7 mm. 

 

9) The displacements contributed by the fundamental mode are given by Equation (6-56): 

^ ` ^ `1 D1 1

1.000 313.3
0.883 276.7
0.713 223.4

1.397 224.3 mm
0.517 162.0
0.307 96.2
0.117 36.7

u DI

 ½  ½
° ° ° °
° ° ° °
° ° ° °° ° ° ° *  � �  ® ¾ ® ¾
° ° ° °
° ° ° °
° ° ° °
° ° ° °¯ ¿ ¯ ¿

 

Story drifts are calculated as: 

^ 1̀

313.3 276.7 36.6
276.7 223.4 53.3
223.4 162.0 61.4

mm
162.0 96.2 65.8
96.2 36.7 59.5

36.7 36.7

u

� ½  ½
° ° ° °�° ° ° °
° ° ° °�° ° ° °'   ® ¾ ® ¾�° ° ° °
° ° ° °�
° ° ° °
° ° ° °¯ ¿ ¯ ¿

 

 

10) The displacements contributed by the higher modes are (Equation (6-57)): 
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^ ` ^ ` � �2 2
2 2 a 22

2 22
2

1.000 33.9
0.305 10.3

, 0.05 0.359 12.20.637 0.75 0.7884 9810
mm

0.662 22.44 4 2.070
0.587 19.9
0.266 9.0

T S T g
u

B
I E

S S

 ½  ½
° ° ° °
° ° ° °
° ° ° °*  � �� u u u ° ° ° °   ® ¾ ® ¾� �u ° ° ° °
° ° ° °� �
° ° ° °
� �° ° ° °¯ ¿ ¯ ¿

 

^ ` ^ ` � �2 2
3 3 a 33

2 23
3

1.000 9.1
0.454 4.1

, 0.05 0.691 6.30.371 0.44 1.2507 9810
mm

0.137 1.24 4 2.460
0.736 6.7
0.478 4.3

T S T g
u

B
I E

S S

 ½  ½
° ° ° °� �° ° ° °
° ° ° °*  � �u u u ° ° ° °   ® ¾ ® ¾

u ° ° ° °
° ° ° °
° ° ° °
° ° ° °¯ ¿ ¯ ¿

 

^ ` ^ ` � �2 2
4 4 a 44

2 24
4

1.000 2.0
1.199 2.3

, 0.05 0.480 0.90.183 0.29 1.2507 9810
mm

0.912 1.84 4 2.451
0.629 1.2
0.871 1.7

T S T g
u

B
I E

S S

 ½  ½
° ° ° °� �° ° ° °
° ° ° °*  � u u u ° ° ° °   ® ¾ ® ¾

u ° ° ° °
° ° ° °� �
° ° ° °
� �° ° ° °¯ ¿ ¯ ¿

 

^ ` ^ ` � �2 2
5 5 a 55

2 25
5

1.000 0.4
1.827 0.7

, 0.05 2.923 1.10.062 0.21 1.2507 9810
mm

2.337 0.94 4 2.265
0.328 0.1

2.537 1.0

T S T g
u

B
I E

S S

 ½  ½
° ° ° °� �° ° ° °
° ° ° °*  u u u ° ° ° °   ® ¾ ® ¾� �u ° ° ° °
° ° ° °� �
° ° ° °
° ° ° °¯ ¿ ¯ ¿

 

^ ` ^ ` � �2 2
6 6 a 66

2 26
6

1.000 0.0
2.357 0.1

, 0.05 6.249 0.20.010 0.16 1.2507 9810
mm

11.980 0.54 4 2.082
17.518 0.7
17.880 0.7

T S T g
u

B
I E

S S

 ½  ½
° ° ° °� �° ° ° °
° ° ° °*  � u u u ° ° ° °   ® ¾ ® ¾� �u ° ° ° °
° ° ° °
° ° ° °
� �° ° ° °¯ ¿ ¯ ¿

 

Note that the modal damping ratios were obtained by use of Equation (6-53): 

2 v2 0.05 0.340 0.390iE E E �  �   

3 v3 0.05 0.470 0.520iE E E �  �   

4 v4 0.05 0.467 0.517iE E E �  �   

5 v5 0.05 0.405 0.455iE E E �  �   



480 

 

6 v6 0.05 0.344 0.394iE E E �  �   

The damping factors based on these values of damping ratio are B2=2.070, B3=2.460, B4=2.451, 

B5=2.265, and B6=2.082 (Table 18.6-1 in ASCE 7-2010). 

Story drifts are calculated as: 

^ `

� �
� �
� �
� �

2

33.9 10.3 23.6
10.3 12.2 22.5
12.2 22.4 10.2

mm
22.4 19.9 2.5
19.9 9.0 10.9

9.0 9.0

u

� ½  ½
° ° ° °� �° ° ° °
° ° ° °� � �° ° ° °'   ® ¾ ® ¾� � � �° ° ° °
° ° ° °� � � �
° ° ° °

� �° ° ° °¯ ¿ ¯ ¿

 

^ `

� �
� �

3

13.29.1 4.1
2.24.1 6.3
7.56.3 1.2

mm
5.51.2 6.7

2.46.7 4.3
4.34.3

u

 ½� �  ½
° ° ° °� � �° ° ° °
° ° ° °�� �° ° ° °'   ® ¾ ® ¾��° ° ° °
° ° ° °�
° ° ° °

° °° ° ¯ ¿¯ ¿

 

^ `

� �

� �
� �

4

4.32.0 2.3
3.22.3 0.9
0.90.9 1.8

mm
3.01.8 1.2
0.51.2 1.7
1.71.7

u

 ½� �  ½
° ° ° °�� �° ° ° °
° ° ° °��° ° ° °'   ® ¾ ® ¾

� �° ° ° °
° ° ° °� � �
° ° ° °

�� ° °° ° ¯ ¿¯ ¿

 

^ `

� �

� �
� �5

1.10.4 0.7
1.80.7 1.1

2.01.1 0.9
mm

0.80.9 0.1
1.10.1 1.0

1.01.0

u

 ½� �  ½
° ° ° °�� �° ° ° °
° ° ° °� �° ° ° °'   ® ¾ ® ¾�� � �° ° ° °
° ° ° °�� �
° ° ° °

° °° ° ¯ ¿¯ ¿

 

^ `

� �

� �

� �
6

0.10.0 0.1
0.30.1 0.2

0.70.2 0.5
mm

1.20.5 0.7
1.40.7 0.7
0.70.7

u

 ½� �  ½
° ° ° °�� �° ° ° °
° ° ° °� �° ° ° °'   ® ¾ ® ¾�� �° ° ° °
° ° ° °� �
° ° ° °

�� ° °° ° ¯ ¿¯ ¿
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11) Combining the modal displacements and drifts by the SRSS rule: 

^ `

� � � � � � � �

� � � �

� � � � � �

� � � � � �

� � � �

2 2 2 2 2 2

2 2 2 22 2

2 22 2 2 2

T 2 2 22 2 2

2 2 22 2 2

2 22 2

313.3 33.9 9.1 2.0 0.4 0.0

276.7 10.3 4.1 2.3 0.7 0.1

223.4 12.2 6.3 0.9 1.1 0.2

162.0 22.4 1.2 1.8 0.9 0.5

96.2 19.9 6.7 1.2 0.1 0.7

36.7 9.0 4.3 1.7 1.0

u

� � � � �

� � � � � � � � �

� � � � � � �
 

� � � � � � � �

� � � � � � � �

� � � � � � � �22

315.3
276.9
223.8

mm
163.6
98.5
38.1

0.7

 ½
° °

 ½° °
° °° °
° °° °
° °° ° ° ° ® ¾ ® ¾

° ° ° °
° ° ° °
° ° ° °

° °° ° ¯ ¿
° °� �¯ ¿

 

^ `

� � � � � �

� � � �

� � � � � � � �

� � � �

� � � �

2 2 2 2 2 2

2 2 22 2 2

2 22 2 2 2

T 2 2 2 22 2

2 22 2 2 2

2 22 2 2

36.6 23.6 13.2 4.3 1.1 0.1

53.3 22.5 2.2 3.2 1.8 0.3

61.4 10.2 7.5 0.9 2.0 0.7

65.8 2.5 5.5 3.0 0.8 1.2

59.5 10.9 2.4 0.5 1.1 1.4

36.7 9.0 4.3 1.7 1.0 0

u

� � � � �

� � � � � � � �

� � � � � � �
'  

� � � � � � � � �

� � � � � � �

� � � � � � � �� �2

45.7
58.0
62.7

mm
66.2
60.6
38.1

.7

 ½
° °

 ½° °
° °° °
° °° °
° °° ° ° ° ® ¾ ® ¾

° ° ° °
° ° ° °
° ° ° °

° °° ° ¯ ¿
° °
¯ ¿

 

For checking drift against the limits in ASCE 7-2010, the drift ratio is calculated as: 

^ ` � �d
T

s,

45.7
4304

0.00758.0
4304 0.009

62.7 0.0101 4304 5.5
866.2 0.011

4304
0.01060.6

4304 0.006
38.1

4420

i

Cu
R h

 ½
° °

 ½° °
° °° °
° °° °
° °° ° ° °' � �  u  ® ¾ ® ¾

° ° ° °
° ° ° °
° ° ° °

° °° ° ¯ ¿
° °
¯ ¿

 

Thus the calculated drift is less that the maximum allowable drift 0.02hs per criteria in Table 

12.12-1 in ASCE 7-2010. 

12) Not used. 

13) Not used. 

14) Not used. 

15) The relative velocity of each self-centering device for each mode is calculated using Equations 

(6-58) and (6-59): 
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^ ` ^ ` � � � �1 11 1
1

36.6 cos27.6 108.6
53.3 cos27.6 158.1
61.4 cos27.6 182.22 2cos , 2.06,0.150 mm/sec
65.8 cos27.6 195.22.06
59.5 cos27.6 176.5
36.7 cos28.2 108.3

jj u CFV T CFV
T
S ST E

� ½  ½
° ° ° °�° ° ° °
° ° ° °�° ° ° °�  '   ® ¾ ® ¾�° ° ° °
° ° ° °�
° ° ° °

�° ° ° °¯ ¿ ¯ ¿

 

^ ` ^ ` � � � �
� �
� �

� �2 22 2
2

23.6 cos27.6 136.9
22.5 cos27.6 130.5
10.2 cos27.6 59.22 2cos , 0.75,0.390 mm/sec

2.5 cos27.6 14.50.75
10.9 cos27.6 63.2
9.0 cos28.2 51.9

jj u CFV T CFV
T
S ST E

� ½  ½
° ° ° °�° ° ° °
° ° ° °�° ° ° °�  '   ® ¾ ® ¾� � �° ° ° °
° ° ° °� � �
° ° ° °

� � �° °° ° ¯ ¿¯ ¿

^ ` ^ ` � � � �
� � � �3 33 3

3

13.2 cos27.6 111.5
2.2 cos27.6 18.6
7.5 cos27.6 63.32 2cos , 0.44,0.520 mm/sec
5.5 cos27.6 46.50.44

2.4 cos27.6 20.3
4.3 cos28.2 36.1

jj u CFV T CFV
T
S ST E

� ½  ½
° ° ° °�° ° ° °
° ° ° °� � �° ° ° °�  '   ® ¾ ® ¾� � �° ° ° °
° ° ° °�
° ° ° °

�° ° ° °¯ ¿ ¯ ¿

^ ` ^ ` � �

� �
� �

� �

� �4 44 4
4

4.3 cos27.6 51.6
3.2 cos27.6 38.4
0.9 cos27.6 10.82 2cos , 0.29,0.517 mm/sec

3.0 cos27.6 36.00.29
0.5 cos27.6 6.0
1.7 cos28.2 20.3

jj u CFV T CFV
T
S ST E

� ½  ½
° ° ° °� � �° ° ° °
° ° ° °� � �° ° ° °�  '   ® ¾ ® ¾�° ° ° °
° ° ° °�
° ° ° °
� � �° °° ° ¯ ¿¯ ¿

^ ` ^ ` � �

� �

� �
� �

� �5 55 5
5

1.1 cos27.6 18.9
1.8 cos27.6 30.9

2.0 cos27.6 34.42 2cos , 0.21,0.455 mm/sec
0.8 cos27.6 13.70.21
1.1 cos27.6 18.9

1.0 cos28.2 17.1

jj u CFV T CFV
T
S ST E

� ½  ½
° ° ° °� � �° ° ° °
° ° ° °�° ° ° °�  '   ® ¾ ® ¾� � �° ° ° °
° ° ° °� � �
° ° ° °

�° ° ° °¯ ¿ ¯ ¿

^ ` ^ ` � �

� �

� �

� �

� �6 66 6
6

0.1 cos27.6 2.3
0.3 cos27.6 7.0

0.7 cos27.6 16.42 2cos , 0.16,0.394 mm/sec
1.2 cos27.6 28.00.16

1.4 cos27.6 32.7
0.7 cos28.2 16.3

jj u CFV T CFV
T
S ST E

� ½  ½
° ° ° °� � �° ° ° °
° ° ° °�° ° ° °�  '   ® ¾ ® ¾� � �° ° ° °
° ° ° °�
° ° ° °
� � �° °° ° ¯ ¿¯ ¿
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Factor CFV was obtained from the data in Table 5-3: CFV(for T=2.06sec,ȕ=0.15)=1.0976, 

CFV(for 0.75sec,0.390)=0.7815, CFV(for 0.44sec,0.520)=0.6674, CFV(for 

0.29sec,0.517)=0.6249, CFV(for 0.21sec,0.455)=0.6480 and CFV (for 0.16sec,0.394)=0.6712, for 

the first, second, third, fourth, fifth and sixth mode, respectively.  

 

16) The device velocities are obtained by combining the modal device velocities by the SRSS rule: 

^ `

� � � � � �

� � � �

� � � � � � � �

� � � �

2 2 2 2 2 2

2 2 22 2 2

2 22 2 2 2

T 2 2 2 22 2

2 22 2 2 2

2

108.6 136.9 111.5 51.6 18.9 2.3

158.1 130.5 18.6 38.4 30.9 7.0

182.2 59.2 63.3 10.8 34.4 16.4

195.2 14.5 46.5 36.0 13.7 28.0

176.5 63.2 20.3 6.0 18.9 32.7

108.3

� � � � �

� � � � � � � �

� � � � � � �
�  

� � � � � � � � �

� � � � � � �

� � � � � �2 2 22 2

214.5
211.8
205.6

mm/sec
206.7
192.4
129.2

51.9 36.1 20.3 17.1 16.3

 ½
° °

 ½° °
° °° °
° °° °
° °° ° ° ° ® ¾ ® ¾

° ° ° °
° ° ° °
° ° ° °

° °° ° ¯ ¿
° °� � � � � � � �¯ ¿

 

Also, the device displacements are calculated as cosiT iu T' ,  m=1, 2, and 3, where iTu' are the 

drifts calculated in step 11: 

^ `T

45.7 cos27.6 40.5
58.0 cos27.6 51.4
62.7 cos27.6 55.6

cos mm
66.2 cos27.6 58.7
60.6 cos27.6 53.7
38.1 cos27.6 33.6

u T

� ½  ½
° ° ° °�° ° ° °
° ° ° °�° ° ° °'   ® ¾ ® ¾�° ° ° °
° ° ° °�
° ° ° °

�° ° ° °¯ ¿ ¯ ¿

 

 

17) The peak damping force in each self-centering device is calculated by use of Equation (6-60): 

^ ` ^ `^ `v, TTi iF C �  

Thus, 

^ `v, 3

2900 214.5 622.1
2900 211.8 614.2
2900 205.6 596.21 kN
2900 206.7 599.410
2900 192.4 558.0
2900 129.2 374.7

iF

 ½  ½  ½
° ° ° ° ° °
° ° ° ° ° °
° ° ° ° ° °° ° ° ° ° ° � �  ® ¾ ® ¾ ® ¾
° ° ° ° ° °
° ° ° ° ° °
° ° ° ° ° °
° ° ° ° ° °¯ ¿ ¯ ¿ ¯ ¿
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18) The peak self-centering device force is expressed using Equation (6-61): 

^ ` ^ ` ^ ` ^ ` ^ ` � �2
D, MA; min, 0, 0, v, D, TT

1i i i i i iF F F K u F u u � � � �  

Thus, 

^ `

6

5

4
D, MA; T

3

2

1

100 100 1350 622.1
250 250 1790 614.2
250 250 1790 596.2

0.05
400 400 2230 599.4
400 400 2230 558
400 400 2230

i

u
u
u

F
u
u
u

 ½ ½  ½  ½
° °° ° ° ° ° °
° °° ° ° ° ° °
° °° ° ° ° ° °° ° ° ° ° °° ° u � � �® ¾ ® ¾ ® ¾® ¾

° ° ° ° ° °° °
° ° ° ° ° °° °
° ° ° ° ° °° °
° ° ° ° ° °° °¯ ¿ ¯ ¿ ¯ ¿¯ ¿

� �

� �

� �

� �

� �

� �

2
6

2
5

2
4

2
3

2
2

2
1

1 40.5
769.41 51.4
883.6

1 55.6 867.0
kN

1033.51 58.7
.0 990.7

1 53.7374.7 802.1

1 33.6

u

u

u

u

u

u

 ½�° °
° ° ½  ½�° °° ° ° °
° °° ° ° °

�° °° ° ° °° °° ° ° ° ® ¾® ¾ ® ¾
° °° ° ° °�
° °° ° ° °
° °° ° ° °�° ° ° °° °¯ ¿ ¯ ¿

° °
�° °¯ ¿

 

The maximum values of force were calculated for displacements ^u6, u5, u4, u3, u2, u1` = ^3.3, 7.6, 

9.2, 12.5, 11.3, 6.6` (mm). 

 

19) The peak shear force in each story is calculated as: 

^ ` ^ ` ^ `D, MA; D, MA;TT T

400 769.4 cos27.6 1081.8
1000 883.6 cos27.6 1783.0
1250 867.0 cos27.6 2018.3

cos
1550 1033.5 cos27.6 2
1700 990.7 cos27.6
1750 802.1 cos28.2

i i iV V F T

� q ½  ½
° ° ° °� q° ° ° °
° ° ° °� q° ° ° ° � �  �  ® ¾ ® ¾� q° ° ° °
° ° ° °� q
° ° ° °

� q° ° ° °¯ ¿ ¯ ¿

kN
465.9

2578.0
2456.9

 ½
° °
° °
° °° °
® ¾
° °
° °
° °
° °¯ ¿

 

 

Calculation of response in the Design Earthquake using the Equivalent Lateral Force (ELF) 

procedure 

The steps described in the corresponding part of Section 6.5 are followed. 

1) Step 1 is the same as step 1 of the RSA procedure.  

 

2) T1, 1^ `I and *1 are the same as those obtained in the RSA procedure: T1=2.06 sec, 

^I`1=>1.000,0.883,0.713,0.517,0.307,0.117@T and *1=1.397. The residual period TR is calculated 

using Equation (6-28): 

R 10.4 0.4 2.06 0.82 secT T  �   

The residual modal participation factor Ȟோ�is calculated using Equation (6-26): 
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R 11 1 1.397 0.397*  �*  �  �  

The residual modal shape is calculated using Equation (6-27): 

^ ` ^ ` ^ ` ^ ` ^ `1 1 1
R

R

1.000 1.000 1.000
1.000 0.883 0.588

1 1 1.397 1.000 0.713 0.01011.397
1.000 0.517 0.7000.397 0.397
1.000 0.307 1.439
1.000 0.117 2.107

I I
I

§ ·ª º ª º
¨ ¸« » « »
¨ ¸« » « »
¨ ¸« » « »� * � � � �

   � � �  ¨ ¸« » « » �* � �¨ ¸« » « »
¨ ¸« » « » �
¨ ¸« » « »¨ ¸ �« » « »¬ ¼ ¬ ¼© ¹

ª º
« »
« »
« »
« »
« »
« »
« »
« »¬ ¼

 

The modal drifts ^Ir`R are calculated from the modal displacements ^I`R as: 

^ ` > @Tr R 0.412,0.598,0.690,0.739,0.668, 2.107I  �  

 

3) The damping ratio for m=1 is Ev1= 0.10 as obtained in step 3 of the RSA procedure.  

