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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a national
center of excellence in advanced technology applications that is dedicated to the reduction
of earthquake losses nationwide. Headquartered at the University at Buffalo, State Univer-
sity of New York, the Center was originally established by the National Science Foundation
in 1986, as the National Center for Earthquake Engineering Research (NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions
throughout the United States, the Center’s mission is to reduce earthquake losses through
research and the application of advanced technologies that improve engineering, pre-
earthquake planning and post-earthquake recovery strategies. Toward this end, the Center
coordinates a nationwide program of multidisciplinary team research, education and
outreach activities.

MCEER’s research is conducted under the sponsorship of two major federal agencies: the
National Science Foundation (NSF) and the Federal Highway Administration (FHWA),
and the State of New York. Significant support is derived from the Federal Emergency
Management Agency (FEMA), other state governments, academic institutions, foreign
governments and private industry.

MCEER’s NSF-sponsored research objectives are twofold: to increase resilience by devel-
oping seismic evaluation and rehabilitation strategies for the post-disaster facilities and
systems (hospitals, electrical and water lifelines, and bridges and highways) that society
expects to be operational following an earthquake; and to further enhance resilience by
developing improved emergency management capabilities to ensure an effective response
and recovery following the earthquake (see the figure below).
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A cross-program activity focuses on the establishment of an effective experimental and
analytical network to facilitate the exchange of  information between researchers located
in various institutions across the country. These are complemented by, and integrated with,
other MCEER activities in education, outreach, technology transfer, and industry partner-
ships.

The study described in this report provides ground work toward the development of performance-
based design tools for buildings. The focus is on nonstructural components and building contents.
The study assesses the response of different seismic framing systems to a broad range of earthquake
ground motions and the impact of framing system choice on the demands of nonstructural
components and building contents. This is illustrated through response-history analysis of two
conventional hospital buildings located in Southern California, which represent typical 1960's and
1970's-era construction, and 10 models of alternate (retrofit) construction. Three bins of earthquake
histories with different probabilities of exceedence are used for the response-history analysis. Three
types of protective systems are considered in the study: steel yielding devices (buckling restrained
braces), fluid viscous dampers and base-isolation. Six of the models are base-isolated with three types
of isolators. The performance of the base-isolated frames is superior to that of the other frames as
gauged by the smallest drift and acceleration demands on the nonstructural components. Of the non-
isolated models, those equipped with fluid viscous dampers offer superior performance. No single
type of isolator (of the three types considered) outperforms the others across all three bins of
earthquake histories. The work complements performance-based earthquake engineering tools
currently under development by MCEER, the Pacific Earthquake Engineering Center (PEER) and
the ATC-58 project.



 v

 

ABSTRACT 

The principal investments in building construction are made in non-structural components and 

contents (NCCs). An efficient performance-based design paradigm should focus on these key 

investments and a new design paradigm is needed to do so. The impact of structural framing 

system type on the NCCs demands is illustrated through response-history analysis of two 

conventional hospital buildings located in Southern California, which represent typical 1960s-era 

and 1970s-era construction, and 10 models of alternate (retrofit) construction. Three bins of 

earthquake histories with different probabilities of exceedence are used for the response-history 

analysis. Three types of protective systems are considered in the study: steel yielding devices 

(buckling restrained braces), fluid viscous dampers and base-isolation. Six of the models are 

base-isolated with three types of isolators. The performance of the base-isolated frames is 

superior to that of the other frames as gauged by the smallest drift and acceleration demands on 

the NCCs. Of the non-isolated models, those equipped with fluid viscous dampers offer superior 

performance. No single type of isolator (of the three types considered) outperforms the other two 

isolator types across all 3 bins of earthquake histories. 
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CHAPTER 1 

INTRODUCTION 

1.1 Performance-Based Earthquake Engineering of Buildings 

In the past, decisions regarding target building performance during earthquake shaking have been 

made by structural engineers with little consultation with building owners, insurers and regulators 

(hereafter termed stakeholders) because tools for risk computations and decision-making, cast in 

a format understood by and accessible to the stakeholders, did not exist.  

The first-generation tools for performance-based earthquake engineering (PBEE-1) that were 

published in 1997 as the FEMA 273, Guidelines for the Seismic Rehabilitation of Buildings 

(FEMA, 1997) included a decision-making process for building performance that was based 

solely on estimating the response of structural and nonstructural components and comparing those 

estimates with predefined (default) limits for discrete performance levels. No formal risk-based 

mechanism was provided in that document to engage stakeholders in the decision-making 

process. 

Since the publication of FEMA 273 and its derivative, FEMA 356, Prestandard and Commentary 

for the Seismic Rehabilitation of Buildings (FEMA, 2000b), much effort has been spent to engage 

stakeholders in decision-making related to the performance of buildings during earthquake 

shaking and to present performance data in an efficient and useful format for the stakeholders. On 

the basis of a workshop conducted as part of the ATC-58 project in 2002 (FEMA, 2005), insight 

was gained into the needs and interests of stakeholders related to building performance in 

earthquake shaking. Key insights included a) stakeholders have a strong interest in the societal 

and economic (direct and indirect) impacts of earthquakes beyond the traditional life-safety 

considerations, b) stakeholders have a wide range of needs for performance characterization, and 

c) expressions of risk (exposure to loss) should be available as probabilistic expressions (e.g., 

expected annualized loss) and for deterministic scenarios. Further, the traditional measures of 
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performance (e.g., component plastic hinge rotation) for structural engineers were of little-to-no 

value to stakeholders. 

To engage stakeholders in the decision-making process, decision-support infrastructure and tools 

must be developed that express performance in a language understood by the stakeholders. A 

decision-support system developed by one of the National Science Foundation Earthquake 

Engineering Research Centers, the Multidisciplinary Center for Earthquake Engineering Research 

(MCEER) is presented in figure 1-1. The focus of the work at MCEER is hospital construction in 

California and the MCEER decision-support system specifically addresses the unique needs and 

constraints of hospital construction in California. This decision-support system is scenario-based 

and includes traditional steps in the building analysis and design process, including 

characterization of the earthquake hazard, site response analysis, structural analysis and 

engineering. The process is constructed around concepts of fragility and resilience (Bruneau et 

al., 2003). 

Similar infrastructure and tools have also been developed for the ATC-58 project (see 

www.atcouncil.org) and by another National Science Foundation Earthquake Engineering 

Research Center: the Pacific Earthquake Engineering Research (PEER) Center 

(peer.berkeley.edu). Much is common to the infrastructure and tools produced by the ATC-58 

project, PEER and MCEER. 