For the residual mode, 

� � � �

� � � � � � � �� �
22 2 2 2 2 2 2

vR 2 2 2 22 2

0.412 0.598 0.690 0.739 0.668 cos 27.6 2.107 cos 28.2 29000.82 9.81 0.407
4 1.000 1567 0.588 0.010 0.700 1.439 2.107 2900

E
S

ª º� � � � u q � � u q u¬ ¼ � �  
u � � � � � � � � � u

 

 

4-9) Steps 4 to 9 are the same as steps 4 to 9 of the RSA procedure. 

 

10) The displacements contributed by the residual mode are given by Equation (6-57) for m=R: 

^ ` ^ ` � �2 2
R R a RR

2 2R
R

1.000 21.1
0.588 12.4

, 0.05 0.010 0.20.397 0.82 0.7211 9810
mm

0.700 14.74 4 2.271
1.439 30.3
2.107 44.4

T S T g
u

B
I E

S S

 ½  ½
° ° ° °
° ° ° °
° ° ° °*  � �� u u u ° ° ° °   ® ¾ ® ¾� �u ° ° ° °
° ° ° °� �
° ° ° °
� �° ° ° °¯ ¿ ¯ ¿

 

The modal damping ratio was obtained using Equation (6-53): 

R vR 0.05 0.407 0.457iE E E �  �   

The damping coefficient is BR=2.271 (Table 18.6-1 in ASCE 7-2010). 

Story drifts for the residual mode are calculated as: 
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^ `

� �
� �
� �
� �

R

21.1 12.4 8.7
12.4 0.2 12.6
0.2 14.7 14.5

mm
14.7 30.3 15.6
30.3 44.4 14.1

44.4 44.4

u

� ½  ½
° ° ° °� �° ° ° °
° ° ° °� � �° ° ° °'   ® ¾ ® ¾� � �° ° ° °
° ° ° °� � �
° ° ° °

� �° ° ° °¯ ¿ ¯ ¿

 

 

11) The total displacements and drifts are calculated by combining first mode and residual mode 

responses by SRSS: 

^ `
� �

� �

� �

� �

2 2

2 2

22

2T 2

22

22

313.3 21.1
314.0276.7 12.4
277.0

223.4 0.2 223.4
mm

162.7162.0 14.7
100.9

96.2 30.3 57.6
36.7 44.4

u

 ½�
° °

 ½° °� ° °° °
° °° °� � ° °° ° ° °  ® ¾ ® ¾

� �° ° ° °
° ° ° °
° ° ° °� �

° °° ° ¯ ¿
° °� �¯ ¿

 

^ `

� �

2 2

2 2

2 2

T 2 2

2 2

22

36.6 8.7
37.6

53.3 12.6 54.8
61.4 14.5 63.1

mm
67.665.8 15.6
61.159.5 14.1
57.6

36.7 44.4

u

 ½�
° °  ½
° °� ° °
° ° ° °
° °� ° °° ° ° °'   ® ¾ ® ¾

�° ° ° °
° ° ° °

�° ° ° °
° °° ° ¯ ¿

� �° °¯ ¿

 

For checking drift against the limits of ASCE 7-2010, the drift ratio is calculated as: 

^ ` d
T

s,

37.6
4304

0.00654.8
4304 0.009

63.1 0.0101 4304 5.5
867.6 0.0011

4304
0.01061.1

4304 0.009
57.6

4420

i

Cu
R h

 ½
° °

 ½° °
° °° °
° °° °
° °° ° ° °' � �  �  ® ¾ ® ¾

° ° ° °
° ° ° °
° ° ° °

° °° ° ¯ ¿
° °
¯ ¿

 

Thus the design satisfies the maximum allowable drift criteria in Table 12.12-1 in ASCE 7-2010. 
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12) Not used. 

 

13) Not used. 

 

14) Not used. 

 

15) The relative velocity in each self-centering device for the first mode has been calculated in the 

corresponding step of RSA.  For the residual mode the relative velocity is calculated using 

Equation (6-59) for m=R: 

^ ` ^ ` � �

� �

� �R RR R
R

8.7 cos 27.6 47.7
12.6 cos 27.6 69.1
14.5 cos 27.6 79.52 2cos , 0.82,0.457 mm/sec
15.6 cos 27.6 85.60.82
14.1 cos 27.6 77.3
44.4 cos 28.2 242.1

ju CFV T CFV
T
S ST E

� ½  ½
° ° ° °�° ° ° °
° ° ° °�° ° ° °�  � ' � �  � �  ® ¾ ® ¾�° ° ° °
° ° ° °�
° ° ° °
� � �° °° ° ¯ ¿¯ ¿

Factor CFV was obtained from the data in Table 5-3: CFV (for TR=0.82sec, ER=0.457) =0.8076. 

 

16) By combining the first and residual mode responses by SRSS, the device relative velocity is 

obtained: 

^ `

� �

2 2

2 2

2 2

T 2 2

2 2

22

108.6 47.7
118.6

158.1 69.1 172.5
182.2 79.5 198.8

mm/sec
213.1195.2 85.6
192.7176.5 77.3
265.2

108.3 242.1

 ½�
° °  ½
° °� ° °
° ° ° °
° °� ° °° ° ° °�   ® ¾ ® ¾

�° ° ° °
° ° ° °

�° ° ° °
° °° ° ¯ ¿

� �° °¯ ¿

 

Also, the device relative displacements are calculated as cosiT iu T' , where iTu' are the drifts 

calculated in step 11: 

^ `T

37.6 cos27.6 33.3
54.8 cos27.6 48.6
63.1 cos27.6 55.9

cos mm
67.6 cos27.6 59.9
61.1 cos27.6 54.1
57.6 cos28.2 50.8

u T

� q ½  ½
° ° ° °� q° ° ° °
° ° ° °� q° ° ° °'   ® ¾ ® ¾� q° ° ° °
° ° ° °� q
° ° ° °

� q° ° ° °¯ ¿ ¯ ¿
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17) The peak damping force in each self-centering device is calculated by use of Equation (6-60): 

^ ` ^ `^ `v, TTi iF C �  

Thus, 

^ `v, 3T

118.6 343.9
172.5 500.3
198.8 576.512900 kN
213.1 618.010
192.7 558.8
265.2 769.1

iF

 ½  ½
° ° ° °
° ° ° °
° ° ° °° ° ° ° � �  ® ¾ ® ¾
° ° ° °
° ° ° °
° ° ° °
° ° ° °¯ ¿ ¯ ¿

 

 

18) The peak self-centering device force is calculated using Equation (6-61): 

^ ` ^ ` ^ ` ^ ` ^ ` � �2
D, MA; min, 0, 0, v, D, TT

1i i i i i iF F F K u F u u � � � �  

Thus, 

^ `

6

5

4
D, MA; T

3

2

1

100 100 1350 343.9
250 250 1790 500.3
250 250 1790 576.5

0.05
400 400 2230 618.0
400 400 2230 558
400 400 2230

i

u
u
u

F
u
u
u

 ½ ½  ½  ½
° °° ° ° ° ° °
° °° ° ° ° ° °
° °° ° ° ° ° °° ° ° ° ° °° ° u � � �® ¾ ® ¾ ® ¾® ¾

° ° ° ° ° °° °
° ° ° ° ° °° °
° ° ° ° ° °° °
° ° ° ° ° °° °¯ ¿ ¯ ¿ ¯ ¿¯ ¿

� �

� �

� �

� �

� �

� �

2
6

2
5

2
4

2
3

2
2

2
1

1 / 33.3
451.81 / 48.6
770.3

1 / 55.9 847.6
kN

1052.31 / 59.9
.8 991.7

1 / 54.1769.1 1197.4

1 / 50.8

u

u

u

u

u

u

 ½�° °
° ° ½  ½�° °° ° ° °
° °° ° ° °

�° °° ° ° °° °° ° ° ° ® ¾® ¾ ® ¾
° °° ° ° °�
° °° ° ° °
° °° ° ° °�° ° ° °° °¯ ¿ ¯ ¿

° °
�° °¯ ¿

 

The maximum values of force were calculated for displacements ^u6, u5, u4, u3, u2, u1` = ^4.3, 8.3, 

9.6, 12.7, 11.4, 7.4` (mm). 

 

19) The peak shear force in each story is calculated as: 

^ ` ^ ` ^ `D, MA; D, MA;TT T

400 451.8 cos27.6 800.4
1000 770.3 cos27.6 1682.6
1250 847.6 cos27.6 2001.1

cos
1550 1052.3 cos27.6 2
1700 991.7 cos27.6
1750 1197.4 cos28.2

i i iV V F T

� q ½  ½
° ° ° °� q° ° ° °
° ° ° °� q° ° ° ° � �  �  ® ¾ ® ¾� q° ° ° °
° ° ° °� q
° ° ° °

� q° ° ° °¯ ¿ ¯ ¿

kN
482.6

2578.8
2805.3

 ½
° °
° °
° °° °
® ¾
° °
° °
° °
° °¯ ¿
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Calculation of response in the Maximum Considered Earthquake using the Response Spectrum 

Analysis (RSA) procedure 
 
The steps described in Section 6.5 are followed. The Steps 1) ± 4) are same as the design example for 

Design Earthquake. Step 5) and thereafter are presented. 

5) Assume the value of displacement DM in the single-degree-of-freedom spectral representation of 

the pushover curve as DM=280 mm. Ductility ratio µ is calculated using Equation (6-46): 

M

y

280.0 1.43
195.7

D
D

P     

 

6) The effective period Teff is calculated using Equation (6-44): 

y F0
eff 1

y F0

0.140 0.0322.06 1.43 2.26 sec
2 0.140 2 0.032

A A g gT T
A A g g

P
� �

   
� � u

 

Quantities ܣ௬and ܣிwere calculated using Equations (6-41) and (6-45): 

y
y

1

1750 0.140
12464.1

V g gA g
W

u
    

01
F0

1

400 0.032
12464.1

F g gA g
W

u
    

The effective damping ratio is calculated using Equation (6-47): 

eff H
eff v1

1

1.42 1 2.26 1.42 1.0 11 0.05 0.1 1 0.296
2.06 1.43i

T q
T

E E E
S P S

§ · u § · � u � �  � u � �  ¨ ¸ ¨ ¸
© ¹© ¹

 

Note that qH=1.0. Using Table 18.6-1 of ASCE 7-2010 the damping factor B=1.788. 

 

7) Displacement DM for the Maximum Considered Earthquake is calculated using Equation (6-55): 

� � � �2 2
eff a eff

M 2 2

1.5 , 0.05 2.26 1.5 0.2617 9810 278.6 mm
4 4 1.788

T S T g
D

B
E

S S
 u u u

   
u

 

Before proceeding to additional iterations for the calculation of the displacement, the elastic 

displacement demand is calculated. 

 

8) The displacement demand is calculated again considering elastic conditions 

� � � �2 2
1 a 1

M 2 2
E

1.5 , 0.05 2.06 1.5 0.2871 9810 336.4 mm
4 4 1.35

T S T g
D

B
E

S S
 u u u

   
u
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Note that the damping factor B=1.35 was obtained from Table 18.6-1 in ASCE 7-2010 for 

damping ratio Ei�Ev1=0.05�0.10=0.15. Since the elastic displacement DM (=336.4mm) is larger 

than the inelastic DM (=278.6 mm), the elastic value is used so that DM=336.4mm. Still the frame 

has yielded as the displacement exceeds the yield displacement Dy=195.7mm. 

 

9) The displacements contributed by the fundamental mode are  given by Equation (6-56): 

^ ` ^ `1 M1 1

1.000 470.0
0.883 415.0
0.713 335.1

1.397 336.4 mm
0.517 243.0
0.307 144.3
0.117 55.0

u DI

 ½  ½
° ° ° °
° ° ° °
° ° ° °° ° ° ° *  � �  ® ¾ ® ¾
° ° ° °
° ° ° °
° ° ° °
° ° ° °¯ ¿ ¯ ¿

 

Story drifts are calculated as: 

^ 1̀

470.0 415.0 55.0
415.0 335.1 79.9
335.1 243.0 92.1

mm
243.0 144.3 98.7
144.3 55.0 89.3

55.0 55.0

u

� ½  ½
° ° ° °�° ° ° °
° ° ° °�° ° ° °'   ® ¾ ® ¾�° ° ° °
° ° ° °�
° ° ° °
° ° ° °¯ ¿ ¯ ¿

 

 

10) The displacements contributed by the higher modes are (Equation (6-57)): 

^ ` ^ ` � � � �2 2
2 2 a 22

2 22
2

1.000 50.9
0.305 15.5

1.5 , 0.05 0.359 18.30.637 0.75 1.5 0.7884 9810
mm

0.662 33.74 4 2.070
0.587 29.9
0.266 13.5

T S T g
u

B
I E

S S

 ½  ½
° ° ° °
° ° ° °
° ° ° °*  � �� u u u u ° ° ° °   ® ¾ ® ¾� �u ° ° ° °
° ° ° °� �
° ° ° °
� �° ° ° °¯ ¿ ¯ ¿

^ ` ^ ` � � � �2 2
3 3 a 33

2 23
3

1.000 13.6
0.454 6.2

1.5 , 0.05 0.691 9.40.371 0.44 1.5 1.2507 9810
mm

0.137 1.94 4 2.460
0.736 10.0
0.478 6.5

T S T g
u

B
I E

S S

 ½  ½
° ° ° °� �° ° ° °
° ° ° °*  � �u u u u ° ° ° °   ® ¾ ® ¾u ° ° ° °
° ° ° °
° ° ° °
° ° ° °¯ ¿ ¯ ¿
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^ ` ^ ` � � � �2 2
4 4 a 44

2 24
4

1.000 2.9
1.199 3.5

1.5 , 0.05 0.480 1.40.183 0.29 1.5 1.2507 9810
mm

0.912 2.74 4 2.451
0.629 1.8
0.871 2.5

T S T g
u

B
I E

S S

 ½  ½
° ° ° °� �° ° ° °
° ° ° °*  � u u u u ° ° ° °   ® ¾ ® ¾

u ° ° ° °
° ° ° °� �
° ° ° °
� �° ° ° °¯ ¿ ¯ ¿

 

^ ` ^ ` � � � �2 2
5 5 a 55

2 25
5

1.000 0.6
1.827 1.0

1.5 , 0.05 2.923 1.60.062 0.21 1.5 1.2507 9810
mm

2.337 1.34 4 2.265
0.328 0.2

2.537 1.4

T S T g
u

B
I E

S S

 ½  ½
° ° ° °� �° ° ° °
° ° ° °*  u u u u ° ° ° °   ® ¾ ® ¾� �u ° ° ° °
° ° ° °� �
° ° ° °
° ° ° °¯ ¿ ¯ ¿

^ ` ^ ` � � � �2 2
6 6 a 66

2 26
6

1.000 0.1
2.357 0.1

1.5 , 0.05 6.249 0.40.010 0.16 1.5 1.2507 9810
mm

11.980 0.74 4 2.082
17.518 1.0
17.880 1.0

T S T g
u

B
I E

S S

 ½  ½
° ° ° °� �° ° ° °
° ° ° °*  � u u u u ° ° ° °   ® ¾ ® ¾� �u ° ° ° °
° ° ° °
° ° ° °
� �° ° ° °¯ ¿ ¯ ¿

 

Note that the modal damping ratios were obtained by use of Equation (6-53): 

2 v2 0.05 0.340 0.390iE E E �  �   

3 v3 0.05 0.470 0.520iE E E �  �   

4 v4 0.05 0.467 0.517iE E E �  �   

5 v5 0.05 0.405 0.455iE E E �  �   

6 v6 0.05 0.344 0.394iE E E �  �   

The damping factors based on these values of damping ratio are B2=2.070, B3=2.460, B4=2.451, 

B5=2.265, and B6=2.082 (Table 18.6-1 in ASCE 7-2010). 

Story drifts are calculated as: 

^ `

� �
� �
� �
� �

2

50.6 15.5 35.4
15.5 18.3 33.8
18.3 33.7 15.4

mm
33.7 29.9 3.8
29.9 13.5 16.4

13.5 13.5

u

� ½  ½
° ° ° °� �° ° ° °
° ° ° °� � �° ° ° °'   ® ¾ ® ¾� � � �° ° ° °
° ° ° °� � � �
° ° ° °

� �° ° ° °¯ ¿ ¯ ¿
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^ `

� �
� �

3

19.813.6 6.2
3.26.2 9.4
11.39.4 1.9

mm
8.11.9 10.0

3.510.0 6.5
6.56.5

u

 ½� �  ½
° ° ° °� � �° ° ° °
° ° ° °�� �° ° ° °'   ® ¾ ® ¾��° ° ° °
° ° ° °�
° ° ° °

° °° ° ¯ ¿¯ ¿

 

^ `

� �

� �
� �

4

6.42.9 3.5
4.93.5 1.4
1.31.4 2.7

mm
4.52.7 1.8
0.71.8 2.5
2.52.5

u

 ½� �  ½
° ° ° °�� �° ° ° °
° ° ° °��° ° ° °'   ® ¾ ® ¾

� �° ° ° °
° ° ° °� � �
° ° ° °

�� ° °° ° ¯ ¿¯ ¿

 

^ `

� �

� �
� �5

1.60.6 1.0
2.61.0 1.6

2.91.6 1.3
mm

1.11.3 0.2
1.60.2 1.4

1.41.4

u

 ½� �  ½
° ° ° °�� �° ° ° °
° ° ° °� �° ° ° °'   ® ¾ ® ¾�� � �° ° ° °
° ° ° °�� �
° ° ° °

° °° ° ¯ ¿¯ ¿

 

^ `

� �

� �

� �
6

0.20.0 0.1
0.50.1 0.4

1.10.4 0.7
mm

1.70.7 1.0
2.01.0 1.0
1.01.0

u

 ½� �  ½
° ° ° °�� �° ° ° °
° ° ° °� �° ° ° °'   ® ¾ ® ¾�� �° ° ° °
° ° ° °� �
° ° ° °

�� ° °° ° ¯ ¿¯ ¿

 

 

11) Combining the modal displacements and drifts by the SRSS rule: 

^ `

� � � � � � � �

� � � �

� � � � � �

� � � � � �

� � � �

2 2 2 2 2 2

2 2 2 22 2

2 22 2 2 2

T 2 2 22 2 2

2 2 22 2 2

2 22 2

470.0 50.9 13.6 2.9 0.6 0.1

415.0 15.5 6.2 3.5 1.0 0.1

335.1 18.3 9.4 1.4 1.6 0.4

243.0 33.7 1.9 2.7 1.3 0.7

144.3 29.9 10.0 1.8 0.2 1.0

55.0 13.5 6.5 2.5

u

� � � � �

� � � � � � � � �

� � � � � � �
 

� � � � � � � �

� � � � � � � �

� � � � � � �22

473.0
415.4
335.7

mm
245.4
147.7
57.1

1.4 1.0

 ½
° °

 ½° °
° °° °
° °° °
° °° ° ° ° ® ¾ ® ¾

° ° ° °
° ° ° °
° ° ° °

° °° ° ¯ ¿
° °� � �¯ ¿
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^ `

� � � � � �

� � � �

� � � � � � � �

� � � �

� � � �

2 2 2 2 2 2

2 2 22 2 2

2 22 2 2 2

T 2 2 2 22 2

2 22 2 2 2

2 22 2 2

55.0 35.4 19.8 6.4 1.6 0.2

79.9 33.8 3.2 4.9 2.6 0.5

92.1 15.4 11.3 1.3 2.9 1.1

98.7 3.8 8.1 4.5 1.1 1.7

89.3 16.4 3.5 0.7 1.6 2.0

55.0 13.5 6.5 2.5 1.4

u

� � � � �

� � � � � � � �

� � � � � � �
'  

� � � � � � � � �

� � � � � � �

� � � � � � � � �2

68.7
87.0
94.1

mm
99.2
90.9
57.1

1.0

 ½
° °

 ½° °
° °° °
° °° °
° °° ° ° ° ® ¾ ® ¾

° ° ° °
° ° ° °
° ° ° °

° °° ° ¯ ¿
° °�¯ ¿

 

 

12) Not used. 

 

13) Not used. 

 

14) Not used. 

 

15) The relative velocity of each self-centering device for each mode is calculated using Equations 

(6-58) and (6-59): 

^ ` ^ ` � � � �1 11 1
1

55.0 cos27.6 163.2
79.9 cos27.6 237.0
92.1 cos27.6 273.22 2cos , 2.06,0.150 mm/sec
98.7 cos27.6 292.82.06
89.3 cos27.6 264.9
55.0 cos28.2 162.3

jj u CFV T CFV
T
S ST E

� ½  ½
° ° ° °�° ° ° °
° ° ° °�° ° ° °�  '   ® ¾ ® ¾�° ° ° °
° ° ° °�
° ° ° °

�° ° ° °¯ ¿ ¯ ¿

^ ` ^ ` � � � �
� �
� �

� �2 22 2
2

35.4 cos27.6 205.4
33.8 cos27.6 196.1
15.4 cos27.6 89.42 2cos , 0.75,0.390 mm/sec

3.8 cos27.6 22.00.75
16.4 cos 27.6 95.2
13.5 cos 28.2 77.9

jj
u CFV T CFV

T
S ST E

� ½  ½
° ° ° °�° ° ° °
° ° ° °�° ° ° °�  '   ® ¾ ® ¾� � �° ° ° °
° ° ° °� � �
° ° ° °
� � �° °° ° ¯ ¿¯ ¿

^ ` ^ ` � � � �
� � � �3 33 3

3

19.8 cos27.6 167.2
3.2 cos27.6 27.0
11.3 cos27.6 95.42 2cos , 0.44,0.520 mm/sec
8.1 cos27.6 68.40.44

3.5 cos27.6 29.6
6.5 cos28.2 54.6

jj u CFV T CFV
T
S ST E

� ½  ½
° ° ° °�° ° ° °
° ° ° °� � �° ° ° °�  '   ® ¾ ® ¾� � �° ° ° °
° ° ° °�
° ° ° °

�° ° ° °¯ ¿ ¯ ¿
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^ ` ^ ` � �

� �
� �

� �

� �4 44 4
4

6.4 cos27.6 76.8
4.9 cos27.6 58.8
1.3 cos27.6 15.62 2cos , 0.29,0.517 mm/sec

4.5 cos27.6 54.00.29
0.7 cos27.6 8.4
2.5 cos28.2 30.0

jj u CFV T CFV
T
S ST E

� ½  ½
° ° ° °� � �° ° ° °
° ° ° °� � �° ° ° °�  '   ® ¾ ® ¾�° ° ° °
° ° ° °�
° ° ° °
� � �° °° ° ¯ ¿¯ ¿

^ ` ^ ` � �

� �

� �
� �

� �5 55 5
5

1.6 cos27.6 27.5
2.6 cos27.6 44.7

2.9 cos27.6 49.82 2cos , 0.21,0.455 mm/sec
1.1 cos27.6 18.90.21
1.6 cos27.6 27.5

1.4 cos28.2 23.9

jj u CFV T CFV
T
S ST E

� ½  ½
° ° ° °� � �° ° ° °
° ° ° °�° ° ° °�  '   ® ¾ ® ¾� � �° ° ° °
° ° ° °� � �
° ° ° °

�° ° ° °¯ ¿ ¯ ¿

^ ` ^ ` � �

� �

� �

� �

� �6 66 6
6

0.2 cos27.6 4.7
0.5 cos27.6 11.7

1.1 cos27.6 25.72 2cos , 0.16,0.394 mm/sec
1.7 cos27.6 39.70.16

2.0 cos27.6 46.7
1.0 cos28.2 23.2

jj u CFV T CFV
T
S ST E

� ½  ½
° ° ° °� � �° ° ° °
° ° ° °�° ° ° °�  '   ® ¾ ® ¾� � �° ° ° °
° ° ° °�
° ° ° °
� � �° °° ° ¯ ¿¯ ¿

Factor CFV was obtained from the data in Table 5-3: CFV (for T=2.06sec, ȕ=0.15)=1.0976, CFV 

(for 0.75sec, 0.390)=0.7815, CFV (for 0.44sec, 0.520)=0.6674, CFV (for 0.29sec,0.517)=0.6249, 

CFV (for 0.21sec,0.455)=0.6480 and CFV (for 0.16sec, 0.394)=0.6712, for the first, second and 

third, fourth, fifth and sixth mode, respectively. 

 

16) The device velocities are obtained by combining the modal device velocities by the SRSS rule: 

^ `

� � � � � �

� � � �

� � � � � � � �

� � � �

2 2 2 2 2 2

2 2 22 2 2

2 22 2 2 2

T 2 2 2 22 2

2 22 2 2 2

163.2 205.4 167.2 76.8 27.5 4.7

237.0 196.1 27.0 58.8 44.7 11.7

273.2 89.4 95.4 15.6 49.8 25.7

292.8 22.0 68.4 54.0 18.9 39.7

264.9 95.2 29.6 8.4 27.5 46.7

162.3

� � � � �

� � � � � � � �

� � � � � � �
�  

� � � � � � � � �

� � � � � � �

� � � � � �2 2 22 2 2

321.6
317.7
308.4

mm/sec
309.4
288.3
193.4

77.9 54.6 30.0 23.9 23.2

 ½
° °

 ½° °
° °° °
° °° °
° °° ° ° ° ® ¾ ® ¾

° ° ° °
° ° ° °
° ° ° °

° °° ° ¯ ¿
° °� � � � � � � �¯ ¿

 

Also, the device displacements are calculated as cosiT iu T' ,  m=1, 2, and 3, where iTu' are the 

drifts calculated in step 11: 
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^ `T

68.7 cos27.6 60.9
87.0 cos27.6 77.1
94.1 cos27.6 83.4

cos mm
99.2 cos 27.6 87.9
90.9 cos 27.6 80.6
57.1 cos27.6 50.6

u T

� ½  ½
° ° ° °�° ° ° °
° ° ° °�° ° ° °'   ® ¾ ® ¾�° ° ° °
° ° ° °�
° ° ° °

�° ° ° °¯ ¿ ¯ ¿

 

 

17) The peak damping force in each self-centering device is calculated by use of Equation (6-60): 

^ ` ^ `^ `v, TTi iF C �  

Thus, 

^ `v, 3

2900 321.6 932.6
2900 317.7 921.3
2900 308.4 894.41 kN
2900 309.4 897.310
2900 288.3 863.1
2900 193.4 560.9

iF

 ½  ½  ½
° ° ° ° ° °
° ° ° ° ° °
° ° ° ° ° °° ° ° ° ° ° � �  ® ¾ ® ¾ ® ¾
° ° ° ° ° °
° ° ° ° ° °
° ° ° ° ° °
° ° ° ° ° °¯ ¿ ¯ ¿ ¯ ¿

 

 

18) The peak self-centering device force is expressed using Equation (6-61): 

^ ` ^ ` ^ ` ^ ` ^ ` � �2
M, MA; min, 0, 0, v, D, TT

1i i i i i iF F F K u F u u � � � �  

Thus, 

^ `

6

5

4
M, MA; T

3

2

1

100 100 1350 932.9
250 250 1790 921.9
250 250 1790 897.0

0.05
400 400 2230 906.0
400 400 2230 849
400 400 2230

i

u
u
u

F
u
u
u

 ½ ½  ½  ½
° °° ° ° ° ° °
° °° ° ° ° ° °
° °° ° ° ° ° °° ° ° ° ° °° ° u � � �® ¾ ® ¾ ® ¾® ¾

° ° ° ° ° °° °
° ° ° ° ° °° °
° ° ° ° ° °° °
° ° ° ° ° °° °¯ ¿ ¯ ¿ ¯ ¿¯ ¿

� �

� �

� �

� �

� �

� �

2
6

2
6

2
4

2
3

2
2

2
1

1 60.9
1041.51 77.1
1194.7

1 83.4 1171.8
kN

1347.01 87.9
.7 1288.5

1 80.6565.8 996.9

1 50.6

u

u

u

u

u

u

 ½�° °
° ° ½  ½�° °° ° ° °
° °° ° ° °

�° °° ° ° °° °° ° ° ° ® ¾® ¾ ® ¾
° °° ° ° °�
° °° ° ° °
° °° ° ° °�° ° ° °° °¯ ¿ ¯ ¿

° °
�° °¯ ¿

 

The maximum values of force were calculated for displacements ^u6, u5, u4, u3, u2, u1` = ^5.3, 

11.4, 13.7, 18.6, 16.7, 9.9` (mm). 

 

19) The peak shear force in each story is calculated as: 
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^ ` ^ ` ^ `M, MA; M, MA;TT T

400 1041.5 cos27.6 1323.0
1000 1194.7 cos27.6 2058.7
1250 1171.8 cos27.6 228

cos
1550 1347.0 cos27.6
1700 1288.5 cos27.6
1750 996.9 cos28.2

i i iV V F T

� q ½  ½
° ° ° °� q° ° ° °
° ° ° °� q° ° ° ° � �  �  ® ¾ ® ¾� q° ° ° °
° ° ° °� q
° ° ° °

� q° ° ° °¯ ¿ ¯ ¿

8.5
kN

2743.7
2841.9
2628.6

 ½
° °
° °
° °° °
® ¾
° °
° °
° °
° °¯ ¿

 

 

Calculation of response in the Maximum Considered Earthquake using the Equivalent Lateral Force 

(ELF) procedure 
The steps described in the corresponding part of Section 6.5 are followed. 

1) Step 1 is the same as step 1 of the RSA procedure. 

 

2) T1, 1^ `I and *1 are the same as those obtained in the RSA procedure: T1=2.06 sec, 

^I`1=>1.000,0.883,0.713,0.517,0.307,0.117@T and *1=1.397. The residual period TR is calculated 

using Equation (6-28): 

R 10.4 0.4 2.06 0.82 secT T  �   

The residual modal participation factor Ȟோ�is calculated using Equation (6-26): 

R 11 1 1.397 0.397*  �*  �  �  

The residual modal shape is calculated using Equation (6-27): 

^ ` ^ ` ^ ` ^ ` ^ `1 1 1
R

R

1.000 1.000 1.000
1.000 0.883 0.588

1 1 1.397 1.000 0.713 0.01011.397
1.000 0.517 0.7000.397 0.397
1.000 0.307 1.439
1.000 0.117 2.107

I I
I

§ ·ª º ª º
¨ ¸« » « »
¨ ¸« » « »
¨ ¸« » « »� * � � � �

   � � �  ¨ ¸« » « » �* � �¨ ¸« » « »
¨ ¸« » « » �
¨ ¸« » « »¨ ¸ �« » « »¬ ¼ ¬ ¼© ¹

ª º
« »
« »
« »
« »
« »
« »
« »
« »¬ ¼

 

The modal drifts ^Ir`R are calculated from modal displacements ^I`R as: 

^ ` > @Tr R 0.412,0.598,0.690,0.739,0.668, 2.107I  �  

 

3) The damping ratio for m=1 is Ev1= 0.10 as obtained in step 3 of the RSA procedure.  

For the residual mode, 

� � � �

� � � � � � � �� �
22 2 2 2 2 2 2

vR 2 2 2 22 2

0.412 0.598 0.690 0.739 0.668 cos 27.6 2.107 cos 28.2 29000.82 9.81 0.407
4 1.000 1567 0.588 0.010 0.700 1.439 2.107 2900

E
S

ª º� � � � u q � � u q u¬ ¼ � �  
u � � � � � � � � � u
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4-9) Steps 4 to 9 are the same as steps 4 to 9 of the RSA procedure. 

 

10) The displacements contributed by the residual mode is (Equation (6-57)): 

^ ` ^ ` � � � �2 2
R R a RR

2 2R
R

1.000 31.6
0.588 18.6

1.5 , 0.05 0.010 0.30.397 0.82 1.5 0.7211 9810
mm

0.700 22.14 4 2.271
1.439 45.5
2.107 66.6

T S T g
u

B
I E

S S

 ½  ½
° ° ° °
° ° ° °
° ° ° °*  � �� u u u u ° ° ° °   ® ¾ ® ¾� �u ° ° ° °
° ° ° °� �
° ° ° °
� �° ° ° °¯ ¿ ¯ ¿

 

The modal damping ratios are obtained (Equation (6-53)): 

R vR 0.05 0.407 0.457iE E E �  �   

The damping coefficient is B2=2.271 (Table 18.6-1 in ASCE 7-2010). 

Story drifts for the residual mode are calculated as: 

^ `

� �
� �
� �
� �

R

31.6 18.6 13.0
18.6 0.3 18.9
0.3 22.1 21.8

mm
22.1 45.5 23.4
45.5 66.6 21.1

66.6 66.6

u

� ½  ½
° ° ° °� �° ° ° °
° ° ° °� � �° ° ° °'   ® ¾ ® ¾� � �° ° ° °
° ° ° °� � �
° ° ° °

� �° ° ° °¯ ¿ ¯ ¿

 

 

11) The total displacements and drifts are calculated by combinin56.3g first mode and residual mode 

responses by SRSS: 

^ `
� �

� �

� �

� �

2 2

2 2

22

2T 2

22

22

470.0 31.6
471.1415.0 18.6
415.4

335.1 0.3 335.1
mm

244.0243.0 22.1
151.3

144.3 45.5 86.4
55.0 66.6

u

 ½�
° °

 ½° °� ° °° °
° °° °� � ° °° ° ° °  ® ¾ ® ¾

� �° ° ° °
° ° ° °
° ° ° °� �

° °° ° ¯ ¿
° °� �¯ ¿
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^ `

� �

2 2

2 2

2 2

T 2 2

2 2

22

55.0 13.0
56.5

79.9 18.9 82.1
92.1 21.8 94.6

mm
101.498.7 23.4
91.889.3 21.1
86.4

55.0 66.6

u

 ½�
° °  ½
° °� ° °
° ° ° °
° °� ° °° ° ° °'   ® ¾ ® ¾

�° ° ° °
° ° ° °

�° ° ° °
° °° ° ¯ ¿

� �° °¯ ¿

 

 

12) Not used. 

 

13) Not used. 

 

14) Not used. 

 

15) The relative velocity in each self-centering device for the first mode has been calculated in the 

corresponding step of RSA. For the residual mode the relative velocity is calculated using 

Equation (6-59) for m=R: 

^ ` ^ ` � �

� �

� �R RR R
R

13.0 cos 27.6 71.3
18.9 cos 27.6 103.6
21.8 cos 27.6 119.62 2cos , 0.82,0.457 mm/s
23.4 cos 27.6 128.30.82
21.1 cos 27.6 115.7
66.6 cos 28.2 363.2

ju CFV T CFV
T
S ST E

� ½  ½
° ° ° °�° ° ° °
° ° ° °�° ° ° °�  � ' � �  � �  ® ¾ ® ¾�° ° ° °
° ° ° °�
° ° ° °
� � �° °° ° ¯ ¿¯ ¿

ec

Factor CFV was obtained from the data in Table 5-3: CFV (for TR=0.82sec, ER=0.457) =0.8076.  

 

16) By combining the first and residual modes by SRSS, the device relative velocity is obtained: 

^ `

� �

2 2

2 2

2 2

T 2 2

2 2

22

163.2 71.3
178.1

237.0 103.6 258.7
273.2 119.6 298.2

mm/sec
319.7292.8 128.3
289.1264.9 115.7
397.8

162.3 363.2

 ½�
° °  ½
° °� ° °
° ° ° °
° °� ° °° ° ° °�   ® ¾ ® ¾

�° ° ° °
° ° ° °

�° ° ° °
° °° ° ¯ ¿

� �° °¯ ¿

 

Also, the device relative displacements are calculated as cosiT iu T' , where iTu' are the drifts 

calculated in step 11: 
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^ `T

56.5 cos27.6 50.1
82.1 cos27.6 72.8
94.6 cos27.6 83.8

cos mm
101.4 cos27.6 89.9
91.8 cos27.6 81.4
86.4 cos28.2 76.1

u T

� q ½  ½
° ° ° °� q° ° ° °
° ° ° °� q° ° ° °'   ® ¾ ® ¾� q° ° ° °
° ° ° °� q
° ° ° °

� q° ° ° °¯ ¿ ¯ ¿

 

 

17) The peak damping force in each self-centering device is calculated by use of Equation (6-60): 

^ ` ^ `^ `v, TTi iF C �  

Thus, 

^ `v, 3T

178.1 516.5
258.7 750.2
298.2 864.812900 kN
319.7 927.110
289.1 838.4
397.8 1153.6

iF

 ½  ½
° ° ° °
° ° ° °
° ° ° °° ° ° ° � �  ® ¾ ® ¾
° ° ° °
° ° ° °
° ° ° °
° ° ° °¯ ¿ ¯ ¿

 

 

18) The peak self-centering device force is calculated using Equation (6-61): 

^ ` ^ ` ^ ` ^ ` ^ ` � �2
M, MA; min, 0, 0, v, D, TT

1i i i i i iF F F K u F u u � � � �  

Thus, 

^ `

6

5

4
M, MA; T

3

2

1

100 100 1350 516.5
250 250 1790 750.2
250 250 1790 864.8

0.05
400 400 2230 927.1
400 400 2230 838
400 400 2230

i

u
u
u

F
u
u
u

 ½ ½  ½  ½
° °° ° ° ° ° °
° °° ° ° ° ° °
° °° ° ° ° ° °° ° ° ° ° °° ° u � � �® ¾ ® ¾ ® ¾® ¾

° ° ° ° ° °° °
° ° ° ° ° °° °
° ° ° ° ° °° °
° ° ° ° ° °° °¯ ¿ ¯ ¿ ¯ ¿¯ ¿

� �

� �

� �

� �

� �

� �

2
6

2
5

2
4

2
3

2
2

2
1

1 / 50.1
625.91 / 72.8

1023.9
1 / 83.8 1140.2

kN
1368.51 / 89.9

.4 1277.8
1 / 81.41153.6 1586.0

1 / 76.1

u

u

u

u

u

u

 ½�° °
° ° ½  ½�° °° ° ° °
° °° ° ° °

�° °° ° ° °° °° ° ° ° ® ¾® ¾ ® ¾
° °° ° ° °�
° °° ° ° °
° °° ° ° °�° ° ° °° °¯ ¿ ¯ ¿

° °
�° °¯ ¿

 

The maximum values of force were calculated for displacements ^u6, u5, u4, u3, u2, u1`=^6.5, 12.5, 

14.3, 18.7, 17.2, 11.1` (mm). 

 

19) The peak shear force in each story is calculated as: 
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^ ` ^ ` ^ `M, MA; M, MA;TT T

400 625.9 cos27.6 954.7
1000 1023.9 cos27.6 1907.4
1250 1140.2 cos27.6 2260

cos
1550 1368.5 cos27.6
1700 1277.8 cos27.6
1750 1586.0 cos28.2

i i iV V F T

� q ½  ½
° ° ° °� q° ° ° °
° ° ° °� q° ° ° ° � �  �  ® ¾ ® ¾� q° ° ° °
° ° ° °� q
° ° ° °

� q° ° ° °¯ ¿ ¯ ¿

.4
kN

2762.8
2832.4
3147.7

 ½
° °
° °
° °° °
® ¾
° °
° °
° °
° °¯ ¿

 

Table D-4 presents a summary of the calculated response. 