1.2 MCEER Decision Support Framework 

Fragility and resilience are two measures of building performance. Fragility can be defined as the 

median probability that a system (component) will exceed a level of damage given a level of 

demand on that system (component). At each point on a fragility curve there is a distribution 

about the central tendency that depends on uncertainties and randomness in system (component) 

properties and loading characteristics. A sample fragility curve is presented in figure 1-2a. 

Seismic resilience represents a) the capability of a building (through design and construction) to 

resist damage, and b) a measure of the recovery time required to return the building to full 

operation. An example resilience curve is shown in figure 1-2b. 
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a. Fragility curve b. Resilience function 

FIGURE 1-2: Sample Fragility and Resilience Functions 

The figure shows the occurrence of a seismic event at time t  that causes an immediate reduction 

in the operation of the building to 40% (median estimate) of maximum. The percent reduction for 

a given event is a random variable with an associated distribution. The time to full recovery (or 

100% operation) that is shown in the figure is also a random variable with an associated 

distribution. Resilience can also be measured in terms of direct and indirect economic losses, 

which are performance metrics used in the ATC-58 project (www.atcouncil.org) and the PEER 

project (www.peer.berkeley.edu).  

The decision-support framework of figure 1-1 is hospital building, building site and earthquake-

scenario based. Focusing solely on the assessment components of the figure, the process begins 

with the selection of a hospital building (new or existing) and a characterization of the scenario 

earthquake hazard, represented in a format appropriate for structural analysis (e.g., a response 

spectrum for linear static and dynamic analysis; earthquake records for response-history analysis). 

The building is assumed to be fully defined in terms of its structural and nonstructural 

components and the fragilities of these components are assumed to be known. 

The response of the structural framing to the prescribed seismic input will yield two key products. 

First, the structural analysis will enable the engineer to determine the probability that a structural 

limit state will be exceeded at the component or system level, where the limit state could be any 

number of response quantities such as system displacement, component deformation, floor 

acceleration and velocity. Second, the response of the structural framing-system will serve as the 

Recovery 
time 

t 
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seismic input to the non-structural components and facilitate the fragility-based assessment of 

these components. The nonstructural component fragility curves shown in the dotted box of 

figure 1-1 enable the calculation of the probability of exceeding a specified level of damage as a 

function of the seismic input, where the seismic input to the non-structural components 

corresponds to the response of the structural framing at the points of attachment of these 

components. Different framing-system response quantities will be critical for different non-

structural components or systems (i.e., drift-sensitive or acceleration-sensitive).  

Four key developments are needed to enable the use of the MCEER decision support systems for 

assessment of the resilience of hospital buildings, namely, 1) reliable methods of, and models for, 

nonlinear response-history analysis must be developed; 2) the structural and nonstructural 

component fragility curves must be sufficiently well populated; 3) damage-cost relationships 

(loss functions) must be developed for structural and nonstructural components as well as a 

method for the aggregation of loss over an entire building system; and 4) structural framing 

systems capable of limiting acceleration- and displacement-responses in nonstructural 

components and contents (NCCs) for a given level of earthquake shaking must be identified.  

The studies described herein support the last of the four developments. Two broad classes of 

structural framings systems are studied, namely, 1) framing systems including traditional  

(conventional) moment-frame and bracing elements, and 2) framing systems equipped with 

protective systems. The reader is assumed to be familiar with the behavior of traditional framing 

systems. Introductory information on seismic protective systems is provided in Section 1.3 below. 

1.3 Seismic Protective Systems 

Protection of structural framing systems and nonstructural components against damage during 

design and maximum capable earthquake shaking motivated the development and implementation 

of seismic protective systems, assumed herein to include seismic isolation bearings and passive 

damping devices. The basic principles of operation of both isolation bearings and damping 

devices are well established and are summarized in books, journal articles and conference papers 
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(e.g., Bozorgnia and Bertero, 2004; Constantinou et al., 1998; Constantinou et al., 1999; FEMA, 

2000b; Hanson and Soong, 2001; Naeim and Kelly, 1999).  

In the United States, two classes of seismic isolation bearings are used in building construction: 

elastomeric and sliding. Three types of elastomeric (rubber) bearings are available: low-damping 

rubber (LDR), high-damping rubber (HDR) and lead-rubber (LR). The Friction Pendulum (FP) 

bearing is the common sliding isolation bearing for building construction. Some near-fault 

applications of seismic isolation have involved the use of supplemental fluid viscous dampers to 

control displacements across the isolation interface. Seismically isolated buildings are generally 

designed to restrict substantial (or all) inelastic action to the isolators in design-basis and 

maximum-capable earthquake shaking.  

Two types of supplemental damping devices dominate the building market in the United States at 

this time: fluid viscous dampers and buckling-restrained (unbonded) braces. Buildings 

incorporating supplemental dampers are generally designed to restrict substantial (or all) inelastic 

action to the (disposable) damping devices in design-basis and maximum-capable earthquake 

shaking and eliminate damage to components of the gravity-load-resisting system. 

1.4      Report Organization 

This report contains 6 chapters, a list of references, and 2 appendices. Chapter 2 describes the 

state-of-practice and recent developments in performance-based earthquake engineering. Chapter 

3 presents the MCEER West Coast Demonstration Hospital (Section 3.1), the OpenSees models 

that were created for the analysis of the hospital building (Section 3.2), and discusses the 

earthquake records from the SAC Steel Project, which were used for the response-history analysis 

of the building (Section 3.3). Analysis results are presented in Chapter 4. The responses of the 

base-isolated models of the hospital building are studied in more detail in Chapter 5. A summary 

and conclusions are provided in Chapter 6. Appendix A presents supplemental information on the 

construction of the hospital building. Appendix B presents ground motion data and analysis 

results from supplemental analyses performed using two ground motion bins from the MCEER 

hospital project. 
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CHAPTER 2 

PERFORMANCE-BASED EARTHQUAKE ENGINEERING OF 

HOSPITALS 

2.1 Hospital Construction 

The focus of the MCEER decision-support system is hospital construction. Emphasis is placed on 

construction in California, where the seismic hazard is high and hospital design and construction 

is tightly regulated. 

  

Hospital construction represents a unique type of building construction, wherein buildings are 

designed (albeit indirectly in many cases) for performance that is far superior to typical 

commercial and office building construction. Performance-based analysis and design tools are far 

more likely to be used for hospital construction than commercial and office building construction 

because a) hospital owners are required by law to provide higher levels of performance, b) 

hospital owners are long-term owners of buildings with a greater financial interest in the risk 

posed to (hospital) buildings by earthquakes, and c) hospital construction is significantly more 

expensive than commercial and office building construction (costs exceeding $400 per square 

foot as opposed to $100 to $150 per square foot).  