 

Table D-4 Summary of RSA and ELF Analysis Results 

Response Quantity Story RSA (DE) ELF (DE) RSA (MCE) ELF (MCE) 

Floor Displacement 
(mm) 

6 315.3 314.0 473.0 471.1 
5 276.9 277.0 415.4 415.4 
4 223.8 223.4 335.7 335.1 
3 163.6 162.7 245.4 244.0 
2 98.5 100.9 147.7 151.3 
1 38.1 57.6 57.1 86.4 

Story Drift 
(mm) 

6 45.7 37.6 68.7 56.5 
5 58.0 54.8 87.0 82.1 
4 62.7 63.1 94.1 94.6 
3 66.2 67.6 99.2 101.4 
2 60.6 61.1 90.9 91.8 
1 38.1 57.6 57.1 86.4 

Device Velocity 
(mm/sec) 

6 214.5 118.6 321.6 178.1 
5 211.8 172.5 317.7 258.7 
4 205.6 198.8 308.4 298.2 
3 206.7 213.1 309.4 319.7 
2 192.4 192.7 288.3 289.1 
1 129.2 265.2 193.4 397.8 

Device Force 
(kN) 

6 769.4 451.8 1041.5 625.9 
5 883.6 770.3 1194.7 1023.9 
4 867.0 847.6 1171.8 1140.2 
3 1033.5 1052.3 1347.0 1368.5 
2 990.7 991.7 1288.5 1277.8 
1 802.1 1197.4 996.9 1586.0 

Maximum Story 
Shear Force (kN) 

6 1081.8 800.4 1323.0 954.7 
5 1783.0 1682.6 2058.7 1907.4 
4 2018.3 2001.1 2288.5 2260.4 
3 2465.9 2482.6 2743.7 2762.8 
2 2578.0 2578.8 2841.9 2832.4 
1 2456.9 2805.3 2628.6 3147.7 
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The adequacy of the bracing needs to be checked. There is considerable difference between the results of 

the RSA and ELF analysis results for some of the bracing (6th and 1st stories) so instead the check is based 

on the response history analysis results for the MCE (Section 7). Sections 18.7.1.2 to 18.7.1.4 in ASCE 7-

2010 specify the requirements for the design of damping systems and their connections, which 

presumably also apply to fluidic self-centering devices. The criteria require that the devices, bracing and 

connections are designed to resist the forces, displacements and velocities calculated in the MCE and 

assessed using strength design criteria with a redundancy factor ȡ=1 and a resistance factor 1=ࢥ.  Herein, 

the approach is followed (as in Appendix C) to use as the required strength the brace force calculated in 

the MCE (average of seven analyses) multiplied by factor 1.3 and then compare to the design strength of 

the brace in compression using 1=ࢥ.  Table D-5 presents the calculated forces and strengths of the bracing 

of the 6-story frame and the required changes to meet the ASCE 7 criteria. 

 

Table D-5 Bracing Forces, Required Strengths and Design Strengths 

Story Force in  

MCE  

(kN) 

Required  

Strength1  

(kN) 

Original Bracing Modified Bracing 

Brace Design Strength2

 (kN)  

Brace Design Strength2

(kN) 

6 661.0 859.3 HSS7x7x1/4 461.8 HSS8x8x3/8 964.2 

5 983.2 1278.2 HSS8x8x3/8 964.2 HSS8x8x5/8 1433.9 

4 1001.2 1301.6 HSS8x8x3/8 964.2 HSS8x8x5/8 1433.9 

3 1320.0 1716.0 HSS9x9x1/2 1656.4 HSS9x9x5/8 1982.7 

2 1417.4 1842.6 HSS9x9x1/2 1656.4 HSS9x9x5/8 1982.7 

1 1284.6 1670.0 HSS9x9x1/2 1656.4 HSS9x9x5/8 1982.7 
1: 1.3xForce in MCE   2: Based on KL=8535mm, 1=ࢥ. 

 

The original bracing was inadequate and it was modified to meet the criteria while keeping the required 

strength unchanged.  Note that the effect of the change in the bracing size is immaterial in the calculation 

of the peak device forces and this has been confirmed by repeating selected analyses in the MCE with the 

modified bracing.  
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APPENDIX E 
DETAILED COLLAPSE FRAGILITY DATA 

 
This appendix presents detailed data obtained in the collapse fragility analysis. Data for each analyzed 

case are presented tables that contain the following: 

 

1) Information on the analyzed system. 

2) Computed Incremental Dynamic Analysis (IDA) curves. 

3) Graph of the best-fit lognormal cumulative distribution function to the empirical data. 

4) Information of the Collapse Margin Ratio (CMR), the dispersion factor, and spectral acceleration 

values at the fundamental period in the MCE and at collapse. 

5) Number of collapses determined for each intensity level of the earthquake motions. 

 

The procedure followed in the construction of the fragility curves followed the following steps. 

 

1) Incremental dynamic analysis was conducted for the system using each of the 44 motions.  The 

earthquake intensity was increased by a step of 0.05g in the spectral acceleration value at the 

fundamental period until collapse was observed. These resulted in the IDA curves for the 44 motions 

shown in the IDA graph. 

2) The spectral acceleration at the fundamental period of each of the 44 motions that cause collapse was 

entered in a table and sorted in increasing spectral acceleration value as shown in the example below.  

A rank was assigned starting from 1 and ending at 44. The rank is the cumulative number of collapses.  

Note that for the same value of spectral acceleration there may be more than one entry in the table. 

For example, in the table below there are three entries at the acceleration of 1.95g.  This means that 

one collapse was detected for each of three motions scaled at the intensity level of 1.95g.  All three 

cases are considered in the construction of the fragility curve.  It should be noted that had the 

increment in spectral acceleration value was extremely small (the analysis was performed with a step 

of 0.05g), the analysis would have differentiated between the three cases as collapse would occur at 

values of spectral acceleration slightly different than 1.95g for each of the three cases.   
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Table E-1 Assignment of Rank Number 

Sa(T1) at Collapse, SaCOL,i (g) Ground Motion Rank i 

SaCOL,1=0.75 Loma Prieta; Capitola 1 

SaCOL,2=1.75 Chi-Chi; TCU045 2 

SaCOL,3=1.95 Northridge; Beverly Hills ± Mulhol 3 

SaCOL,4=1.95 Kocaeli; Arcelik 4 

SaCOL,5=1.95 Landers; Coolwater 5 

SaCOL,6=2.30 Manjil; Abbar 6 

SaCOL,7=2.40 Imperial Valley; Delta 7 

SaCOL,8=2.80 Kobe; Shin-Osaka 8 

etc. etc. etc. 

 

3) The number of collapses for each level of earthquake intensity, as measured by the spectral 

acceleration value at the fundamental period, was reported. 

4) The probability of collapse for each level of intensity (collapse fragility) was calculated as 

1
iP

N
 

�
 

where i is the rank and N is the number of ground motions (N=44). Note that N�1 is used instead of N to 

avoid a probability of 1 (certainty) for i=N. Data on the empirical probability of collapse are shown in the 

collapse fragility curves as circles. 

 

5) The Collapse Margin Ratio (CMR) was calculated as the ratio of the spectral acceleration at which the 

number of collapses is at least half (22 or 23, corresponding to probability of collapse equal to 0.5) 

divided by the spectral acceleration at the MCE level. 

6) A log-normal cumulative distribution function was constructed to best-fit the data using the following 

equation 

� � ^ `2

2

ln ln1 exp
22

x s m
CDF x ds

s EE S�f

ª º�
 �« »

« »¬ ¼
³  

Note that x is the random variable (now the spectral acceleration at the fundamental period of the 

structure), lnm is the median of the 44 SaCOL,i (T1) and ȕ is the dispersion factor that is equal to the 

standard deviation of the sample of ln(SaCOL,1), ln(SaCOL,2), ln(SaCOL,3), «, ln(SaCOL,44). 
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Analyzed 

system 

3S-75 
Linear 

Damping 

1vE =0.10 

α=1 

Ultimate 

Capacity 

1.3FMCE 

T1=1.31sec 

Story 
F0 

>kN@ 

K0 

>kN/m@
Braces 

C or CN 

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate 

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

3rd 125 1545 HSS8x8î1/2 1140 165 1160 1215 

2nd 300 2320 HSS8x8î1/2 1140 165 1160 1215 

1st 300 2320 HSS8x8î1/2 1140 165 1160 1215 

Sa-component scaling 
 

IDA 

curves 

 

Collapse 

Fragility 

curve 

 

Detailed 

data 

SaMCE(T1)� SaCOL(T1) � CMR� E�

����g ����g ����� �����

Sa(T1)  (g) Number of collapses Sa(T1)  (g) Number of collapses
�0.90 0 1.90 23 
0.90 1 1.95 24 
1.00 2 1.95 25 
1.05 3 1.95 26 
1.10 4 1.95 27 
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1.20 5 2.05 28 
1.25 6 2.05 29 
1.25 7 2.05 30 
1.30 8 2.10 31 
1.30 9 2.15 32 
1.40 10 2.15 33 
1.45 11 2.20 34 
1.50 12 2.30 35 
1.50 13 2.45 36 
1.50 14 2.50 37 
1.55 15 2.65 38 
1.55 16 2.75 39 
1.65 17 2.90 40 
1.65 18 3.00 41 
1.65 19 3.00 42 
1.85 20 3.10 43 
1.90 21 3.55 44 
1.90 22   
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Analyzed 

system 

3S-75 
Linear 

Damping 

1vE =0.10 

α=1 
Ultimate 
Capacity 
1.3FMCE 

Unbalanced
 (a) 

T1=1.31sec 

Story 
F0 

>kN@ 

K0 

>kN/m@
Braces 

C or CN

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate 

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

3rd 125 1545 HSS8x8î1/2 1140 165 2430 1215 

2nd 300 2320 HSS8x8î1/2 1140 165 2430 1215 

1st 300 2320 HSS8x8î1/2 1140 165 2430 1215 

Sa-component scaling 
 

IDA 

curves 

 

Collapse 

fragility 

curve 

 

Detailed 

data 

SaMCE(T1)� SaCOL(T1) � CMR� E�

����g ����g ����� �����

Sa(T1)  (g) Number of collapses Sa(T1)  (g) Number of collapses
�0.90 0 2.20 23 
0.90 1 2.30 24 
1.00 2 2.40 25 
1.10 3 2.45 26 
1.10 4 2.45 27 
1.10 5 2.50 28 
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, g
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1.20 6 2.55 29 
1.20 7 2.55 30 
1.30 8 2.60 31 
1.40 9 2.60 32 
1.45 10 2.60 33 
1.50 11 2.70 34 
1.50 12 2.85 35 
1.55 13 2.90 36 
1.60 14 2.90 37 
1.65 15 3.05 38 
1.65 16 3.30 39 
1.65 17 3.60 40 
1.65 18 3.70 41 
1.80 19 3.75 42 
2.05 20 3.75 43 
2.05 21 3.95 44 
2.05 22   
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Analyzed 

 system 

3S-75 
Linear 

Damping 

1vE =0.10 

α=1 
Ultimate 
Capacity 
1.3FMCE 

Unbalanced 
(b) 

T1=1.31sec 

Story 
F0 

>kN@ 

K0 

>kN/m@
Braces 

C or CN

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate 

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

3rd 125 1545 HSS8x8î1/2 1140 165 2430 1215 

2nd 300 2320 HSS8x8î1/2 1140 165 2430 1215 

1st 300 2320 HSS8x8î1/2 1140 165 2430 1215 

Sa-component scaling 
 

IDA 

curves 

 

Collapse 

fragility 

curve 

 

Detailed 

data 

SaMCE(T1)� SaCOL(T1) � CMR� E�

����g ����g ����� �����

Sa(T1)  (g) Number of collapses Sa(T1)  (g) Number of collapses
�0.95 0 2.05 23 
0.95 1 2.05 24 
1.05 2 2.10 25 
1.05 3 2.10 26 
1.10 4 2.40 27 
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1.10 5 2.50 28 
1.15 6 2.70 29 
1.20 7 2.80 30 
1.25 8 2.85 31 
1.25 9 2.85 32 
1.25 10 2.85 33 
1.30 11 2.90 34 
1.40 12 2.95 35 
1.50 13 3.00 36 
1.50 14 3.00 37 
1.60 15 3.15 38 
1.60 16 3.25 39 
1.60 17 3.25 40 
1.65 18 3.40 41 
1.70 19 3.50 42 
1.80 20 3.75 43 
1.85 21 3.85 44 
1.90 22   
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Analyzed 

system 

3S-75 
Linear 

Damping 

1vE =0.10 

α=1 
Ultimate 
Capacity 
1.3FMCE 

Unbalanced 
(c) 

T1=1.31sec 

Story 
F0 

>kN@ 

K0 

>kN/m@
Braces 

C or CN 

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate 

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

3rd 125 1545 HSS8x8î1/2 1140 165 2430 1215 

2nd 300 2320 HSS8x8î1/2 1140 165 2430 1215 

1st 300 2320 HSS8x8î1/2 1140 165 2430 1215 

Sa-component scaling 
 

IDA 

curves 

 

Collapse 

fragility 

curve 

 

Detailed 

data 

SaMCE(T1)� SaCOL(T1) � CMR� E�

����g ����g ����� �����

Sa(T1)  (g) Number of collapses Sa(T1)  (g) Number of collapses
�0.95 0 2.10 23 
0.95 1 2.20 24 
1.00 2 2.20 25 
1.00 3 2.25 26 
1.10 4 2.35 27 
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, g
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Sa(T1)  (g) 
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1.10 5 2.35 28 
1.20 6 2.45 29 
1.25 7 2.45 30 
1.30 8 2.50 31 
1.35 9 2.55 32 
1.40 10 2.60 33 
1.45 11 2.85 34 
1.50 12 2.85 35 
1.50 13 2.85 36 
1.50 14 2.90 37 
1.55 15 3.05 38 
1.65 16 3.05 39 
1.70 17 3.25 40 
1.80 18 3.40 41 
1.80 19 3.65 42 
1.80 20 3.95 43 
1.85 21 4.30 44 
1.90 22   
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Analyzed 

system 

3S-75 
Linear 

Damping 

1vE =0.10 

α=1 
Ultimate 
Capacity 
1.3FMCE 

Unbalanced
 (d) 

T1=1.31sec 

Story 
F0 

>kN@ 

K0 

>kN/m@
Braces 

C or CN

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate 

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

3rd 125 1545 HSS8x8î1/2 1140 165 2430 1215 

2nd 300 2320 HSS8x8î1/2 1140 165 2430 1215 

1st 300 2320 HSS8x8î1/2 1140 165 2430 1215 

Sa-component scaling 
 

IDA 

curves 

 

Collapse 

fragility 

curve 

 

Detailed 

data 

SaMCE(T1)� SaCOL(T1) � CMR� E�

����g ����g ����� �����

Sa(T1)  (g) Number of collapses Sa(T1)  (g) Number of collapses
�1.00 0 2.00 23 
1.00 1 2.10 24 
1.05 2 2.15 25 
1.10 3 2.30 26 
1.15 4 2.35 27 
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, g
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1.25 5 2.45 28 
1.25 6 2.50 29 
1.25 7 2.50 30 
1.35 8 2.60 31 
1.40 9 2.65 32 
1.50 10 2.70 33 
1.55 11 2.80 34 
1.60 12 2.85 35 
1.60 13 3.00 36 
1.65 14 3.00 37 
1.65 15 3.15 38 
1.70 16 3.25 39 
1.75 17 3.40 40 
1.75 18 3.60 41 
1.75 19 3.65 42 
1.85 20 3.75 43 
1.85 21 5.25 44 
1.85 22   
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Analyzed 

system 

3S-75 
Linear 

Damping 

1vE =0.10 

α=1 
Ultimate 
Capacity 
2.0FMCE 

Increased 
Capacity 

T1=1.31sec 

Story 
F0 

>kN@ 

K0 

>kN/m@
Braces 

C or CN

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate 

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

3rd 125 1545 HSS9x9î5/8 1140 165 1983 1983 

2nd 300 2320 HSS9x9î5/8 1140 165 1983 1983 

1st 300 2320 HSS9x9î5/8 1140 165 1983 1983 

Sa-component scaling 
 

IDA 

curves 

 

Collapse 

fragility 

curve 

 

Detailed 

data 

SaMCE(T1)� SaCOL(T1) � CMR� E�

����g ����g ����� �����

Sa(T1)  (g) Number of collapses Sa(T1)  (g) Number of collapses
�0.95 0 2.55 23 
0.95 1 2.65 24 
1.15 2 2.70 25 
1.25 3 2.70 26 
1.30 4 2.80 27 
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1.50 5 2.85 28 
1.50 6 2.90 29 
1.55 7 2.95 30 
1.60 8 3.15 31 
1.65 9 3.20 32 
1.65 10 3.35 33 
1.70 11 3.40 34 
1.75 12 3.55 35 
1.90 13 3.85 36 
2.10 14 3.95 37 
2.10 15 4.00 38 
2.20 16 4.05 39 
2.20 17 4.15 40 
2.25 18 4.20 41 
2.25 19 4.40 42 
2.25 20 5.00 43 
2.35 21 5.65 44 
2.50 22   
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Analyzed 

system 

3S-75 
Linear 

Damping 

1vE =0.10 

α=1 
Ultimate 
Capacity 
1.3FMCE 

Increased 
Displacement 

Capacity 
T1=1.31sec 

Story 
F0 

>kN@ 

K0 

>kN/m@
Braces 

C or CN

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate 

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

3rd 125 1545 HSS8x8î1/2 1140 215 1160 1215 

2nd 300 2320 HSS8x8î1/2 1140 215 1160 1215 

1st 300 2320 HSS8x8î1/2 1140 215 1160 1215 

Sa-component scaling 
 

IDA 

curves 

 

Collapse 

fragility 

curve 

 

Detailed 

data 

SaMCE(T1)� SaCOL(T1) � CMR� E�

����g ����g ����� �����

Sa(T1)  (g) Number of collapses Sa(T1)  (g) Number of collapses
�0.90 0 1.95 23 
0.90 1 2.00 24 
0.95 2 2.00 25 
1.00 3 2.05 26 
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1.05 4 2.05 27 
1.05 5 2.30 28 
1.10 6 2.30 29 
1.10 7 2.45 30 
1.15 8 2.50 31 
1.20 9 2.55 32 
1.20 10 2.55 33 
1.45 11 2.60 34 
1.50 12 2.65 35 
1.50 13 2.75 36 
1.50 14 2.80 37 
1.50 15 2.80 38 
1.60 16 2.80 39 
1.65 17 2.85 40 
1.70 18 3.50 41 
1.75 19 3.65 42 
1.80 20 3.80 43 
1.85 21 5.15 44 
1.85 22   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



519 

 

Analyzed 

system 

3S-75 
Increased 

Linear 
Damping 

1vE =0.15 

α=1 
Ultimate 
Capacity 
1.3FMCE 

T1=1.31sec 

Story 
F0 

>kN@ 

K0 

>kN/m@
Braces 

C or CN

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate 

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

3rd 125 1545 HSS8x8î5/8 1710 165 1435 1435 

2nd 300 2320 HSS8x8î5/8 1710 165 1435 1435 

1st 300 2320 HSS8x8î5/8 1710 165 1435 1435 

Sa-component scaling 
 

IDA 

curves 

 

Collapse 

fragility 

curve 

 

Detailed 

data 

SaMCE(T1)� SaCOL(T1) � CMR� E�

����g ����g ����� �����

Sa(T1)  (g) Number of collapses Sa(T1)  (g) Number of collapses
�0.85 0 1.80 23 
0.85 1 1.95 24 
0.95 2 1.95 25 

1 3 2.00 26 
1 4 2.00 27 

1.1 5 2.05 28 
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1.1 6 2.35 29 
1.1 7 2.40 30 
1.2 8 2.50 31 
1.2 9 2.55 32 

1.35 10 2.60 33 
1.4 11 2.60 34 
1.5 12 2.70 35 
1.5 13 2.70 36 
1.5 14 2.70 37 

1.55 15 2.80 38 
1.6 16 3.05 39 
1.6 17 3.15 40 
1.6 18 3.20 41 
1.6 19 3.35 42 

1.65 20 3.55 43 
1.65 21 3.90 44 
1.75 22   
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Analyzed 

System 

3S-75 
Increased 
Preload 

1vE = 0.10 

α=1 
Ultimate 
Capacity 
1.3FMCE 

T1=1.28sec 

Story 
F0 

>kN@ 

K0 

>kN/m@
Braces 

C or CN 

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate

 FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

3rd 160 1545 HSS8x8î5/8 1140 165 1435 1435 

2nd 390 2320 HSS8x8î5/8 1140 165 1435 1435 

1st 390 2320 HSS8x8î5/8 1140 165 1435 1435 

Sa-component scaling 
 

IDA 

curves 

 

Collapse 

fragility 

curve 

 

Detailed 

data 

SaMCE(T1)� SaCOL(T1) � CMR� E�

����g ����g ����� �����

Sa(T1)  (g) Number of collapses Sa(T1)  (g) Number of collapses
�0.40 0 2.05 23 
0.40 1 2.05 24 
0.90 2 2.35 25 
1.00 3 2.40 26 
1.15 4 2.45 27 
1.15 5 2.50 28 
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0
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S a
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1)
, g
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Co
lla

ps
e 

Fr
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ili
ty

 

Sa(T1)  (g) 

SaMCE(T1)=0.69g 



522 

 

1.15 6 2.65 29 
1.20 7 2.80 30 
1.35 8 2.90 31 
1.35 9 2.90 32 
1.35 10 2.95 33 
1.50 11 3.00 34 
1.55 12 3.05 35 
1.60 13 3.10 36 
1.60 14 3.10 37 
1.65 15 3.20 38 
1.70 16 3.20 39 
1.70 17 3.35 40 
1.70 18 3.65 41 
1.75 19 4.15 42 
1.80 20 4.30 43 
1.95 21 4.95 44 
1.95 22   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



523 

 

Analyzed 

system 

3S-75 
Nonlinear 
Damping 

1vE = 0.10 

α=0.5 
Ultimate 
Capacity 
1.3FMCE 

T1=1.31sec 

Story 
F0 

>kN@ 

K0 

>kN/m@
Braces 

C or CN

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate

 FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

3rd 125 1545 HSS8x8î1/2 551.3 165 1160 1215 

2nd 300 2320 HSS8x8î1/2 551.3 165 1160 1215 

1st 300 2320 HSS8x8î1/2 551.3 165 1160 1215 

Sa-component scaling 
 

IDA 

curves 

 

Collapse 

fragility 

curve 

 

Detailed 

data 

SaMCE(T1)� SaCOL(T1) � CMR� E�

����g ����g ����� �����

Sa(T1)  (g) Number of collapses Sa(T1)  (g) Number of collapses
�1.05 0 1.90 23 
1.05 1 2.00 24 
1.05 2 2.35 25 
1.05 3 2.45 26 
1.10 4 2.55 27 
1.10 5 2.60 28 
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S a
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1)
, g
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ps
e 

Fr
ag

ili
ty

 

Sa(T1)  (g) 

SaMCE(T1)=0.68g 



524 

 

1.20 6 2.60 29 
1.25 7 2.65 30 
1.30 8 2.65 31 
1.35 9 2.65 32 
1.35 10 2.70 33 
1.45 11 2.70 34 
1.50 12 2.70 35 
1.55 13 2.85 36 
1.60 14 3.10 37 
1.60 15 3.30 38 
1.65 16 3.35 39 
1.65 17 3.35 40 
1.65 18 3.80 41 
1.70 19 3.95 42 
1.70 20 4.10 43 
1.75 21 4.55 44 
1.75 22   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



525 

 

Analyzed 

system 

3S-75 
Nonlinear 
Damping 
Increased 
Damping 

1vE = 0.15 

α=0.5 
Ultimate 
Capacity 
1.3FMCE 

T1=1.31sec 

Story 
F0 

>kN@ 

K0 

>kN/m@
Braces 

C or CN

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate 

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

3rd 125 1545 HSS8x8î1/2 666.4 165 1160 1215 

2nd 300 2320 HSS8x8î1/2 666.4 165 1160 1215 

1st 300 2320 HSS8x8î1/2 666.4 165 1160 1215 

Sa-component scaling 
 

IDA 

curves 

 

Collapse 

fragility 

curve 

 

Detailed 

data 

SaMCE(T1)� SaCOL(T1) � CMR� E�

����g ����g ����� �����

Sa(T1)  (g) Number of collapses Sa(T1)  (g) Number of collapses
�0.85 0 2.20 23 
0.85 1 2.20 24 
1.10 2 2.30 25 
1.10 3 2.40 26 
1.10 4 2.45 27 
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1)
, g
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lla

ps
e 

Fr
ag

ili
ty

 

Sa(T1)  (g) 

SaMCE(T1)=0.68g 



526 

 

1.15 5 2.45 28 
1.15 6 2.50 29 
1.20 7 2.60 30 
1.30 8 2.65 31 
1.30 9 2.65 32 
1.30 10 2.70 33 
1.40 11 2.90 34 
1.45 12 2.90 35 
1.45 13 2.90 36 
1.55 14 3.05 37 
1.60 15 3.15 38 
1.60 16 3.25 39 
1.60 17 3.35 40 
1.65 18 3.60 41 
1.65 19 3.75 42 
1.80 20 3.90 43 
1.90 21 4.15 44 
2.05 22   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



527 

 

Analyzed 

system 

3S-75 
Nonlinear 
Damping 
Increased 
Damping 

1vE = 0.15 

α=0.5 
Increased 
Ultimate 
Capacity 

T1=1.31sec 

Story 
F0 

>kN@ 

K0 

>kN/m@
Braces 

C or CN

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate 

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

3rd 125 1545 HSS9x9î5/8 666.4 165 1983 1983 

2nd 300 2320 HSS9x9î5/8 666.4 165 1983 1983 

1st 300 2320 HSS9x9î5/8 666.4 165 1983 1983 

Sa-component scaling 
 

IDA 

curves 

 

Collapse 

fragility 

curve 

 

Detailed 

data 

SaMCE(T1)� SaCOL(T1) � CMR� E�

����g ����g ����� �����

Sa(T1)  (g) Number of collapses Sa(T1)  (g) Number of collapses
�0.95 0 2.20 23 
0.95 1 2.20 24 
1.10 2 2.25 25 
1.15 3 2.50 26 
1.15 4 2.70 27 
1.20 5 2.75 28 

0 5 10 15 20
0
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Maximum Story Drift Ratio, (%)

S a
(T

1)
, g
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Co
lla

ps
e 

Fr
ag

ili
ty

 

Sa(T1)  (g) 

SaMCE(T1)=0.68g 



528 

 

1.20 6 2.75 29 
1.30 7 2.85 30 
1.35 8 2.85 31 
1.40 9 2.95 32 
1.55 10 3.00 33 
1.60 11 3.00 34 
1.65 12 3.10 35 
1.65 13 3.30 36 
1.70 14 3.45 37 
1.75 15 3.45 38 
1.80 16 3.50 39 
1.80 17 3.65 40 
1.85 18 3.95 41 
1.85 19 4.15 42 
1.95 20 4.15 43 
2.10 21 4.20 44 
2.15 22   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



529 

 

Analyzed 

system 

3S-75 
Nonlinear 
Increased 
Damping 

1vE = 0.15 

α=0.5 
Low 

Stifness 
Ultimate 
Capacity 
1.3FMCE 

T1=1.31sec 

Story 
F0 

>kN@ 

K0 

>kN/m@
Braces 

C or CN 

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate 

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

3rd 125 155 HSS8x8î1/2 666.4 165 1160 1215 

2nd 300 232 HSS8x8î1/2 666.4 165 1160 1215 

1st 300 232 HSS8x8î1/2 666.4 165 1160 1215 

Sa-component scaling 
 

IDA 

curves 

 

Collapse 

fragility 

curve 

 

Detailed 

data 

SaMCE(T1)� SaCOL(T1) � CMR� E�

����g ����g ����� �����

Sa(T1)  (g) Number of collapses Sa(T1)  (g) Number of collapses
�1.05 0 1.95 23 
1.05 1 1.95 24 
1.10 2 2.15 25 
1.10 3 2.35 26 

0 5 10 15 20
0

1

2

3

4

Maximum Story Drift Ratio, (%)

S a
(T

1)
, g

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Co
lla

ps
e 

Fr
ag

ili
ty

 

Sa(T1)  (g) 

SaMCE(T1)=0.68g 



530 

 

1.10 4 2.40 27 
1.15 5 2.45 28 
1.30 6 2.55 29 
1.30 7 2.60 30 
1.35 8 2.60 31 
1.35 9 2.60 32 
1.45 10 2.60 33 
1.45 11 2.65 34 
1.50 12 2.70 35 
1.50 13 2.75 36 
1.55 14 2.80 37 
1.55 15 2.85 38 
1.60 16 3.00 39 
1.60 17 3.30 40 
1.60 18 3.45 41 
1.70 19 3.60 42 
1.80 20 3.70 43 
1.80 21 3.80 44 
1.95 22   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



531 

 

Analyzed 

system 

3S-Reference
T1=1.07sec 

Story 
F0 

>kN@

K0 

>kN/m@
Braces

C or CN 

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate 

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

3rd - - - - - - - 

2nd - - - - - - - 

1st - - - - - - - 

Sa-component scaling 
 

IDA 

curves 

 

Collapse 

Fragility 

curve 

 

Detailed 

data 

SaMCE(T1)� SaCOL(T1) � CMR� E�

����g ����g ����� �����

Sa(T1)  (g) Number of collapses Sa(T1)  (g) Number of collapses
�1.30 0 2.85 23 
1.30 1 2.90 24 
1.35 2 2.95 25 
1.65 3 2.95 26 
1.75 4 3.15 27 
1.80 5 3.25 28 

0 5 10 15 20
0
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Maximum Story Drift Ratio, (%)

S a
(T

1)
, g
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Co
lla

ps
e 

Fr
ag

ili
ty

 

Sa(T1)  (g) 

SaMCE(T1)=0.83g 



532 

 

1.80 6 3.35 29 
1.85 7 3.45 30 
1.95 8 3.45 31 
2.10 9 3.50 32 
2.10 10 3.60 33 
2.15 11 3.60 34 
2.20 12 3.85 35 
2.25 13 3.90 36 
2.30 14 4.05 37 
2.35 15 4.15 38 
2.35 16 4.35 39 
2.45 17 4.85 40 
2.45 18 4.95 41 
2.60 19 5.10 42 
2.65 20 5.15 43 
2.65 21 8.85 44 
2.80 22   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



533 

 

Analyzed 

system 

3S-75 
Linear 

Damping 

1vE =0.10 

α=1 

Ultimate 

Capacity 

1.3FMCE 

T1=1.31sec 

Story 
F0 

>kN@ 

K0 

>kN/m@
Braces 

C or CN 

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate 

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

3rd 125 1545 HSS8x8î1/2 1140 165 1160 1215 

2nd 300 2320 HSS8x8î1/2 1140 165 1160 1215 

1st 300 2320 HSS8x8î1/2 1140 165 1160 1215 

PGV Normalization scaling 
 

IDA 

curves 

 

Collapse 

fragility 

curve 

 

Detailed 

data 

SaMCE(T1)� SaCOL(T1) � CMR� E�

����g ����g ����� �����

Sa(T1)  (g) Number of collapses Sa(T1)  (g) Number of collapses
�0.90 0 1.90 23 
0.90 1 1.95 24 
1.00 2 1.95 25 
1.05 3 1.95 26 

0 5 10 15 20
0

1

2

3

4

Maximum Story Drift Ratio, (%)

S a
(T

1)
, g

0.0

0.2

0.4

0.6
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SaMCE(T1)=0.68g

Co
lla

ps
e 

Fr
ag

ili
ty

 

Sa(T1)  (g) 



534 

 

1.10 4 1.95 27 
1.20 5 2.05 28 
1.25 6 2.05 29 
1.25 7 2.05 30 
1.30 8 2.10 31 
1.30 9 2.15 32 
1.40 10 2.15 33 
1.45 11 2.20 34 
1.50 12 2.30 35 
1.50 13 2.45 36 
1.50 14 2.50 37 
1.55 15 2.65 38 
1.55 16 2.75 39 
1.65 17 2.90 40 
1.65 18 3.00 41 
1.65 19 3.00 42 
1.85 20 3.10 43 
1.90 21 3.55 44 
1.90 22   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



535 

 

Analyzed 

system 

3S-75 
Linear 

Damping 

1vE =0.10 

α=1 

Ultimate 

Capacity 

1.3FMCE 

Unbalanced 

(a) 

T1=1.31sec 

Story 
F0 

>kN@ 

K0 

>kN/m@
Braces 

C or CN

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate 

 FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

3rd 125 1545 HSS8x8î1/2 1140 165 2430 1215 

2nd 300 2320 HSS8x8î1/2 1140 165 2430 1215 

1st 300 2320 HSS8x8î1/2 1140 165 2430 1215 

PGV Normalization scaling 

IDA 

curves 

 

Collapse 

fragility 

curve 

 

Detailed 

data 

SaMCE(T1)� SaCOL(T1)� CMR� E�

����g ����g ����� �����

Sa(T1)  (g) Number of collapses Sa(T1)  (g) Number of collapses
�1.05 0 2.05 23 
1.05 1 2.05 24 

0 5 10 15 20
0
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3

4

Maximum Story Drift Ratio, (%)

S a
(T

1)
, g

0.0

0.2

0.4

0.6

0.8

1.0
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ty

 

Sa(T1)  (g) 

SaMCE(T1)=0.68g 



536 

 

1.15 2 2.15 25 
1.15 3 2.15 26 
1.25 4 2.20 27 
1.25 5 2.20 28 
1.30 6 2.20 29 
1.30 7 2.25 30 
1.40 8 2.25 31 
1.50 9 2.30 32 
1.50 10 2.30 33 
1.50 11 2.30 34 
1.50 12 2.40 35 
1.60 13 2.50 36 
1.65 14 2.60 37 
1.65 15 2.70 38 
1.70 16 2.75 39 
1.70 17 2.90 40 
1.70 18 3.10 41 
1.85 19 3.20 42 
1.90 20 4.05 43 
1.95 21 4.30 44 
2.00 22   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



537 

 

 

Analyzed 

system 

3S-85 
Balanced 

T1= 1.23sec 

Story 
F0 

>kN@ 

K0 

>kN/m@
Braces 

C or CN

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate 

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

3rd 150 1545 HSS8x8î5/8 1220 165 1435 1435 

2nd 350 2320 HSS8x8î5/8 1220 165 1435 1435 

1st 350 2320 HSS8x8î5/8 1220 165 1435 1435 

Sa-component scaling 
 

IDA 

curves 

 

Collapse 

fragility 

curve 

 

Detailed 

data 

SaMCE(T1) � SaCOL(T1) � CMR� E�

0.72g 2.35g 3.46 0.45 

Sa(T1)  (g) Number of collapses Sa(T1)  (g) Number of collapses
�1.20 0 2.40 23 
1.20 1 2.40 24 
1.20 2 2.50 25 
1.25 3 2.65 26 
1.30 4 2.70 27 
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, g

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
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Sa(T1)  (g) 

SaMCE(T1)=0.72g 



538 

 

1.35 5 2.70 28 
1.35 6 2.70 29 
1.35 7 2.85 30 
1.40 8 2.90 31 
1.40 9 2.90 32 
1.45 10 2.95 33 
1.45 11 3.00 34 
1.50 12 3.25 35 
1.55 13 3.40 36 
1.55 14 3.50 37 
1.75 15 3.75 38 
1.85 16 4.10 39 
1.90 17 4.15 40 
1.90 18 4.40 41 
2.05 19 4.85 42 
2.10 20 5.85 43 
2.10 21 6.60 44 
2.30 22   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



539 

 

Analyzed 

system 

3S-Reference 
T1=1.07sec 

Story 
F0 

>kN@ 

K0 

>kN/m@
Braces 

C or CN

>kN-(s/

m)α@ 

DCap  

>mm@ 

Ultimate 

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

3rd - - - - - - - 

2nd - - - - - - - 

1st - - - - - - - 

PGV Normalization scaling 
 

IDA 

curves 

  

Collapse 

fragility 

curve 

 

Detailed 

data 

SaMCE(T1)� SaCOL(T1) � CMR� E�

����g ����g ����� ���� �

Sa(T1)  (g) Number of collapses Sa(T1)  (g) Number of collapses
�1.30 0 2.90 23 
1.30 1 2.90 24 
1.40 2 2.90 25 
1.45 3 2.95 26 
2.05 4 3.10 27 
2.10 5 3.10 28 
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Sa(T1)  (g) 

SaMCE(T1)=0.83g 



540 

 

2.15 6 3.15 29 
2.15 7 3.25 30 
2.20 8 3.30 31 
2.25 9 3.35 32 
2.30 10 3.45 33 
2.30 11 3.55 34 
2.30 12 3.55 35 
2.35 13 3.60 36 
2.35 14 3.65 37 
2.40 15 3.70 38 
2.50 16 3.90 39 
2.55 17 4.00 40 
2.65 18 4.00 41 
2.70 19 4.35 42 
2.75 20 4.60 43 
2.80 21 7.10 44 
2.90 22   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



541 

 

Analyzed 

system 

6S-75 
Linear 

Damping 

1vE =0.10 

α=1 

Ultimate 

Capacity 

1.3FMCE 

T1=2.06sec 

Story 
F0 

>kN@ 

K0 

>kN/m@
Braces 

C or CN 

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate 

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

6th 100 1350 HSS8x8x3/8 2900 165 859 964 

5th 250 1790 HSS8î8î5/8 2900 165 1302 1434 

4th 250 1790 HSS8î8î5/8 2900 165 1302 1434 

3rd 400 2320 HSS9x9î5/8 2900 165 1843 1983 

2nd 400 2320 HSS9x9î5/8 2900 165 1843 1983 

1st 400 2320 HSS9x9î5/8 2900 165 1843 1983 

Sa-component scaling 

IDA 

curves 

 

Collapse 

fragility 

curve 

Detailed 

data 

SaMCE(T1), (g)� SaCOL(T1) , (g)� CMR� E�

����� ����� ����� �����

Sa(T1)  (g) Number of collapses Sa(T1)  (g) Number of collapses
�0.50 0 0.85 23 
0.50 1 0.85 24 
0.50 2 0.90 25 
0.50 3 0.90 26 
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Sa(T1)  (g) 



542 

 

0.50 4 0.90 27 
0.55 5 0.95 28 
0.60 6 0.95 29 
0.60 7 1.00 30 
0.60 8 1.05 31 
0.65 9 1.05 32 
0.65 10 1.05 33 
0.65 11 1.05 34 
0.65 12 1.05 35 
0.70 13 1.10 36 
0.70 14 1.10 37 
0.75 15 1.10 38 
0.75 16 1.30 39 
0.75 17 1.35 40 
0.80 18 1.55 41 
0.80 19 1.55 42 
0.80 20 1.60 43 
0.85 21 1.75 44 
0.85 22   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



543 

 

Analyzed 

system 

6S-75 
Nonlinear 

Damping 

1vE =0.15 

α=0.5 

Ultimate 

Capacity 

1.3FMCE 

T1=2.06sec 

Story 
F0 

>kN@ 

K0 

>kN/m@
Braces 

C or CN

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate 

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

6th 100 1350 HSS8x8x3/8 1433 165 859 964 

5th 250 1790 HSS8î8î5/8 1433 165 1302 1434 

4th 250 1790 HSS8î8î5/8 1433 165 1302 1434 

3rd 400 2320 HSS9x9î5/8 1433 165 1843 1983 

2nd 400 2320 HSS9x9î5/8 1433 165 1843 1983 

1st 400 2320 HSS9x9î5/8 1433 165 1843 1983 

Sa-component scaling 

IDA 

curves 

 

Collapse 

fragility 

curve 

Detailed 

data 

SaMCE(T1), (g)� SaCOL(T1) , (g)� CMR� E�

����� ����� ����� �����

Sa(T1)  (g) Number of collapses Sa(T1)  (g) Number of collapses
�0.45 0 0.90 23 
0.45 1 0.90 24 
0.45 2 0.90 25 
0.50 3 0.90 26 

0 5 10 15 20
0

1

2

Maximum Story Drift Ratio, (%)

S a
(T

1)
, g

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.5 1.0 1.5 2.0

SaMCE(T1)=0.43g

Co
lla

ps
e 

Fr
ag

ili
ty

 