 

Figure 2-1 displays the average percent investment in structural framing, nonstructural 

components and building contents for three types of building structures: office, hotel and hospital. 

In all cases, the investment in the structural framing is less than 20% of the total investment, and 

the percent investment in hospital construction is a mere 8% of the total. Clearly, performance-

based analysis and design of hospital construction must explicitly address nonstructural 

components and contents (NCCs). Section 2.4 proposes a change in the design paradigm to shift 

emphasis to NCCs in hospital construction.  
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FIGURE 2-1: Investments in Building Construction (after E. Miranda) 

Sections 2.2 and 2.3 below present summaries of the state of the practice in performance-based 

earthquake engineering (describing procedures in use at this time for the assessment and design of 

hospital construction) and recent developments in performance-based earthquake engineering, 

respectively.  

2.2 State of Practice in Performance-Based Earthquake Engineering 

Modern seismic codes such as the 2003 International Building Code (ICBO, 2004) and the 2003 

NEHRP Recommended Provisions for Seismic Regulations for Buildings and Other Structures 

(FEMA, 2004) adopt a deterministic load and resistance factor design format, which compares  

demand and capacity as follows, 

i i i i
i

D Cγ φ≤∑           (2-1) 

where iγ  is a load factor, iD  is a demand action (dead load, earthquake effect, etc.), iφ  is a 

capacity reduction factor, and iC  is the capacity associated with the action iD . Demands and 

capacities are expressed as forces. Randomness in the load effect is recognized using iγ . 

Satisfaction of the force-based design equation of (2-1) together with the use of prescriptive 

details are assumed to deliver the intended performance, which is typically either life safety in a 

design earthquake or collapse prevention in a maximum earthquake. Such force-based design 

practice has been used in the United States for many years, and can be traced back to rudimentary 

procedures adopted following the 1906 San Francisco earthquake (ATC, 1995). 
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The poor performance of structural and non-structural components in buildings during the 1989 

Loma Prieta earthquake and the 1994 Northridge earthquake prompted the earthquake 

engineering community into its first fundamental reassessment of force-based seismic design 

practice since the 1970s. Products of this assessment included SEAOC Vision 2000 (SEAOC, 

1995), FEMA 273/274 (FEMA, 1997), FEMA 283 (FEMA, 1993), and FEMA 356 (FEMA, 

2000b): all documents related to performance-based earthquake engineering. Vision 2000 

identified issues related to the development of tools to enable structural engineers to design and 

deliver performance-oriented products. FEMA 283 presented an action plan for the development 

of performance-based earthquake engineering. 

 

Guidelines and commentary for the seismic rehabilitation of buildings were published in FEMA 

273/274, and re-published with modest amendments as FEMA 356. These Federal Emergency 

Management Agency (FEMA) documents presented deterministic performance-oriented 

procedures for seismic evaluation based on explicit displacement calculations, and extended work 

on displacement-based design that was initiated by Sozen and his graduate students at the 

University of Illinois at Urbana Champaign (UIUC) in the mid-1970s. The basic FEMA 356 

design equation for ductile component actions took the form of (2-1) wherein demands and 

capacities are expressed, either directly or indirectly, in terms of deformations. The corresponding 

equation for brittle component actions takes the form of (2-1) wherein median estimates of force 

demand were compared with lower bound estimates of force capacity. The performance-oriented 

procedures of FEMA 273/274/356 represented a paradigm shift in the practice of earthquake 

engineering and shifted the focus of evaluation work from forces to deformations. However, these 

procedures remained deterministic and the reliability (level of confidence) of the resultant designs 

is unknown. 

2.3 Developments in Performance-Based Earthquake Engineering 

The past ten years has seen the widespread introduction of probability theory into the practice of 

structural earthquake engineering. (Note that probability theory was first introduced in the field of 

earthquake engineering by Cornell in a landmark paper in 1968 related to probabilistic seismic 
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hazard assessment.) Advances prior to the Northridge earthquake include work on redundancy 

published by the Applied Technology Council (ATC, 1995). Other advances are described below. 

2.3.1 SAC Steel Project 

Following the 1994 Northridge earthquake and the formation of the SAC Joint Venture, 

significant new work was undertaken on the application of probability theory to performance 

assessment of steel moment frame building structures responding in the nonlinear range. Funding 

was provided by the Federal Emergency Management Agency (FEMA). 

 

Cornell et al. (2002) extended the displacement-based checking procedures of FEMA 

273/274/356 and presented a probabilistic framework for the seismic analysis and design of steel 

moment-resisting frames. The framework presented by Cornell et al. (2002) is based on the 

expression of a performance objective as the probability of exceeding a specified performance 

level. The framework facilitates the development of quantitative statements of confidence 

regarding the likelihood of the performance objective being met. The formulation involves the 

characterization of three random variables: ground shaking intensity, displacement demand, and 

displacement capacity, where the variables are denoted by aS , D, and C, respectively. The 

ground shaking intensity is characterized using the commonly adopted measure of spectral 

acceleration, aS . Displacement demand (drift) and displacement capacity are calculated at the 

story level. Figure 2-2 from Cornell et al. shows the basic components of the formulation. The 

paper also provides a systematic and holistic treatment of the (epistemic) uncertainty present in 

the three random elements identified above. The paper introduces the epistemic uncertainty in 

each of the elements and deduces the subsequent implied uncertainty in the calculation of the 

annual probability that the performance level (in this instance drift capacity) is exceeded.  
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FIGURE 2-2: Basic Elements of Performance-Based Design (Cornell et al., 2002) 

2.3.2 ATC-58 and PEER projects 

The ATC-58 project is funded by the Federal Emergency Management Agency for the purpose of 

implementing the second generation of tools for performance-based earthquake engineering 

design. Most of the technical underpinnings of the ATC-58 work are provided by researchers 

affiliated with the Pacific Earthquake Engineering Research (PEER) Center (Moehle, 2003): a 

National Science Foundation-funded earthquake engineering research center, similar to MCEER. 

Information on the ATC-58 and PEER projects can be found at www.atcouncil.org and 

www.peer.berkeley.edu.  

 

As part of the ATC-58 project, Hamburger (2003) developed a probabilistic loss modeling 

process using a fragility framework. A general outline of the process proposed by Hamburger 

(2003) is illustrated in figure 2-3 and is most similar to the PEER framework (Moehle, 2003). The 

MCEER resilience framework shown in figure 1-1 could be considered to be a scenario-based 

version of the ATC-58 framework.  
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The ATC-58 (and PEER) performance-based design process begins with the selection of a 

performance objective. In the first generation of performance-based documents such as FEMA 

356 (FEMA, 2000b) and Vision 2000 (SEAOC, 2000), performance objectives are described as 

the marriage of a performance level and a hazard level, where performance levels are qualitative 

descriptions of damage. In contrast, Hamburger uses an allowable level of risk as a performance 

objective, where risk can be quantified in a number of different ways, including but not limited 

to, average annual cost of restoration, potential loss of life, and time to restore the facility to 

service. 