Sa(T1)  (g) 
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0.50 4 0.90 27 
0.50 5 0.95 28 
0.55 6 1.00 29 
0.60 7 1.00 30 
0.65 8 1.00 31 
0.65 9 1.00 32 
0.65 10 1.05 33 
0.65 11 1.05 34 
0.65 12 1.15 35 
0.70 13 1.20 36 
0.70 14 1.25 37 
0.70 15 1.30 38 
0.70 16 1.35 39 
0.75 17 1.40 40 
0.75 18 1.45 41 
0.75 19 1.50 42 
0.80 20 1.75 43 
0.85 21 1.90 44 
0.85 22   
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Analyzed 

system 

6S-75 
Linear 

Damping 

1vE =0.10 

α=1.0 

Ultimate 

Capacity 

2.0FMCE 

T1=2.06sec 

Story 
F0 

>kN@ 

K0 

>kN/m@
Braces 

C or CN

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate 

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

6th 100 1350 HSS8x8x5/8 2900 165 1305 1305 

5th 250 1790 HSS9î9î5/8 2900 165 1983 1983 

4th 250 1790 HSS9î9î5/8 2900 165 1983 1983 

3rd 400 2320 HSS12x12î5/8 2900 165 3026 3026 

2nd 400 2320 HSS12x12î5/8 2900 165 3026 3026 

1st 400 2320 HSS12x12î5/8 2900 165 3026 3026 

Sa-component scaling 

IDA 

curves 

 

Collapse 

fragility 

curve 

Detailed 

data 

SaMCE(T1), (g)� SaCOL(T1) , (g)� CMR� E�

����� ����� ����� �����

Sa(T1)  (g) Number of collapses Sa(T1)  (g) Number of collapses
�0.50 0 1.00 23 
0.50 1 1.00 24 
0.55 2 1.05 25 
0.55 3 1.05 26 

0 5 10 15 20
0

1

2

Maximum Story Drift Ratio, (%)

S a
(T

1)
, g

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0

SaMCE(T1)=0.43g
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lla

ps
e 

Fr
ag
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ty

 

Sa(T1)  (g) 
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0.55 4 1.05 27 
0.60 5 1.10 28 
0.75 6 1.10 29 
0.75 7 1.15 30 
0.75 8 1.20 31 
0.80 9 1.20 32 
0.80 10 1.25 33 
0.85 11 1.35 34 
0.85 12 1.40 35 
0.90 13 1.45 36 
0.90 14 1.50 37 
0.90 15 1.50 38 
0.90 16 1.60 39 
0.90 17 1.60 40 
0.90 18 1.70 41 
0.95 19 2.00 42 
0.95 20 2.05 43 
1.00 21 2.10 44 
1.00 22   
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Analyzed 

system 

6S-Reference 

T1=1.90sec 

Story 
F0 

>kN@ 

K0 

>kN/m@
Braces 

C or CN 

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate 

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

6th - - - - - - - 

5th - - - - - - - 

4th - - - - - - - 

3rd - - - - - - - 

2nd - - - - - - - 

1st - - - - - - - 

Sa-component scaling 

IDA 

curves 

 

Collapse 

fragility 

curve 

Detailed 

data 

SaMCE(T1), (g)� SaCOL(T1) , (g)� CMR� E�

����� ����� ����� �����

Sa(T1)  (g) Number of collapses Sa(T1)  (g) Number of collapses
�0.60 0 1.05 23 
0.60 1 1.10 24 
0.65 2 1.15 25 
0.65 3 1.15 26 

0 5 10 15 20
0

1

2

3

Maximum Story Drift Ratio, (%)

S a
(T

1)
, g

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0

SaMCE(T1)=0.47g

Co
lla

ps
e 

Fr
ag

ili
ty

 

Sa(T1)  (g) 



548 

 

0.70 4 1.20 27 
0.75 5 1.20 28 
0.75 6 1.25 29 
0.75 7 1.25 30 
0.75 8 1.30 31 
0.80 9 1.35 32 
0.80 10 1.40 33 
0.80 11 1.45 34 
0.80 12 1.70 35 
0.85 13 1.70 36 
0.90 14 1.75 37 
0.90 15 1.85 38 
0.95 16 1.85 39 
1.00 17 2.05 40 
1.00 18 2.10 41 
1.00 19 2.55 42 
1.00 20 2.60 43 
1.00 21 2.90 44 
1.05 22   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



549 

 

Analyzed 

system 

6S-75 
Linear 

Damping 

1vE =0.10 

α=1 

Ultimate 

Capacity 

1.3FMCE 

T1=2.06sec 

Story 
F0 

>kN@ 

K0 

>kN/m@
Braces 

C or CN

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

6th 100 1350 HSS8x8x3/8 2900 165 859 964 

5th 250 1790 HSS8î8î5/8 2900 165 1302 1434 

4th 250 1790 HSS8î8î5/8 2900 165 1302 1434 

3rd 400 2320 HSS9x9î5/8 2900 165 1843 1983 

2nd 400 2320 HSS9x9î5/8 2900 165 1843 1983 

1st 400 2320 HSS9x9î5/8 2900 165 1843 1983 

PGV Normalization scaling 

IDA 

curves 

 

Collapse 

fragility 

curve 

Detailed 

data 

SaMCE(T1), (g)� SaCOL(T1) , (g)� CMR� E�

����� ����� ����� �����

Sa(T1)  (g) Number of collapses Sa(T1)  (g) Number of collapses
�0.50 0 0.80 23 
0.50 1 0.85 24 
0.55 2 0.85 25 
0.55 3 0.85 26 

0 5 10 15 20
0

1

2

Maximum Story Drift Ratio, (%)

S a
(T

1)
, g

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.5 1.0 1.5 2.0

SaMCE(T1)=0.43g

Co
lla

ps
e 

Fr
ag

ili
ty

 

Sa(T1)  (g) 
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0.60 4 0.85 27 
0.60 5 0.90 28 
0.65 6 0.90 29 
0.65 7 0.95 30 
0.65 8 0.95 31 
0.70 9 0.95 32 
0.70 10 1.00 33 
0.70 11 1.05 34 
0.70 12 1.05 35 
0.75 13 1.10 36 
0.75 14 1.15 37 
0.75 15 1.20 38 
0.75 16 1.20 39 
0.75 17 1.20 40 
0.80 18 1.30 41 
0.80 19 1.50 42 
0.80 20 1.65 43 
0.80 21 1.85 44 
0.80 22   
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Analyzed 

system 

6S-Reference
T1=1.90sec 

Story 
F0 

>kN@ 

K0 

>kN/m@
Braces 

C or CN

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

6th - - - - - - - 

5th - - - - - - - 

4th - - - - - - - 

3rd - - - - - - - 

2nd - - - - - - - 

1st - - - - - - - 

PGV Normalization scaling 

IDA 

curves 

 

Collapse 

fragility 

curve 

 

Detailed 

data 

SaMCE(T1), (g)� SaCOL(T1) , (g)� CMR� E�

����� ����� ����� �����

Sa(T1)  (g) Number of collapses Sa(T1)  (g) Number of collapses
�0.65 0 1.10 23 
0.65 1 1.15 24 
0.65 2 1.20 25 
0.70 3 1.20 26 

0 5 10 15 20
0

1

2

3

Maximum Story Drift Ratio, (%)

S a
(T

1)
, g

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0

SaMCE(T1)=0.47g

Co
lla

ps
e 

Fr
ag

ili
ty

 

Sa(T1)  (g) 
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0.75 4 1.25 27 
0.75 5 1.25 28 
0.80 6 1.25 29 
0.80 7 1.25 30 
0.80 8 1.35 31 
0.80 9 1.35 32 
0.85 10 1.35 33 
0.85 11 1.40 34 
0.90 12 1.40 35 
0.95 13 1.45 36 
0.95 14 1.50 37 
1.00 15 1.55 38 
1.00 16 1.60 39 
1.00 17 1.90 40 
1.00 18 2.00 41 
1.00 19 2.05 42 
1.05 20 2.10 43 
1.10 21 2.55 44 
1.10 22   
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APPENDIX F 
DETAILED RESIDUAL DRIFT FRAGILITY DATA 

 

This appendix presents detailed data obtained in the residual drift fragility analysis. Data for each 

analyzed case are presented in tables that contain the following: 

 

1) Information on the analyzed system. 

2) Computed Incremental Dynamic Analysis (IDA) curves. 

3) Graph of the best-fit lognormal cumulative distribution function to the empirical data. 

4) Values of the median of the spectral acceleration at the fundamental period of structure and the 

dispersion factor for specified values of the residual drift, and of the spectral acceleration at the 

fundamental period in the MCE. 

5) Number of ground motions in which the peak residual drift ratio exceeded the specified limits of 

0.2%, 0.5%, 1% and 2%. 

 

The procedure followed in the construction of the fragility curves followed the steps below. 

 

1) Incremental dynamic analysis was conducted for the system using each of the 44 motions.  The 

earthquake intensity was increased by a step of 0.05g in the spectral acceleration value at the 

fundamental period until either collapse was observed or a specified value of the residual drift was 

exceeded, whoever occurred first. These resulted in the curves for the 44 motions shown in the IDA 

graphs. 

2) The duration of the ground motions was increased with 10 seconds of zero acceleration to allow for 

calculation of the residual deformations.  

3) The spectral acceleration at the fundamental period of the structure at which a specified value of the 

residual drift was exceeded was determined. This required the use of interpolation to obtain values of 

the spectral acceleration as the increment in acceleration of 0.05g often caused to exceed both limits 

of 0.2% and 0.5% in residual drift in the same step. The process utilized is illustrated in the IDA 

curve schematic below (Figure F-1). Linear interpolation was used. The values reported are Sa,A for 

residual drift of 0.2% and Sa,B for residual drift of 0.5%. Otherwise, the spectral acceleration value of 

Sa,i�2 would have been reported for both events. 
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Figure F-1 Spectral Acceleration at Exceedance of Specified Residual Drift Ratio 

 
4) Steps 2 to 6 of Appendix E were followed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

S a
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1) 

Residual Drift Ratio 
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Analyzed 

system 

3S-75 
Linear 

Damping 

1vE =0.10

α=1 

Ultimate 

Capacity 

1.3FMCE 

T1=1.31sec

Story 
F0 

>kN@

K0 

>kN/m@
Braces 

C or CN 

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate

 FTension

>kN@ 

Ultimate

FCompr 

>kN@ 

3rd 125 1545 HSS8x8î1/2 1140 165 1160 1215 

2nd 300 2320 HSS8x8î1/2 1140 165 1160 1215 

1st 300 2320 HSS8x8î1/2 1140 165 1160 1215 

Sa-component scaling 
 

IDA curves 

 
Residual 

drift 

fragility 

curves 

(Probability 

of 

exceeding 

the specified 

value of 

residual drift) 

 

Detailed data 

Residual Drift 

Ratio, % 
SaMCE(T1)� Median Sa(T1) � Median Sa(T1) / SaMCE(T1) E�

0.2 

0.68g 

0.69g ����� �����

0.5 0.85g ����� �����

1.0 0.98g ����� �����

0 0.5 1 1.5 2
0

1

2

3

4

Maximum Residual Drift Ratio, (%)

S a
(T

1)
, g

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Re
sid

ua
l D

rif
t F

ra
gi

lit
y 

Sa(T1)  (g) SaMCE(T1)=0.68gSaDE(T1)=0.45g 

0.5% Residual Drift  

0.2% Residual Drift 

1.0% Residual Drift  

2.0% Residual Drift 
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2.0 1.09g ����� �����

Sa(T1) (g) for 
0.2 % Residual 

Drift 

Sa(T1) (g) for 
0.5 % Residual 

Drift 

Sa(T1) (g) for 
1.0 % Residual 

Drift 

Sa(T1) (g) for 
2.0 % Residual 

Drift 

Number of 
Exceedances 

�0.41 �0.46 �0.48 �0.54 0 
0.41 0.46 0.48 0.54 1 
0.42 0.46 0.51 0.59 2 
0.45 0.53 0.58 0.69 3 
0.45 0.53 0.60 0.70 4 
0.46 0.54 0.61 0.74 5 
0.49 0.59 0.62 0.74 6 
0.49 0.59 0.64 0.82 7 
0.50 0.59 0.71 0.83 8 
0.50 0.60 0.71 0.88 9 
0.53 0.64 0.74 0.89 10 
0.56 0.66 0.76 0.92 11 
0.57 0.68 0.77 0.92 12 
0.57 0.68 0.79 0.95 13 
0.58 0.68 0.81 0.97 14 
0.58 0.74 0.82 0.97 15 
0.59 0.74 0.84 0.98 16 
0.61 0.78 0.86 1.04 17 
0.62 0.78 0.89 1.06 18 
0.65 0.78 0.92 1.07 19 
0.66 0.80 0.93 1.07 20 
0.68 0.80 0.95 1.08 21 
0.69 0.84 0.96 1.09 22 
0.70 0.86 1.00 1.09 23 
0.72 0.88 1.02 1.09 24 
0.73 0.94 1.02 1.12 25 
0.74 0.95 1.03 1.16 26 
0.74 0.95 1.04 1.17 27 
0.74 0.96 1.04 1.20 28 
0.75 0.96 1.06 1.20 29 
0.75 0.97 1.07 1.35 30 
0.76 0.99 1.10 1.35 31 
0.76 1.00 1.15 1.38 32 
0.77 1.00 1.16 1.46 33 
0.89 1.01 1.29 1.48 34 
0.90 1.01 1.37 1.50 35 
0.92 1.04 1.37 1.51 36 
0.95 1.07 1.39 1.51 37 
0.97 1.29 1.44 1.58 38 
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1.19 1.29 1.48 1.72 39 
1.20 1.34 1.52 1.78 40 
1.26 1.36 1.55 1.87 41 
1.31 1.42 1.61 1.88 42 
1.37 1.48 1.78 1.95 43 
1.72 1.75 2.27 2.34 44 
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Analyzed 

system 

3S-75, 

Increased 

Preload 

Capacity 

1.3FMCE 

Linear 

Viscous 

Damping 

1vE =0.10

T1= 1.28sec

Story 
F0 

>kN@

K0 

>kN/m@
Braces 

C or CN

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

3rd 160 1545 HSS8x8î5/8 1140 165 1435 1435 

2nd 390 2320 HSS8x8î5/8 1140 165 1435 1435 

1st 390 2320 HSS8x8î5/8 1140 165 1435 1435 

Sa-component scaling 
 

IDA curves 

 
Residual 

drift 

fragility 

curves 

(Probability 

of exceeding 

the specified 

value of 

residual drift) 

 

Detailed data 

Residual Drift 

Ratio, % 
SaMCE(T1)� Median Sa(T1)� Median Sa(T1) / SaMCE(T1) E�

0.2 

0.69g 

0.76g ����� �����

0.5 0.96g ����� �����

1.0 1.10g ����� �����

0 0.5 1 1.5 2
0

1

2

3

4

Maximum Residual Drift Ratio, (%)

S a
(T

1)
, g

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Re
sid

ua
l D

rif
t F

ra
gi

lit
y 

Sa(T1)  (g) SaMCE(T1)=0.69gSaDE(T1)=0.46g 

0.5% Residual 
Drift  

0.2% Residual Drift 

1.0% Residual Drift  

2.0% Residual Drift  
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2.0 1.21g ����� �����

Sa(T1) (g) for 
0.2 % Residual 

Drift 

Sa(T1) (g) for 
0.5 % Residual 

Drift 

Sa(T1) (g) for 
1.0 % Residual 

Drift 

Sa(T1) (g) for 
2.0 % Residual 

Drift 

Number of 
Exceedances 

�0.30 �0.30 �0.30 �0.30 0 
0.30 0.30 0.30 0.30 1 
0.42 0.54 0.62 0.68 2 
0.47 0.56 0.62 0.70 3 
0.50 0.58 0.69 0.78 4 
0.50 0.61 0.70 0.79 5 
0.51 0.62 0.72 0.81 6 
0.51 0.62 0.76 0.93 7 
0.52 0.66 0.83 0.93 8 
0.53 0.69 0.85 0.97 9 
0.53 0.72 0.89 0.98 10 
0.55 0.73 0.91 0.99 11 
0.60 0.74 0.92 1.03 12 
0.60 0.77 0.96 1.03 13 
0.61 0.83 0.97 1.06 14 
0.61 0.90 0.97 1.09 15 
0.65 0.90 1.00 1.10 16 
0.68 0.92 1.01 1.13 17 
0.70 0.94 1.02 1.17 18 
0.71 0.95 1.06 1.17 19 
0.72 0.95 1.06 1.18 20 
0.74 0.96 1.08 1.19 21 
0.76 0.96 1.10 1.20 22 
0.76 0.96 1.10 1.22 23 
0.79 0.97 1.11 1.27 24 
0.80 0.98 1.16 1.27 25 
0.81 1.01 1.17 1.27 26 
0.81 1.02 1.18 1.31 27 
0.91 1.07 1.19 1.34 28 
0.93 1.10 1.25 1.39 29 
0.98 1.11 1.26 1.45 30 
1.00 1.15 1.27 1.47 31 
1.05 1.16 1.50 1.54 32 
1.15 1.17 1.51 1.57 33 
1.15 1.21 1.52 1.57 34 
1.15 1.22 1.52 1.60 35 
1.17 1.24 1.55 1.61 36 
1.20 1.32 1.56 1.63 37 
1.25 1.35 1.60 1.95 38 
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1.33 1.45 1.86 1.98 39 
1.35 1.47 1.90 1.99 40 
1.37 1.57 1.97 2.23 41 
1.56 1.74 2.16 2.27 42 
1.71 1.80 2.17 2.60 43 
1.95 1.96 2.44 2.73 44 
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Analyzed 

system 

3S-75, 

Increased 

Capacity 

2.0 FMCE 

Linear 

Viscous 

Damping 

1vE =0.10

T1= 1.31sec

Story 
F0 

>kN@

K0 

>kN/m@
Braces 

C or CN

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate

 FTension

>kN@ 

Ultimate

FCompr 

>kN@ 

3rd 125 1545 HSS9x9î5/8 1140 165 1983 1983 

2nd 300 2320 HSS9x9î5/8 1140 165 1983 1983 

1st 300 2320 HSS9x9î5/8 1140 165 1983 1983 

Sa-component scaling 
 

IDA curves 

 
Residual 

drift 

fragility 

curves 

(Probability 

of exceeding 

the specified 

value of 

residual drift) 

 

Detailed data 

Residual Drift 

Ratio, % 
SaMCE(T1)� Median Sa(T1)� Median Sa(T1) / SaMCE(T1) E�

0.2 

0.68g 

0.75g ����� �����

0.5 1.13g ����� �����

1.0 1.31g ����� �����

2.0 1.58g ����� �����

0 0.5 1 1.5 2
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2
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4

Maximum Residual Drift Ratio, (%)

S a
(T

1)
, g
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0.6

0.8

1.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Re
sid

ua
l D

rif
t F

ra
gi

lit
y 

Sa(T1)  (g) SaMCE(T1)=0.68gSaDE(T1)=0.45g 

0.5% Residual 

Drift  

0.2% Residual Drift 

1.0% Residual Drift 

2.0% Residual Drift  
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Sa(T1) (g) for 
0.2 % Residual 