 

The development of a preliminary design is not discussed in the paper by Hamburger. Current 

methods, such as that of 2003 NEHRP (FEMA, 2004), could be used to develop trial designs for 

the iterative process of figure 2-3. Verification that the trial design will satisfy the performance 

objective(s) to a specified level of confidence is the core of the process, and is illustrated in figure 

2-3 by that part of the procedure contained within the box. Procedures for seismic hazard 

characterization are well established, and Hamburger does not introduce new concepts for their 

development. Hamburger emphasizes the importance of selecting an intensity measure (IM) that 

is both useful and efficient, where the intensity measure must be compatible with the selected 

analysis method, correlate well with structural (and nonstructural) response data, and be 

predictable as a function of the source, travel path, and site characteristics.  

 

The fragility curves of figure 1-2 (structural and nonstructural) can be generated in two ways: (1) 

Monte Carlo simulation in which each source of uncertainty is treated as a random variable, and 

multiple analyses using different combinations of the assigned values are performed at each level 

of hazard, and (2) a single analysis at each intensity level to establish a median estimate of 

response, and the subsequent assumption of a statistical shape for the calculation of a probability 

of exceedance. Whichever method is used, the development of fragility curves requires the 

designation of a damage level, and thus a measure of damage. The damage to the structural 

system can either be recorded in conventional response quantities, such as inter-story drift, plastic 



 13

rotation, element ductility, or strength demand, or recorded as a numerical damage index (e.g., 

Park and Ang, 1985).  

 

FIGURE 2-3: Fragility Framework for Loss Computation (adapted from Hamburger) 
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A key development of the work described by Hamburger (2003) is the development of loss 

estimates from available fragility and hazard data. Loss functions are the probability of various 

levels of loss given a level of damage. Loss can be expressed in any parameter that is applicable 

to the function of the building (e.g., repair cost, lives lost, hours of service lost) and can be 

quantified by postulating damage to the building. Hamburger demonstrated the process for two 

example parameters, namely, the mean loss in dollars, and the probable maximum loss (PML) in 

dollars, given the scenario that an earthquake with the exceedance probability of 10% in 50 years 

has occurred. 

 

Hamburger (2003) provided a snapshot view of the state of performance-based design. This paper 

served as the basis for FEMA 445, Program Plan for Development of Next-Generation 

Performance-Based Seismic Design Guidelines for New and Existing Buildings (FEMA, 2005), 

which presents the proposed two-phase plan and schedule for developing and organizing tools 

needed for the second generation of performance-based design in the ATC-58 project. Phase 1 

will continue to develop performance assessment procedures; Phase 2 will develop design tools. 

The work to be completed in Phase 2 serves as part motivation for the studies described in this 

report. A crucial step in the design process is the development of a preliminary design. Selection 

of an appropriate preliminary design is critical to effectively and efficiently implementing the 

performance-based design process by avoiding multiple design iterations.  

 

Hamburger (2003) included the development of fragilities and loss functions for nonstructural 

components and contents (NCCs) into the ATC-58 framework, but did not describe methods to 

integrate and aggregate the fragilities. Porter and Kiremidjian (2000) presented one strategy for 

aggregating structural and nonstructural fragilities but noted that the procedures did not apply to 

cases where the structural framing system suffered widespread damage. 

 

Miranda and Taghavi (2003) proposed a methodology for estimating the expected annual loss for 

a building as a summation of the annual expected losses in each individual component using the 

PEER framework described above. The probability that the loss in the component will exceed a 
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threshold level given that it is in a selected damage state is calculated from a cost function, where 

the function is a probability distribution of repair/replacement cost for a certain damage state. A 

cost function is required for each component. A taxonomy was proposed to define appropriate 

damage states. 

2.4 Fragility Data 

A major obstacle to the development and implementation of the MCEER, PEER and ATC-58 

performance-based design frameworks is the lack of usable component fragility data, especially 

for non-structural components and contents (NCCs). Some component-specific fragility data are 

now available for NCCs such as ceiling systems (Badillo, 2003), partition walls (Restrepo, 2004), 

laboratory equipment (Hutchinson, 2003), and book shelves (Filiatrault, 2004) but these data 

must be used and interpreted with care for the reasons given by Badillo (2003). 

 

Nonstructural components and contents in most buildings, and always in hospitals, are installed 

as part of integrated systems. For example, sprinkler heads are generally installed in the same 

plane as ceiling tiles and so it is the fragility of the integrated system that must be established in 

addition to the fragility of the stand-alone components. No reliable procedures exist at the time of 

this writing to combine the fragilities of independent systems and likely detailed system testing 

will be required to provide the necessary fragility data.  

2.5 Changing the Design Paradigm 

If a goal of performance-based earthquake engineering is to protect financial investments by 

minimizing total cost (including construction cost, annual maintenance cost and annualized 

earthquake-damage-related cost), close attention must be paid to those parts of a building in 

which the greatest investment is made (Astrella and Whittaker, 2003). Figure 2-1 showed that 

nonstructural components and contents (NCCs) represent the greatest investment in most 

buildings and in excess of 90% of the total investment in hospital construction. 
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Earthquake-damage-related cost includes the reparation and replacement of damaged components 

and the cost associated with loss of function of the building. NCCs are not only expensive to 

repair and replace, but many components are essential to the operation of a building. 

Traditionally, structural engineers have paid scant attention to NCCs because their design and 

detailing had not formed part of the structural-engineering scope of work. In those cases where 

structural engineers have designed and detailed NCCs, the components have been analyzed and 

designed (albeit indirectly) for the output of the structural framing. 

 

Such an approach is inappropriate in a performance-oriented design framework. The 

performance-based design process should focus first and foremost on the most significant 

investments in the building, namely, the nonstructural components and contents. In a process like 

that shown in figure 2-3, NCCs should be considered in the development of a preliminary design. 

That said, “…Presently, the engineer has little guidance on how to develop an appropriate 

preliminary design to meet a specified performance objective. . .” (FEMA, 2005). 

 

The research work described in this report takes first steps towards considering the demands on 

NCCs in the development of a preliminary design by investigating the effect of framing system 

type on the amplitude and distribution of demands on NCCs. The remaining chapters of this 

report describe dynamic analyses of 11 mathematical models that represent two acute care 

facilities and a number of retrofit schemes for each. Each model is analyzed for three levels of 

seismic hazard. Each level of hazard is characterized by a bin of 20 ground motions. Use of a 

suite of ground motions to characterize a single level of hazard creates a distribution of response 

values (e.g., maximum displacements, maximum accelerations and floor acceleration spectra) that 

considers the randomness in ground motion. Response data from the 11 models were harvested to 

understand the distributions of demand on NCCs, which is determined by the response of the 

points of connection of the NCCs to the structural framing. Distributions of maximum floor 

acceleration, floor acceleration spectra and story drift are presented together with performance 

points and performance spaces. 
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CHAPTER 3 

MCEER DEMONSTRATION HOSPITAL 

3.1 MCEER Demonstration Hospital 

The MCEER Demonstration Hospital is located in Northridge, California. It was designed in 

1974 to conform to the 1970 Uniform Building Code (ICBO, 1970). The hospital is a four-story 

steel frame structure with a penthouse. The plan dimensions of the building are 17.25 m x 83.8 m 

(56.5 ft x 275 ft). The typical story height is 3.8 m (12.5 ft), except for the ground floor, which is 

4.1 m (13.5 ft) in height. These dimensions do not include the entryway, which extends North 

from the front of the building. 

 

The steel frame of the hospital is composed of thirteen transverse frames in the North-South (N-

S) direction, and four longitudinal frames in the East-West (E-W) direction. All structural steel is 

Grade A36 except for those members that are part of the moment-resisting frames, which are 

composed of ASTM A572 Grade 50 steel.  

 

The MCEER Demonstration Hospital uses moment resisting frames to provide lateral load 

resistance. Figure 3-1 shows a half-plan view of a typical floor in the building. In the E-W 

direction, the two moment-resisting frames are located on column lines 2 and 5. The four moment 

resisting frames in the N-S direction are located on column lines B, F, J, and N, noting that lines J 

and N are not shown in figure 3-1. Moment resisting frames are denoted in figure 3-1 by 

arrowheads that indicate rigid connections. Typical rigid beam flange-column flange and rigid 

beam-column web connections are shown in figure 3-2, both are welded flange, bolted web 

connections. The majority of the rigid connections are beam-column flange connections. These 

connections are detailed with continuity plates to prevent flange distortions and column web 

crippling and 4.45 cm (1.75 in.) doubler plates to increase the strength of the panel zone. 
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FIGURE 3-2: Typical Rigid Connection Details 

 

Gravity loads are supported by 14 cm (5.5 in.) thick reinforced concrete slabs on metal decking, 

which span between the longitudinal beams. A cross-section of the gravity load carrying system 

is shown in figure 3-3. Beam-column and girder-column connections are bolted shear tab 

connections for members with a depth less than 61cm (24 in.) and bolted top and seat angle 

connections for beams with a depth of 61 cm or more. Beam-girder (non-moment) connections 

are bolted shear-tab connections. Typical connections are shown in figure 3-4 for beam depths 

(db) less than 24 inches. 

 

 
FIGURE 3-1: Half Plan View of Structural Framing System of the MCEER 

Demonstration Hospital (units in meters) 
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FIGURE 3-3: Typical Cross-Section Through the Flooring System 

 

 
FIGURE 3-4: Non-Moment Beam-Girder and Beam-Column Connections (db<24”) 

 

Column bases are supported by individual piled footings, which consist of a pile cap atop four 

tapered piles. A typical pile cap has plan dimensions of 1.7 m x 1.7 m (5.5 ft x 5.5 ft) and a depth 

of 1.1 m (3.5 ft.). Piles typically reach a depth of 14.6 m (48 ft.). All columns are welded to base-

plates. Every base-plate sits atop a 3.8 cm (1.5 in.) layer of dry pack grout, and is connected to the 

pile cap with four anchor bolts at its corners. Those columns that are part of the moment-resisting 

frames are embedded in 137 cm (54 in.) deep concrete grade beams that are supported on pile 

caps. A cross-section through one of the grade beams is shown in figure 3-5. Columns that are not 

part of the moment-resisting frames are engaged by a 35.5 cm (14 in.) thick slab-on-grade, which 

can also be seen in the cross-section of figure 3-5. 
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FIGURE 3-5: Typical Grade Beam Cross-Section at Base of MRF Columns 

3.2 Baseline and Retrofit Hospital Models 

3.2.1 Open System for Earthquake Engineering Simulation (OpenSEES) 

Modeling and analysis was undertaken using the program OpenSEES (opensees.berkeley.edu). 

OpenSEES is a general purpose program for the 3D analysis of structures. This program contains 

a model builder and a computational framework. Models can be created using TCL procedures, 

which allows the program to be used like a language. OpenSEES is object oriented and allows for 

the seamless addition of elements to, or removal of elements from, existing models. 

 

Steel column and beam elements were defined by force-deformation properties in each of the six 

degrees of freedom. Moment-curvature in the strong and weak directions were assigned bilinear 

hysteretic properties while axial, torsional and shear force-deformation relationships were 

assumed elastic.  Force-deformation relationships were calculated using best estimate steel yield 

and ultimate strengths (Frank, 1996). Beams and columns were modeled with the 

beamWithHinges element that uses a lumped plasticity model. To model a pinned connection 

between a beam and a column in the non-moment-resisting frames, the beam hinge within the 

element was assigned negligible stiffness.  
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3.2.2 Baseline Models 

Two simplified baseline mathematical models for the hospital building described in Section 3.1 

were prepared for analysis. The first baseline model, West Coast 1970 (denoted WC70 herein), 

represents the in-service building that was designed in 1974 using the 1970 Uniform Building 

Code (ICBO, 1970). The second model is a 1960s-era version of WC70 and is denoted WC60 

(West Coast 1960s) herein. WC60 is weaker and more flexible than WC70 because the 1970 

Uniform Building Code (UBC) imposed drift limits that were not part of previous codes. 

Satisfaction of these limits led to significant increases in component strength and stiffness over 

those required for strength alone. A number of retrofit strategies were applied to these two base 

models to judge the influence of choice of structural framing on the demands on non-structural 

components and contents. 