Drift 

Sa(T1) (g) for 
0.5 % Residual 

Drift 

Sa(T1) (g) for 
1.0 % Residual 

Drift 

Sa(T1) (g) for 
2.0 % Residual 

Drift 

Number of 
Exceedances 

�0.41 �0.53 �0.70 �0.75 0 
0.41 0.53 0.70 0.75 1 
0.45 0.53 0.71 0.83 2 
0.46 0.55 0.71 0.90 3 
0.48 0.55 0.82 0.99 4 
0.49 0.60 0.92 1.01 5 
0.50 0.66 0.93 1.02 6 
0.50 0.69 0.95 1.13 7 
0.51 0.69 0.96 1.13 8 
0.52 0.69 1.00 1.25 9 
0.54 0.75 1.01 1.27 10 
0.58 0.77 1.04 1.27 11 
0.59 0.83 1.04 1.27 12 
0.59 0.85 1.09 1.28 13 
0.60 0.87 1.21 1.30 14 
0.64 0.89 1.23 1.31 15 
0.66 0.97 1.25 1.32 16 
0.67 0.97 1.25 1.34 17 
0.68 1.02 1.25 1.35 18 
0.70 1.04 1.26 1.36 19 
0.71 1.05 1.27 1.36 20 
0.72 1.07 1.30 1.43 21 
0.74 1.08 1.31 1.57 22 
0.75 1.18 1.31 1.58 23 
0.76 1.20 1.31 1.59 24 
0.76 1.22 1.35 1.60 25 
0.77 1.25 1.41 1.60 26 
0.77 1.25 1.44 1.64 27 
0.77 1.26 1.48 1.64 28 
0.79 1.30 1.51 1.66 29 
0.87 1.31 1.52 1.66 30 
0.90 1.31 1.53 1.69 31 
0.93 1.32 1.54 1.71 32 
0.93 1.36 1.57 1.82 33 
1.16 1.37 1.61 1.85 34 
1.19 1.43 1.68 1.86 35 
1.22 1.46 1.70 1.99 36 
1.23 1.51 1.80 2.08 37 
1.25 1.53 1.82 2.19 38 
1.28 1.56 1.92 2.22 39 
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1.34 1.60 1.96 2.33 40 
1.38 1.63 2.04 2.49 41 
1.39 1.78 2.16 2.70 42 
1.55 1.99 2.46 2.85 43 
1.91 2.49 2.54 2.88 44 
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Analyzed 

system 

3S-75, 

Capacity 

1.3FMCE 

Increased 

Nonlinear 

Damping 

1vE =0.15

in DE 

(α=0.5) 

T1= 1.31sec

Story 
F0 

>kN@

K0 

>kN/m@
Braces 

C or CN 

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

3rd 125 1545 HSS8x8x1/2 666.4 165 1160 1215 

2nd 300 2320 HSS8x8x1/2 666.4 165 1160 1215 

1st 300 2320 HSS8x8x1/2 666.4 165 1160 1215 

Sa-component scaling 
 

IDA 

curves 

 
Residual 

drift 

fragility 

curves 

(Probability 

of exceeding 

the specified 

value of 

residual drift) 

Detailed data 

Residual Drift 

Ratio, % 
SaMCE(T1)� Median Sa(T1)� Median Sa(T1) / SaMCE(T1) E�

0.2 

0.68g 

0.69g ����� �����

0.5 0.81g ����� �����

1.0 0.94g ����� �����

0 0.5 1 1.5 2
0

1

2

3

4

Maximum Residual Drift Ratio, (%)

S a
(T

1)
, g

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Re
sid

ua
l D

rif
t F

ra
gi

lit
y 

Sa(T1)  (g) SaMCE(T1)=0.68gSaDE(T1)=0.45g 

0.5% Residual 

Drift  

0.2% Residual Drift 
1.0% Residual Drift  

2.0% Residual Drift  
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2.0 1.14g ����� �����

Sa(T1) (g) for 
0.2 % Residual 

Drift 

Sa(T1) (g) for 
0.5 % Residual 

Drift 

Sa(T1) (g) for 
1.0 % Residual 

Drift 

Sa(T1) (g) for 
2.0 % Residual 

Drift 

Number of 
Exceedances 

�0.41 �0.47 �0.55 �0.62 0 
0.41 0.47 0.55 0.62 1 
0.43 0.48 0.57 0.68 2 
0.43 0.51 0.64 0.75 3 
0.47 0.52 0.66 0.83 4 
0.50 0.57 0.73 0.83 5 
0.50 0.59 0.74 0.85 6 
0.50 0.61 0.79 0.85 7 
0.51 0.63 0.81 0.85 8 
0.52 0.63 0.81 0.91 9 
0.52 0.68 0.81 0.91 10 
0.53 0.70 0.82 0.92 11 
0.55 0.71 0.82 0.94 12 
0.59 0.71 0.82 0.98 13 
0.59 0.72 0.85 0.98 14 
0.60 0.74 0.86 0.99 15 
0.60 0.78 0.87 1.01 16 
0.61 0.79 0.89 1.02 17 
0.61 0.79 0.90 1.04 18 
0.62 0.79 0.91 1.08 19 
0.65 0.80 0.92 1.08 20 
0.68 0.80 0.92 1.10 21 
0.69 0.81 0.93 1.12 22 
0.69 0.82 0.94 1.17 23 
0.70 0.82 0.96 1.19 24 
0.70 0.83 1.01 1.21 25 
0.72 0.83 1.01 1.26 26 
0.72 0.84 1.02 1.31 27 
0.74 0.85 1.07 1.33 28 
0.75 0.87 1.07 1.33 29 
0.76 0.90 1.18 1.35 30 
0.77 0.91 1.19 1.37 31 
0.77 0.91 1.25 1.39 32 
0.78 0.98 1.25 1.40 33 
0.81 1.05 1.27 1.41 34 
0.81 1.10 1.27 1.44 35 
0.86 1.20 1.31 1.46 36 
0.90 1.21 1.32 1.59 37 
0.94 1.22 1.34 1.73 38 
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0.94 1.27 1.41 1.73 39 
0.97 1.28 1.43 1.77 40 
1.05 1.28 1.48 1.83 41 
1.26 1.33 1.53 1.86 42 
1.32 1.37 1.56 1.98 43 
1.34 1.47 1.69 2.44 44 
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Analyzed 

system 

3S-Reference 

T1= 1.07sec 

Story 
F0 

>kN@ 

K0 

>kN/m@
Braces 

C or CN

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

3rd - - - - - - - 

2nd - - - - - - - 

1st - - - - - - - 

Sa-component scaling 
 

IDA curves 

 
Residual 

drift 

fragility 

curves 

(Probability 

of exceeding 

the specified 

value of 

residual drift) 

Detailed data 

Residual Drift 

Ratio, % 
SaMCE(T1)� Median Sa(T1)� Median Sa(T1) / SaMCE(T1) E�

0.2 

0.83g 

0.49g ����� �����

0.5 0.71g ����� �����

1.0 1.13g ����� �����

2.0 1.64g ����� �����

0 0.5 1 1.5 2
0

1

2

3

4

Maximum Residual Drift Ratio, (%)

S a
(T

1)
, g

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Re
sid

ua
l D

rif
t F

ra
gi

lit
y 

Sa(T1)  (g) SaMCE(T1)=0.83gSaDE(T1)=0.55g

0.5% 
Residual 

Drift  

0.2% Residual 
Drift 

1.0% Residual Drift 

2.0% Residual Drift  
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Sa(T1) (g) for 
0.2 % Residual 

Drift 

Sa(T1) (g) for 
0.5 % Residual 

Drift 

Sa(T1) (g) for 
1.0 % Residual 

Drift 

Sa(T1) (g) for 
2.0 % Residual 

Drift 

Number of 
Exceedances 

�0.27 �0.44 �0.67 �0.82 0 
0.27 0.44 0.67 0.82 1 
0.32 0.44 0.68 0.87 2 
0.35 0.47 0.71 0.89 3 
0.37 0.52 0.71 1.00 4 
0.38 0.52 0.74 1.02 5 
0.38 0.54 0.75 1.04 6 
0.39 0.54 0.77 1.04 7 
0.39 0.56 0.78 1.06 8 
0.39 0.57 0.78 1.09 9 
0.40 0.58 0.81 1.23 10 
0.40 0.58 0.82 1.25 11 
0.40 0.60 0.85 1.31 12 
0.42 0.60 0.87 1.34 13 
0.43 0.62 0.89 1.36 14 
0.45 0.62 0.89 1.38 15 
0.46 0.63 0.91 1.38 16 
0.47 0.64 0.94 1.41 17 
0.48 0.65 0.98 1.48 18 
0.48 0.67 1.10 1.52 19 
0.48 0.68 1.11 1.53 20 
0.49 0.68 1.11 1.54 21 
0.49 0.70 1.13 1.62 22 
0.50 0.71 1.13 1.66 23 
0.50 0.71 1.16 1.73 24 
0.50 0.72 1.17 1.73 25 
0.54 0.74 1.19 1.73 26 
0.54 0.78 1.21 1.78 27 
0.55 0.83 1.21 1.85 28 
0.60 0.84 1.24 1.87 29 
0.60 0.87 1.28 1.88 30 
0.61 0.90 1.32 1.92 31 
0.62 0.91 1.37 1.93 32 
0.63 0.94 1.43 2.03 33 
0.64 0.94 1.43 2.04 34 
0.67 0.97 1.54 2.07 35 
0.67 0.99 1.61 2.18 36 
0.68 1.10 1.62 2.20 37 
0.70 1.13 2.02 2.26 38 
0.75 1.15 2.10 2.38 39 
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0.80 1.30 2.13 2.52 40 
0.83 1.47 2.20 2.79 41 
0.84 1.52 2.26 2.84 42 
0.91 1.56 2.42 3.13 43 
1.16 2.15 2.48 3.65 44 
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Analyzed 

system 

6S-75, 

Capacity 

1.3FMCE 

Linear 

Viscous 

Damping 

1vE =0.10

T1= 2.06sec

Story 
F0 

>kN@

K0 

>kN/m@
Braces 

C or CN

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate

 FTension

>kN@ 

Ultimate

FCompr 

>kN@ 

6th 100 1350 HSS8x8x3/8 2900 165 859 964 

5th 250 1790 HSS8î8î5/8 2900 165 1302 1434 

4th 250 1790 HSS8î8î5/8 2900 165 1302 1434 

3rd 400 2320 HSS9x9î5/8 2900 165 1843 1983 

2nd 400 2320 HSS9x9î5/8 2900 165 1843 1983 

1st 400 2320 HSS9x9î5/8 2900 165 1843 1983 

Sa-component scaling 
 

IDA curves 

 
Residual 

drift 

fragility 

curves 

(Probability 

of exceeding 

the specified 

value of 

residual drift) 

Detailed data 
Residual Drift 

Ratio, % 
SaMCE(T1)� Median Sa(T1)�

Median Sa(T1) / SaMCE

(T1) 
E�

0 0.5 1 1.5 2
0

1

2

Maximum Residual Drift Ratio, (%)

S a
(T

1)
, g

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.5 1.0 1.5

Re
sid

ua
l D

rif
t F

ra
gi

lit
y 

Sa(T1)  (g) SaMCE(T1)=0.43gSaDE(T1)=0.29g 

0.5% Residual 
Drift  

0.2% Residual Drift 

1.0% Residual Drift  

2.0% Residual Drift  



571 

 

0.2 

0.43g 

0.32g ����� �����

0.5 0.37g ����� �����

1.0 0.42g ����� �����

2.0 0.51g ����� �����

Sa(T1) (g) for 
0.2 % Residual 

Drift

Sa(T1) (g) for 
0.5 % Residual 

Drift

Sa(T1) (g) for 
1.0 % Residual 

Drift

Sa(T1) (g) for 
2.0 % Residual 

Drift 

Number of 
Exceedances 

�0.11 �0.13 �0.16 �0.18 0 
0.11 0.13 0.16 0.18 1 
0.12 0.15 0.20 0.22 2 
0.13 0.17 0.20 0.23 3 
0.19 0.21 0.22 0.24 4 
0.20 0.21 0.23 0.29 5 
0.20 0.23 0.26 0.29 6 
0.21 0.26 0.29 0.40 7 
0.21 0.27 0.30 0.41 8 
0.25 0.27 0.30 0.41 9 
0.25 0.27 0.32 0.42 10 
0.26 0.30 0.33 0.43 11 
0.26 0.30 0.33 0.43 12 
0.26 0.30 0.33 0.46 13 
0.27 0.30 0.36 0.46 14 
0.27 0.31 0.38 0.47 15 
0.27 0.31 0.39 0.47 16 
0.29 0.31 0.40 0.48 17 
0.29 0.35 0.40 0.48 18 
0.29 0.36 0.40 0.48 19 
0.30 0.36 0.41 0.49 20 
0.30 0.36 0.41 0.50 21 
0.32 0.36 0.41 0.50 22 
0.33 0.38 0.43 0.51 23 
0.34 0.38 0.43 0.51 24 
0.36 0.39 0.44 0.56 25 
0.38 0.41 0.46 0.63 26 
0.39 0.44 0.48 0.63 27 
0.40 0.46 0.61 0.65 28 
0.41 0.47 0.61 0.72 29 
0.42 0.54 0.62 0.73 30 
0.47 0.54 0.62 0.76 31 
0.48 0.58 0.66 0.77 32 
0.49 0.59 0.67 0.79 33 
0.49 0.60 0.72 0.80 34 
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0.52 0.60 0.74 0.80 35 
0.52 0.60 0.76 0.86 36 
0.53 0.63 0.84 0.90 37 
0.56 0.67 0.86 0.90 38 
0.56 0.69 0.86 0.94 39 
0.57 0.70 0.88 0.95 40 
0.63 0.81 0.95 0.98 41 
0.72 0.82 0.95 1.00 42 
0.73 0.83 1.00 1.16 43 
0.85 0.91 1.08 1.23 44 
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Analyzed 

system 

6S-75, 

Capacity 

1.3FMCE 

Increased 

Nonlinear 

Damping 

1vE =0.15

in DE 

(α=0.5) 

T1= 2.06sec

Story 
F0 

>kN@

K0 

>kN/m@
Braces 

C or CN

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

6th 100 1350 HSS8x8x3/8 1433 165 859 964 

5th 250 1790 HSS8î8î5/8 1433 165 1302 1434 

4th 250 1790 HSS8î8î5/8 1433 165 1302 1434 

3rd 400 2320 HSS9x9î5/8 1433 165 1843 1983 

2nd 400 2320 HSS9x9î5/8 1433 165 1843 1983 

1st 400 2320 HSS9x9î5/8 1433 165 1843 1983 

Sa-component scaling 
 

IDA curves 

 
Residual 

drift 

fragility 

curves 

(Probability 

of exceeding 

the specified 

value of 

residual drift) 

Detailed data 

Residual Drift 

Ratio, % 
SaMCE(T1)� Median Sa(T1)�

Median Sa(T1) / SaMCE

(T1) 
E�

0.2 0.43g 0.20g ����� �����

0 0.5 1 1.5 2
0

1

2

Maximum Residual Drift Ratio, (%)

S a
(T

1)
, g

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.5 1.0 1.5

Re
sid

ua
l D

rif
t F

ra
gi

lit
y 

Sa(T1)  (g) SaMCE(T1)=0.43gSaDE(T1)=0.29g 

0.5% 
Residual 

Drift  

0.2% 
Residual 

Drift 1.0% Residual Drift  

2.0% Residual Drift  
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0.5 0.27g ����� �����

1.0 0.36g ����� �����

2.0 0.54g ����� �����

Sa(T1) (g) for 
0.2 % Residual 

Drift 

Sa(T1) (g) for 
0.5 % Residual 

Drift 

Sa(T1) (g) for 
1.0 % Residual 

Drift 

Sa(T1) (g) for 
2.0 % Residual 

Drift 

Number of 
Exceedances 

�0.06 �0.08 �0.11 �0.15 0 
0.06 0.08 0.11 0.15 1 
0.07 0.09 0.12 0.16 2 
0.11 0.15 0.17 0.19 3 
0.12 0.15 0.19 0.24 4 
0.12 0.16 0.23 0.31 5 
0.13 0.18 0.24 0.31 6 
0.14 0.18 0.24 0.32 7 
0.14 0.18 0.25 0.32 8 
0.15 0.19 0.25 0.33 9 
0.15 0.20 0.26 0.35 10 
0.16 0.20 0.26 0.37 11 
0.16 0.20 0.27 0.38 12 
0.16 0.20 0.28 0.39 13 
0.16 0.20 0.28 0.39 14 
0.16 0.21 0.29 0.40 15 
0.16 0.22 0.30 0.41 16 
0.17 0.23 0.30 0.46 17 
0.17 0.24 0.30 0.46 18 
0.17 0.25 0.31 0.47 19 
0.18 0.26 0.33 0.47 20 
0.19 0.26 0.34 0.52 21 
0.20 0.27 0.35 0.54 22 
0.21 0.27 0.36 0.54 23 
0.22 0.29 0.39 0.55 24 
0.22 0.29 0.39 0.57 25 
0.23 0.30 0.39 0.61 26 
0.23 0.31 0.39 0.62 27 
0.23 0.31 0.41 0.62 28 
0.24 0.32 0.42 0.62 29 
0.25 0.33 0.47 0.64 30 
0.25 0.34 0.47 0.65 31 
0.26 0.37 0.48 0.65 32 
0.27 0.37 0.48 0.65 33 
0.29 0.37 0.49 0.68 34 
0.29 0.38 0.53 0.70 35 
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0.29 0.40 0.54 0.74 36 
0.32 0.40 0.57 0.75 37 
0.34 0.42 0.61 0.79 38 
0.35 0.44 0.62 0.80 39 
0.37 0.44 0.64 0.83 40 
0.40 0.50 0.67 0.83 41 
0.41 0.51 0.72 0.95 42 
0.42 0.52 0.76 1.32 43 
0.42 0.65 0.77 1.38 44 
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Analyzed 

system 

6S-75, 

Capacity 

2.0FMCE 

Linear 

Damping 

1vE =0.10 

in DE 

T1= 2.06sec 

Story 
F0 

>kN@ 

K0 

>kN/m@
Braces 

C or CN

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

6th 100 1350 HSS8x8x5/8 1433 165 859 964 

5th 250 1790 HSS9î9î5/8 1433 165 1302 1434 

4th 250 1790 HSS9î9î5/8 1433 165 1302 1434 

3rd 400 2230 HSS12x12î5/8 1433 165 1843 1983 

2nd 400 2230 HSS12x12î5/8 1433 165 1843 1983 

1st 400 2230 HSS12x12î5/8 1433 165 1843 1983 

Sa-component scaling 
 

IDA 

curves 

 
Residual 

drift 

fragility 

curves 

(Probability 

of exceeding 

the specified 

value of 

residual drift) 

Detailed data 

Residual Drift 

Ratio, % 
SaMCE(T1)� Median Sa(T1)� Median Sa(T1) / SaMCE(T1) E�

0.2 0.43g 0.45g ����� �����

0 0.5 1 1.5 2
0

1

2

Maximum Residual Drift Ratio, (%)

S a
(T

1)
, g

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.5 1.0 1.5

Re
sid

ua
l D

rif
t F

ra
gi

lit
y 

Sa(T1)  (g) SaMCE(T1)=0.43gSaDE(T1)=0.29g 

0.5% Residual 
Drift  

0.2% Residual Drift 

1.0% Residual Drift  

2.0% Residual Drift  
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0.5 0.60g ����� �����

1.0 0.77g ����� �����

2.0 0.80g ����� �����

Sa(T1) (g) for 
0.2 % Residual 

Drift 

Sa(T1) (g) for 
0.5 % Residual 

Drift 

Sa(T1) (g) for 
1.0 % Residual 

Drift 

Sa(T1) (g) for 
2.0 % Residual 

Drift 

Number of 
Exceedances 

�0.18 �0.22 �0.26 �0.33 0 
0.18 0.22 0.26 0.33 1 
0.21 0.27 0.29 0.39 2 
0.25 0.31 0.36 0.41 3 
0.25 0.33 0.41 0.43 4 
0.27 0.35 0.44 0.45 5 
0.28 0.36 0.45 0.48 6 
0.28 0.37 0.45 0.56 7 
0.28 0.37 0.46 0.61 8 
0.29 0.37 0.48 0.63 9 
0.29 0.37 0.54 0.65 10 
0.30 0.40 0.58 0.66 11 
0.30 0.42 0.60 0.69 12 
0.32 0.45 0.65 0.71 13 
0.32 0.45 0.66 0.72 14 
0.33 0.45 0.71 0.72 15 
0.33 0.47 0.71 0.74 16 
0.33 0.47 0.72 0.74 17 
0.36 0.47 0.73 0.76 18 
0.37 0.53 0.74 0.79 19 
0.39 0.58 0.76 0.79 20 
0.41 0.58 0.76 0.79 21 
0.45 0.59 0.76 0.80 22 
0.46 0.60 0.77 0.80 23 
0.47 0.66 0.80 0.81 24 
0.47 0.66 0.80 0.82 25 
0.48 0.69 0.80 0.89 26 
0.50 0.71 0.86 0.89 27 
0.50 0.72 0.86 0.89 28 
0.50 0.73 0.86 0.90 29 
0.50 0.75 0.87 0.90 30 
0.50 0.75 0.90 0.93 31 
0.50 0.76 0.93 0.98 32 
0.52 0.79 0.94 1.00 33 
0.56 0.79 0.96 1.00 34 
0.56 0.79 0.97 1.03 35 
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0.56 0.79 1.00 1.09 36 
0.58 0.81 1.06 1.12 37 
0.59 0.85 1.11 1.17 38 
0.64 0.86 1.21 1.27 39 
0.70 0.95 1.24 1.34 40 
0.72 1.09 1.30 1.34 41 
0.73 1.10 1.33 1.35 42 
0.74 1.11 1.34 1.41 43 
0.91 1.24 1.35 1.76 44 
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Analyzed 

system 

6S-Reference 

T1= 1.90sec 

Story 
F0 

>kN@

K0 

>kN/m@
Braces 

C or CN

>kN-(s/

m)α@ 

DCap 

>mm@ 

Ultimate

FTension 

>kN@ 

Ultimate

FCompr 

>kN@ 

6th - - - - - - - 

5th - - - - - - - 

4th - - - - - - - 

3rd - - - - - - - 

2nd - - - - - - - 

1st - - - - - - - 

Sa-component scaling 
 

IDA curves 

 
Residual 

drift 

fragility 

curves 

(Probability 

of exceeding 

the specified 

value of 

residual drift) 
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2.0% Residual Drift  
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0.5 0.33g ����� �����

1.0 0.58g ����� �����

2.0 0.75g ����� �����

Sa(T1) (g) for 
0.2 % Residual 

Drift 

Sa(T1) (g) for 
0.5 % Residual 

Drift 

Sa(T1) (g) for 
1.0 % Residual 

Drift 

Sa(T1) (g) for 
2.0 % Residual 

Drift 

Number of 
Exceedances 

�0.07 �0.09 �0.12 �0.23 0 
0.07 0.09 0.12 0.23 1 
0.07 0.11 0.13 0.30 2 
0.09 0.18 0.22 0.39 3 
0.12 0.18 0.23 0.41 4 
0.13 0.19 0.24 0.41 5 
0.14 0.19 0.27 0.43 6 
0.15 0.22 0.30 0.44 7 
0.15 0.22 0.33 0.48 8 
0.16 0.24 0.33 0.49 9 
0.17 0.24 0.35 0.50 10 
0.17 0.24 0.35 0.51 11 
0.18 0.25 0.35 0.58 12 
0.18 0.25 0.36 0.58 13 
0.19 0.25 0.36 0.58 14 
0.19 0.26 0.36 0.60 15 
0.19 0.28 0.39 0.60 16 
0.19 0.28 0.45 0.61 17 
0.20 0.28 0.47 0.66 18 
0.20 0.29 0.48 0.71 19 
0.21 0.30 0.51 0.71 20 
0.21 0.31 0.54 0.72 21 
0.22 0.33 0.58 0.72 22 
0.22 0.33 0.58 0.79 23 
0.23 0.35 0.59 0.80 24 
0.23 0.36 0.60 0.80 25 
0.24 0.36 0.61 0.82 26 
0.24 0.37 0.61 0.87 27 
0.25 0.39 0.65 0.88 28 
0.25 0.39 0.67 0.92 29 
0.25 0.39 0.73 0.93 30 
0.26 0.43 0.74 0.96 31 
0.26 0.44 0.80 0.98 32 
0.26 0.46 0.84 1.03 33 
0.27 0.47 0.85 1.04 34 
0.28 0.48 0.85 1.05 35 
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0.28 0.50 0.88 1.15 36 
0.28 0.51 0.91 1.24 37 
0.28 0.52 1.10 1.25 38 
0.30 0.53 1.12 1.36 39 
0.37 0.58 1.16 1.40 40 
0.38 0.58 1.21 1.40 41 
0.39 0.79 1.23 1.47 42 
0.41 0.98 1.26 1.63 43 
0.44 1.12 2.18 2.41 44 
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APPENDIX G 
DETAILED RISK ASSESSMENT DATA 

 

This appendix presents detailed data obtained in the risk assessment analysis. The following data are 

presented for each analyzed case: 

 

1) Collapse fragility curve. 

2) Residual drift fragility curves (for residual drift ratio of 0.2, 0.5, 1.0, and 2.0 %). 

3) Absolute value of slope of the seismic hazard curve. 

4) De-aggregation curves for calculating OC and ORD (product of fragility curve and seismic hazard curve 

slope). 

5) Values of the mean annual frequencies OC and ORD. 

6) Values of the probability of collapse PC in 50 years. 

7) Values of the probability of exceeding a specified value of residual drift PRD in 50 years. 
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System Limit State 
Parameter 

0.2% Res. 
Drift 

0.5% Res. 
Drift 

1.0% Res. 
Drift 

2.0% Res. 
Drift Collapse 

3S-75, Capacity 1.3FMCE 
Linear Viscous Damping

1vE =0.10 

T1= 1.31sec 

OC or ORD 1.91î10-3 1.04î10-3 7.19î10-4 4.80î10-4 8.25î10-5

PC or PRD 

(in 50 years) 0.0910 0.0507 0.0353 0.0237 0.0041 

 

Fragility Curves 

 

Slope of Seismic Hazard Curve 

 

De-aggregation Curves 

 

 

 

0 1 2 3 4
0

0.5

1

Sa(T1), (g)

Pc|Sa

Collapse

0 1 2 3 4
0

0.5

1

Sa(T1), (g)

Pc|Sa

0.2 % Residual Drift
0.5 % Residual Drift
1.0 % Residual Drift
2.0 % Residual Drift

0 1 2 3 410−8

10−6

10−4

10−2

100

102

Sa(T1), (g)

T=1.31 sec.
dλ
dSa

Sa

0 1 2 3 4
0

5e−05

0.0001

Sa(T1), (g)

dλ
dSa

0.5

10
−4

1

Pc|Sa
Sa

Collapse

0 1 2 3 4
0

0.002

0.004

Sa(T1), (g)

dλ
dSa

2

10
−3

4

Pc|Sa
Sa

0.2 % Residual Drift
0.5 % Residual Drift
1.0 % Residual Drift
2.0 % Residual Drift
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System Limit State 
Parameter 

0.2% Res.
 Drift 

0.5% Res.
 Drift 

1.0% Res.
Drift 

2.0% Res. 
Drift Collapse 

3S-75, Increased Preload 
Capacity 1.3FMCE 

Linear Viscous Damping 

1vE =0.10 

T1= 1.28sec 

OC or ORD 1.84î10-3 8.49î10-4 6.15î10-4 4.55î10-4 1.20î10-4 

PC or PRD 

(in 50 year
s) 

0.0878 0.0416 0.0303 0.0225 0.0060 

 

Fragility Curves 

 

Slope of Seismic Hazard Curve 

  

De-aggregation Curves 

 

 

 

0 1 2 3 4
0

0.5

1

Sa(T1), (g)

Pc|Sa

Collapse

0 1 2 3 4
0

0.5

1

Sa(T1), (g)

Pc|Sa

0.2 % Residual Drift
0.5 % Residual Drift
1.0 % Residual Drift
2.0 % Residual Drift

0 1 2 3 410−8

10−6

10−4

10−2

100

102

Sa(T1), (g)

T=1.28 sec.
dλ
dSa

Sa

0 1 2 3 4
0

0.0001

0.0002

Sa(T1), (g)

dλ
dSa

1

10
−4

2

Pc|Sa
Sa

Collapse

0 1 2 3 4
0

0.002

0.004

Sa(T1), (g)

dλ
dSa

2

10
−3

4

Pc|Sa
Sa

0.2 % Residual Drift
0.5 % Residual Drift
1.0 % Residual Drift
2.0 % Residual Drift
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System Limit State 
Parameter 

0.2% Res. 
Drift 

0.5% Res. 
Drift 

1.0% Res.
Drift 

2.0% Res. 
Drift Collapse 

3S-75, Increased Capacity 
2.0 FMCE 

Linear Viscous Damping 

1vE =0.10 

T1= 1.31sec 

OC or ORD 1.70î10-3 4.97î10-4 2.31î10-4 1.10î10-4 2.65î10-5

PC or PRD 

(in 50 years) 0.0817 0.0246 0.0115 0.0055 0.0013 

 

Fragility Curves 

 

Slope of Seismic Hazard Curve 

  

De-aggregation Curves 

 

 

 

0 1 2 3 4
0

0.5

1

Sa(T1), (g)

Pc|Sa

Collapse

0 1 2 3 4
0

0.5

1

Sa(T1), (g)

Pc|Sa

0.2 % Residual Drift
0.5 % Residual Drift
1.0 % Residual Drift
2.0 % Residual Drift

0 1 2 3 410−8

10−6

10−4

10−2

100

102

Sa(T1), (g)

T=1.31 sec.
dλ
dSa

Sa

0 1 2 3 4
0

2e−05

4e−05

Sa(T1), (g)

dλ
dSa

2

10
−5

4

Pc|Sa
Sa

Collapse

0 1 2 3 4
0

0.002

0.004

Sa(T1), (g)

dλ
dSa

2

10
−3

4

Pc|Sa
Sa

0.2 % Residual Drift
0.5 % Residual Drift
1.0 % Residual Drift
2.0 % Residual Drift
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System 
Limit State 

Parameter 

0.2% Res.

 Drift 

0.5% Res.

Drift 

1.0% Res.

Drift 

2.0% Res. 

Drift 
Collapse 

3S-75, Capacity 1.3FMCE 

Increased Nonlinear Damping 

1vE =0.15 in DE (α=0.5) 

T1= 1.31sec 

OC or ORD 1.77î10-3 1.11î10-3 6.79î10-4 3.67î10-4 5.53î10-5

PC or PRD 

(in 50 years)
0.0848 0.0539 0.0334 0.0182 0.0028 

 

Fragility Curves 

 

Slope of Seismic Hazard Curve 

  

De-aggregation Curves 

 

 

 

0 1 2 3 4
0

0.5

1

Sa(T1), (g)

Pc|Sa

Collapse

0 1 2 3 4
0

0.5

1

Sa(T1), (g)

Pc|Sa

0.2 % Residual Drift
0.5 % Residual Drift
1.0 % Residual Drift
2.0 % Residual Drift

0 1 2 3 410−8

10−6

10−4

10−2

100

102

Sa(T1), (g)

T=1.31 sec.
dλ
dSa

Sa

0 1 2 3 4
0

3e−05

6e−05

Sa(T1), (g)

dλ
dSa

3

10
−5

6

Pc|Sa
Sa

Collapse

0 1 2 3 4
0

0.002

0.004

Sa(T1), (g)

dλ
dSa

2

10
−3

4

Pc|Sa
Sa

0.2 % Residual Drift
0.5 % Residual Drift
1.0 % Residual Drift
2.0 % Residual Drift
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System Limit State 
 Parameter 

0.2% Res.
Drift 

0.5% Res.
Drift 

1.0% Res.
Drift 

2.0% Res. 
 Drift Collapse 

3S-85, Capacity 1.3FMCE 
Linear Viscous Damping 

1vE =0.10 

T1= 1.23sec 

OC or ORD 1.80î10-3 6.04î10-4 4.80î10-4 3.09î10-4 5.76î10-5

PC or PRD 

(in 50 years) 0.0862 0.0298 0.0237 0.0153 0.0029 

 

Fragility Curves 

 

Slope of Seismic Hazard Curve 

 

De-aggregation Curves 

 

 

 

0 1 2 3 4
0

0.5

1

Sa(T1), (g)

Pc|Sa

Collapse

0 1 2 3 4
0

0.5

1

Sa(T1), (g)

Pc|Sa

0.2 % Residual Drift
0.5 % Residual Drift
1.0 % Residual Drift
2.0 % Residual Drift

0 1 2 3 410−8

10−6

10−4

10−2

100

102

Sa(T1), (g)

T=1.23 sec.
dλ
dSa

Sa

0 1 2 3 4
0

5e−05

0.0001

Sa(T1), (g)

dλ
dSa

0.5

10
−4

1

Pc|Sa
Sa

Collapse

0 1 2 3 4
0

0.002

0.004

Sa(T1), (g)

dλ
dSa

2

10
−3

4

Pc|Sa
Sa

0.2 % Residual Drift
0.5 % Residual Drift
1.0 % Residual Drift
2.0 % Residual Drift
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System Limit State 
Parameter 

0.2% Res.
Drift 

0.5% Res.
Drift 

1.0% Res.
Drift 

2.0% Res. 
Drift Collapse 

3S-Reference 
T1= 1.07sec 

OC or ORD 5.93î10-3 2.90î10-3 8.44î10-4 2.16î10-4 2.62î10-5 

PC or PRD 

(in 50 years) 0.2567 0.1351 0.0413 0.0108 0.0013 

 

Fragility Curves 

 

Slope of Seismic Hazard Curve 

 

De-aggregation Curves 

 

 

 

 

0 1 2 3 4
0

0.5

1

Sa(T1), (g)

Pc|Sa

Collapse

0 1 2 3 4
0

0.5

1

Sa(T1), (g)

Pc|Sa 0.2 % Residual Drift
0.5 % Residual Drift
1.0 % Residual Drift
2.0 % Residual Drift

0 1 2 3 410−8

10−6

10−4

10−2

100

102

Sa(T1), (g)

T=1.07 sec.dλ
dSa

Sa

0 1 2 3 4
0

2e−05

4e−05

Sa(T1), (g)

dλ
dSa

2

10
−5

4

Pc|Sa
Sa

Collapse

0 1 2 3 4
0

0.007

0.014

Sa(T1), (g)

dλ
dSa

0.7

10
−2

1.4

Pc|Sa
Sa

0.2 % Residual Drift
0.5 % Residual Drift
1.0 % Residual Drift
2.0 % Residual Drift
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System Limit State 
Parameter 

0.2% Res. 
Drift 

0.5% Res. 
Drift 

1.0% Res.
Drift 

2.0% Res.  
Drift Collapse 

6S-75, Capacity 1.3FMCE 
Linear Viscous Damping 

1vE =0.10 

T1= 2.06sec 

OC or ORD 4.64î10-3 3.50î10-3 2.81î10-3 1.72î10-3 2.42î10-4

PC or PRD 

(in 50 years) 0.2070 0.1607 0.1310 0.0824 0.0120 

 

Fragility Curves 

 

Slope of Seismic Hazard Curve 

  

De-aggregation Curves 

 

 

 

 

0 1 2
0

0.5

1

Sa(T1), (g)

Pc|Sa

Collapse

0 1 2
0

0.5

1

Sa(T1), (g)

Pc|Sa 0.2 % Residual Drift
0.5 % Residual Drift
1.0 % Residual Drift
2.0 % Residual Drift

0 1 210−8

10−6

10−4

10−2

100

102

Sa(T1), (g)

T=2.06 sec.dλ
dSa

Sa

0 1 2
0

0.0003

0.0006

Sa(T1), (g)

dλ
dSa

3

10
−4

6

Pc|Sa
Sa

Collapse

0 1 2
0

0.01

0.02

Sa(T1), (g)

dλ
dSa

1

10
−2

2

Pc|Sa
Sa

0.2 % Residual Drift
0.5 % Residual Drift
1.0 % Residual Drift
2.0 % Residual Drift
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System Limit State 
Parameter 

0.2% Res.
sDrift 

0.5% Res.
Drift 

1.0% Res.
Drift 

2.0% Res. 
Drift Collapse 

6S-75, Capacity 1.3FMCE 
Increased Nonlinear Damping

1vE =0.15 in DE (α=0.5) 

T1= 2.06sec 

OC or ORD 9.70î10-3 6.17î10-3 3.70î10-3 1.51î10-3 2.47î10-4 

PC or PRD 

(in 50 years) 0.3843 0.2654 0.1687 0.0727 0.0122 

 

Fragility Curves 

 

Slope of Seismic Hazard Curve 

  

De-aggregation Curves 

 

 

 

 

0 1 2
0

0.5

1

Sa(T1), (g)

Pc|Sa

Collapse

0 1 2
0

0.5

1

Sa(T1), (g)

Pc|Sa 0.2 % Residual Drift
0.5 % Residual Drift
1.0 % Residual Drift
2.0 % Residual Drift

0 1 210−8

10−6

10−4

10−2

100

102

Sa(T1), (g)

T=2.06 sec.dλ
dSa

Sa

0 1 2
0

0.0003

0.0006

Sa(T1), (g)

dλ
dSa

3

10
−4

6

Pc|Sa
Sa

Collapse

0 1 2
0

0.02

0.04

Sa(T1), (g)

dλ
dSa

2

10
−2

4

Pc|Sa
Sa

0.2 % Residual Drift
0.5 % Residual Drift
1.0 % Residual Drift
2.0 % Residual Drift
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System Limit State 
Parameter 

0.2% Res.
Drift 

0.5% Res.
Drift 

1.0% Res.
Drift 

2.0% Res. 
Drift Collapse 

6S-75, Capacity 2.0FMCE 
Linear Damping 

1vE =0.10 in DE 

T1= 2.06sec 

OC or ORD 1.92î10-3 1.01î10-3 4.56î10-4 3.49î10-4 1.45î10-4 

PC or PRD 

(in 50 years) 0.0913 0.0494 0.0225 0.0173 0.0072 

 

Fragility Curves 

 

Slope of Seismic Hazard Curve 

  

De-aggregation Curves 

 

 

 

 

0 1 2
0

0.5

1

Sa(T1), (g)

Pc|Sa

Collapse

0 1 2
0

0.5

1

Sa(T1), (g)

Pc|Sa 0.2 % Residual Drift
0.5 % Residual Drift
1.0 % Residual Drift
2.0 % Residual Drift

0 1 210−8

10−6

10−4

10−2

100

102

Sa(T1), (g)

T=2.06 sec.dλ
dSa

Sa

0 1 2
0

0.0002

0.0004

Sa(T1), (g)

dλ
dSa

2

10
−4

4

Pc|Sa
Sa

Collapse

0 1 2
0

0.003

0.006

Sa(T1), (g)

dλ
dSa

3

10
−3

6

Pc|Sa
Sa

0.2 % Residual Drift
0.5 % Residual Drift
1.0 % Residual Drift
2.0 % Residual Drift
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System Limit State  
Parameter 

0.2% Res.
Drift 

0.5% Res.
Drift 

1.0% Res.
Drift 

2.0% Res. 
Drift Collapse 

6S-Reference 
T1= 1.90sec 

OC or ORD 9.95î10-3 5.46î10-3 2.16î10-3 8.07î10-4 2.07î10-4 

PC or PRD 

(in 50 years) 0.3920 0.2390 0.1026 0.0395 0.0103 

 

Fragility Curves 

 

Slope of Seismic Hazard Curve 

  

De-aggregation Curves 

 

0 1 2
0

0.5

1

Sa(T1), (g)

Pc|Sa

Collapse

0 1 2
0

0.5

1

Sa(T1), (g)

Pc|Sa 0.2 % Residual Drift
0.5 % Residual Drift
1.0 % Residual Drift
2.0 % Residual Drift

0 1 210−8

10−6

10−4

10−2

100

102

Sa(T1), (g)

T=1.90 sec.dλ
dSa

Sa

0 1 2
0

0.0002

0.0004

Sa(T1), (g)

dλ
dSa

2

10
−4

4

Pc|Sa
Sa

Collapse

0 1 2
0

0.02

0.04

Sa(T1), (g)

dλ
dSa

2

10
−2

4

Pc|Sa
Sa

0.2 % Residual Drift
0.5 % Residual Drift
1.0 % Residual Drift
2.0 % Residual Drift
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