 

A number of minor geometric changes were made to the hospital building to impose symmetry 

and regularity and improve computational efficiency. The mathematical models were created with 

half the floor area of the actual structure (half the length in the East-West direction) and do not 

include the entryway or the penthouse. For symmetry, the building was modeled with moment 

frames at the exterior column lines. In the transverse direction (N-S), the moment-resisting frame 

(MRF) originally from line F (figure 3-1) was used as the typical MRF. The span of all 

longitudinal bays was set at 8.54 m (28 ft). Because the analyses focus on the effects of lateral 

loading, the longitudinal beams that span from girder to girder were omitted from the model. The 

gravity loads associated with those beams were added to the remaining framing. The design 

gravity dead (D) and live (L) loads are listed in table 3-1. The masses used for evaluation of 

horizontal earthquake shaking effects were calculated using the values in table 3-1 and the load 

case of 1.0D+0.5L.  
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Roof 

4th Floor 

3rd Floor  

2nd Floor 

Ground Floor 

TABLE 3-1: Gravity loads 

Dead loads Live loads 

Floors 4.77 kN/m2 (99.6 psf) Floors 1.92 kN/m2 (40.0 psf) 
Roof 4.59 kN/m2 (95.9 psf) Roof 0.58 kN/m2 (12.0 psf) 

External Walls 2.50 kN/m2 (52.2 psf) 
Structural Frame Self weight 

 

 

All member lengths were defined using centerline dimensions and rigid offsets were not 

considered. Member schedules and drawings of the two models can be found in figures A1-1 

through A1-6 for WC70 (for Model M3, see below) and A1-7 through A1-9 for WC60 (Model 

M6, see below) in Appendix A. Figure 3-6 provides the terminology used to identify the different 

levels and stories in the models used throughout this report.1  

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 3-6: Floor and Story Designation for the Levels of all Models 

 

                                                      
1 The ground floor and grade levels are identical for models M3, M6, M7, M8 and M9, but are separated by 

seismic isolators for models M10 through M15. See Table 3.2 for more details. 

Grade

4th Story 

 

3rd Story 

 

2nd Story  

 

1st Story 
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The baseline models were assigned 5% Rayleigh damping. The damping in each model is 

discussed further below. The dynamic properties of models M3 and M6 are presented in table 3-2 

and figures 3-7 and 3-8.  

3.2.3 Retrofit Models 

Ten retrofitted variants of Models M3 (WC70) and M6 (WC60) were created to study the impact 

of framing-system choice on demands on nonstructural components and contents (NCCs). Six 

isolation systems were developed as retrofit schemes for WC70 (M3). Four retrofit schemes were 

developed for the WC60 (M6) structure using supplemental damping devices.  
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FIGURE 3-7: Mode Shapes for Model M3 
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FIGURE 3-8: Mode Shapes for Models M6, M9 and M10 
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FIGURE 3-9: Mode Shapes for Model M7 and M8 
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FIGURE 3-10: Mode Shapes for Models M11, M12 and M15 
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FIGURE 3-11: Mode Shapes for Models M13, M14 and M16 
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TABLE 3-2: Description of mathematical models  

Model Description 1T 1 (s) 2T 1 (s) 

M1 Baseline model of 1970s in-situ building; best-estimate model for 
non-moment-resisting connections.   0.70 0.24 

M2 Similar to M1 except rigid connections used for non-moment-
resisting connections. 0.68 0.23 

M3 Similar to M1 except pinned connections used for non-moment-
resisting connections. 0.70 0.24 

M4 1960s variant of M1: design drift limits of M1 not imposed. 1.74 0.60 

M5 Similar to M4 except rigid connections used for non-moment-
resisting connections. 1.58 0.58 

M6 Similar to M4 except pinned connections used for non-moment-
resisting connections. 1.81 0.61 

M7 
M6 augmented with buckling restrained braces (BRBs) to provide 
approximately a 300% increase in lateral stiffness. Braces have a 
yield stress of 250 MPa (36 ksi) 

0.97 0.37 

M8 
M6 augmented with BRBs to provide approximately a 300% 
increase in lateral stiffness. Braces have a yield stress of 140 MPa 
(20 ksi) 

0.97 0.37 

M9 M6 equipped with fluid viscous dampers (FVDs) to provide 
approximately 25% of critical damping in the first mode.  1.81 0.62 

M10 M6 equipped with fluid viscous dampers (FVDs) to provide 
approximately 40% of critical damping in the first mode.  1.81 0.62 

M11 
M3 equipped with viscoelastic seismic isolation bearings; isolated 
period is 2.5 seconds; approximately 10% of critical damping in 
the first mode. 

2.60 0.47 

M12 
M3 equipped with viscoelastic seismic isolation bearings; isolated 
period is 2.5 seconds; approximately 20% of critical damping in 
the first mode. 

2.60 0.47 

M13 
M3 equipped with viscoelastic seismic isolation bearings; isolated 
period is 3.5 seconds; approximately 10% of critical damping in 
the first mode. 

3.57 0.47 

M14 
M3 equipped with viscoelastic seismic isolation bearings; isolated 
period is 3.5 seconds; approximately 20% of critical damping in 
the first mode. 

3.57 0.47 

M15 
M3 equipped with coupled bilinear seismic isolation bearings: 

0.06dQ W= ; second-slope isolation period is 2.5 seconds; isolator 
yield displacement is 25 mm. 

2.602 0.47 

M16 
M3 equipped with coupled bilinear seismic isolation bearings: 

0.06dQ W= ; second-slope isolation period is 3.5 seconds; isolator 
yield displacement is 25 mm. 

3.572 0.47 

1. First and second mode period in transverse (short) direction. 
2. Period calculation based on second slope (post-yield) isolator stiffness. 
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A summary of the baseline and retrofit models is presented below. The dynamic properties of the 

models are listed in table 3-2 and figures 3-7 through 3-11 present the first two mode shapes of 

each model. 

• M1, M2 and M3: All three of these models represent WC70. The three models differ 

from one another in the modeling of the joints of the non-moment resisting frames. 

Model M1 uses a semi-rigid bilinear model for these joints, Model M2 uses a perfectly 

rigid connection model, and Model M3 uses a simple pinned connection model. Only the 

analysis results from M3 are presented in this report. Model M3 was assigned 5% 

Rayleigh damping in the first two lateral modes of vibration in the N-S direction. 

• Models M4, M5 and M6: These three models represent WC60, and differ from one 

another in the same manner that Models M1, M2 and M3 differ from one another. Model 

M6 was assigned 5% Rayleigh damping in the first two lateral modes of vibration in the 

N-S direction. 

• Models M7 and M8: These models are Model M6 retrofitted with Buckling Restrained 

Braces (BRBs). The braces were placed diagonally in the outside bays of the N-S running 

moment frames. The BRBs were modeled in OpenSEES as non-buckling truss elements 

with bilinear hystereses. The braces were designed for a target drift of 1% in 10/50 

shaking using the procedures set forth in FEMA 356 (FEMA, 2000b). This drift 

corresponds to a lateral stiffness of the braced frame of approximately 44 kN/mm. The 

brace areas were assumed to decrease from the bottom story to the top story by a 

prescribed ratio and optimized using nonlinear static analysis in an attempt to obtain 

brace yielding in all stories. The braces of Models M7 and M8 were assigned yield 

strengths of 250 MPa (36 ksi) and 140 MPa (20 ksi), respectively2. Models M7 and M8 

were assigned 5% Rayleigh damping in the first two lateral modes of vibration in the N-S 

direction. 

• Models M9 and M10: These models are Model M6 retrofitted with fluid viscous 

dampers. The dampers have the same locations as the braces in Models M7 and M8. The 

                                                      
2 Low-yield steels (20 ksi) have been tested in Japan for use in hysteretic dampers (Nakashima, 1995). 
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dampers in both M9 and M10 were designed to limit drifts to approximately 1% for 

10/50 shaking following the equations of Section 9 in FEMA 356 (FEMA, 2000b). The 

design of Model M9 used the damping coefficient(s) of Ramirez (2000) and resulted in a 

damping ratio of approximately 25% of critical. The design of Model M10 used the 

damping coefficient(s) of FEMA 356 and resulted in a damping coefficient of 40% of 

critical. The frames of Models M9 and M10, excluding the dampers, were also assigned 

5% Rayleigh damping in the first two modes of vibration in the N-S direction. The 

viscous dampers were designed to add 20% and 35% viscous damping in the first mode 

for Models M9 and M10, respectively. The procedures set forth in Chapter 9 of FEMA 

356 (FEMA, 2000b) were used to compute the damping constant, C, for the viscous 

dampers. 

• Models M11, M12, M13 and M14: The first four isolated models represent M3 retrofitted 

with linear viscous isolation bearings, which have been used in past studies to model low-

damping rubber (LDR) and high-damping rubber (HDR) bearings3. A simple 

spring/dashpot model was used to represent the isolation systems in these models. The 

ground and the ground floor are defined by a different set of nodes, but are located at the 

same vertical position (as is evident in figures 3-10 and 3-11). A rigid diaphragm was 

added to the ground floor to constrain the displacement of each isolator. The isolation 

systems of M11 and M12 were designed to have a period of 2.5 seconds and the isolation 

systems of M13 and M14 were designed to have a period of 3.5 seconds4. The 

superstructures of Models M11 through M14 were assigned 5% Rayleigh damping in the 

first and third lateral modes of vibration in the N-S direction. The damping constants for 

the isolator dashpots in Models M11 and M13 were selected to provide 10% viscous 

                                                      
3 In the United States, seismic isolation is used for high-performance structures such as hospitals and 

mission-critical structures. Superstructures in isolated buildings are designed to remain essentially elastic 
for maximum-capable earthquake shaking. To maintain such an approach, the strength of M6 would have 
to be increased substantially. To avoid preparing a strengthened version of M6 for use with the isolation 
systems, Model M3 was used as the superstructure model. 

4 The periods of 2.5 and 3.5 seconds assume a rigid superstructure, that is, the only source of flexibility is 
the isolators. 
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damping; the damping constants for the isolator dashpots in Models M12 and M14 were 

selected to provide 20% viscous damping.  

• Model M15 and M16: M15 and M16 were isolated using coupled bilinear isolation 

bearings, which have been used typically to model lead rubber and Friction Pendulum 

bearings. The isolation system of M15 was assigned a second slope period of 2.5 seconds 

and the isolation system of M16 was assigned a second slope period of 3.5 seconds5. The 

characteristic strength or zero-displacement force intercept (Qd) of both systems was set 

at 0.06W , where W  is the supported weight. The superstructure of Models M15 and 

M16 were assigned 5% Rayleigh damping at the first and third lateral modes of vibration 

in the N-S direction. 

3.3 Ground motion records 

3.3.1 SAC Steel Project ground motions 

Seismic demands on NCCs in the 12 buildings were assessed by nonlinear response-history 

analysis in the transverse (north-south) direction only. The earthquake histories used for the 

response-history analysis were those generated for a NEHRP Soil Type SD (firm soil) site in Los 

Angeles as part of the SAC Steel Project (Somerville et al. 1997). Three bins of 20 histories were 

developed, each representing a different probability of exceedance: 50% in 50 years (hereafter 

denoted 50/50), 10% in 50 years (10/50), and 2% in 50 years (2/50). The ground motion histories 

selected by Somerville et al. for the 50/50 and 10/50 bins are actual records. These records were 

selected based on a deaggregation of the seismic hazard for the region. Some of the records 

included in the 2/50 bin are broadband strong-motion simulations. The ground motions in each of 

the three bins were scaled to minimize the weighted sum of the squared error between the USGS 

target spectrum and each ground motion (Somerville et al. 1997). 

 

                                                      
5 The second-slope stiffness of the bilinear isolators was back-calculated from the second-slope period 

based on a) the supported mass, and b) a rigid superstructure. 
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The response spectrum for each history in the 50/50 bin is shown in figure 3-12a. The median, 

16th and 84th percentile spectra are shown in figure 3-12b together with the target spectral 

ordinates (shown circled) at periods of 0.3, 1, 2 and 4 seconds, to provide the reader with 

information on the variability in the earthquake histories used in the response-history analysis. 

Similar figures are shown for the 10/50 bin and the 2/50 bin in figures 3-12c through 3-12f. 

Additional information about the variability of the shaking characteristics of the ground motions 

within each bin is provided in table 3-3 in the form of coefficients of variation at periods that are 

relevant to the results presented in this report. Figure 3-13 presents the median acceleration and 

displacement spectra for each bin.  

 

TABLE 3-3: Coefficients of variation in spectral acceleration at selected periods

 Bin 

Period (sec) 50/50 10/50 2/50 

0.24 0.47 0.50 0.48 

0.37 0.67 0.50 0.43 

0.47 0.58 0.41 0.41 

0.61 0.70 0.39 0.31 

0.71 0.90 0.38 0.35 

0.97 0.64 0.32 0.38 

1.81 0.36 0.36 0.40 

2.61 0.37 0.36 0.45 

3.57 0.58 0.42 0.43 

 

3.3.2 MCEER ground motions 

Analysis was also performed using two bins of ground motions from the Multidisciplinary Center 

for Earthquake Engineering Research (MCEER) hospital project. These ground motions were 

developed by Wanitkorkul and Filiatrault (2005) for a site in Northridge, California. These 

ground motions represent a near-fault site condition and are composed of a low-frequency 
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component, or pulse, and a high-frequency component that was developed using the Specific 

Barrier Model (Papageorgiou and Aki, 1983). Scaling was performed only on the high frequency 

component to minimize the sum of the square of the errors between the mean spectrum for a bin 

and the uniform hazard spectrum at periods of 0.1 s, 0.2 s, 0.3 s, 0.5 s, and 1 s. The low frequency 

components were added back in after scaling. Four ground motion bins were created representing 

probabilities of exceedence of 20% in 50 years (2/50), 10% in 50 years (10/50), 5% in 50 years 

(5/50), and 2% in 50 years (2/50).  

 

Analysis was performed using only the 10/50 and 2/50 bins because a direct comparison can be 

made with the results from the corresponding SAC ground motion bins presented above. 

Acceleration response spectra for the individual ground motions of the two selected MCEER bins 

are presented in figure B1-1a and B1-1c in Appendix B. Median, 16th percentile and 84th 

percentile spectra for each bin are presented in figures B1-1b and B1-1d. Two differences 

between the MCEER spectra and the SAC spectra are evident (by comparing figure B1-1 with 

figure 3-12). First, the spectral acceleration demands in the MCEER ground motion bins are 

higher at short periods (0.01 – 0.4 Hz) but decrease rapidly with increased period (Median 

spectral acceleration at a period of 1.5 s for the SAC 2/50 bin is double that for the MCEER 2/50 

bin). Second, the scatter in the spectral accelerations at any given period is greater in the SAC 

ground motion bins than in the corresponding MCEER ground motion bin. Results of the analysis 

using these two bins of ground motions are presented in Appendix B as supplemental 

information. A summary comparison of the results obtained using the SAC Steel Project and 

MCEER ground motions is presented in Section 4.5. 
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FIGURE 3-12: Acceleration Spectra and Distribution for Three Ground Motion Bins 
for Los Angeles from the SAC Steel Project. (Somerville et al., 1997) 
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FIGURE 3-13: Median Spectra for the 50/50, 10/50 and 2/50 Earthquake Bins 
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CHAPTER 4 

PERFORMANCE ASSESSMENT BY RESPONSE-HISTORY 

ANALYSIS 

4.1 Introduction 

Chapter 4 presents the results of the nonlinear response-history analysis of the 12 models 

introduced in Section 3.2 using the 3 bins of the SAC Steel Project earthquake histories described 

in Section 3.3.1. Demands on acceleration-sensitive and displacement-sensitive nonstructural 

components and contents (NCCs) are presented in the form of distributions of peak floor 

acceleration, peak story drift, and floor acceleration response spectra. Performance points and 

performance spaces are introduced to aid in the assessment of framing system choice on demands 

on NCCs. 

 

A direct comparison of the performance of the isolated (M11 through M16) and damped (M7 

though M10) models is not possible because the baseline buildings are different: M3 for the 

isolated buildings and M6 for the damped buildings. The effect of adding dampers to M3 instead 

of M6 would be to reduce interstory drifts and increase floor accelerations. 

4.2 Bin 1: 50% exceedence in 50 years (50/50) 

Results of response-history analysis using the 20 ground motion histories of the 50/50 bin from 

the SAC Steel Project are presented in this section. Figure 4-1 presents a summary of the 

distribution of peak drift responses. Figures 4-1a, b, c, d, and e present drifts for stories 1, 2, 3, 4 

and global building drift, respectively, where the story numbers are identified in figure 3-6. 

Figure 4-1 presents the median, maximum, minimum, 16th percentile, and 84th percentile values 

of maximum response. These values assume a lognormal distribution for the maximum 
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responses1. Drift is presented as a percentage of story height (or building height in figure 4-1e). 

The horizontal axis labels denote the model numbers (e.g., M8), per table 3-2. The approximate 

yield drift for each story for M3 and M6, the two conventional MRFs, based on non-linear static 

analysis, are shown in each figure to identify the degree of inelastic action (damage) in each 

moment frame.2  

 

The trends of figures 4-1 are well established, namely, that the addition of lateral stiffness, 

damping, and seismic isolation reduces drifts. As expected, drifts in the isolated frames (M11 

through M16) are substantially smaller than the drifts in the non-isolated frames and the addition 

of displacement- and velocity-dependent dampers led to a significant reduction in the median 

maximum drift response of the weak and flexible frame (M6). Based on median values of 

maximum response and the yield drifts shown in figure 4-1, the conventional frames (M3 and 

M6) experience minimal damage (only in the 3rd story) for the 50/50 shaking. 

 

For the non-isolated buildings (M3, M6, M7, M8, M9 and M10), the coefficient of variation in 

the peak roof drift is greatest (0.826) for M3 (mean peak roof drift = 0.52 %) and smallest (0.716) 

for M9 (mean peak roof drift = 0.53 %). The addition of viscous dampers (M9 and M10) to the 

weak and flexible building (M6) reduced the mean peak roof drift (by 54 % for M9 and 64 % for 

M10). Table 4-1 presents coefficients of variation of roof drifts for all three bins and all 11 

models.  

 
TABLE 4-1: Coefficients of Variation in Roof Drift 

 M3 M6 M7 M8 M9 M10 M11 M12 M13 M14 M15 M16 

50/50 0.826 0.768 0.725 0.775 0.716 0.729 0.606 0.616 0.619 0.606 0.495 0.484 

10/50 0.672 0.697 0.703 0.694 0.608 0.577 0.579 0.531 0.540 0.483 0.474 0.434 

2/50 0.702 N/A 0.816 0.844 0.682 0.676 0.727 0.668 0.643 0.633 0.640 0.506 

                                                      
1 Maximum response values are assumed to follow a lognormal distribution, consistent with Cornell et al. 

(2002).  
2 The addition of the BRBs in models M7 and M8 will reduce the yield drift below that of M6 alone. 
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Figure 4-2 summarizes the distribution of the peak total floor acceleration at each level in the 

building. Similar to figure 4-1, median, maximum, minimum, 16th percentile, and 84th percentile 

values are presented assuming that the peak responses are lognormally distributed. The trends 

seen in figure 4-2 are also well established, namely that adding lateral stiffness increases peak 

floor accelerations, and adding viscous damping or seismic isolation reduces peak floor 

accelerations. Figure 4-2a presents total acceleration data for the ground floor, and was included 

to illustrate the behavior of the isolated models versus that of the non-isolated models. The 

isolators in Models M11 through M16 were placed below the ground floor and above the grade 

level (see figure 3-6). Therefore, the ground floor acceleration is equal to the ground acceleration 

for all non-isolated models but represents the acceleration of the ground floor diaphragm for the 

isolated models. 

 

For the non-isolated models, the coefficient of variation in the peak 2nd floor acceleration is 

greatest (0.846) for M10 (mean peak acceleration = 0.25 g) and smallest (0.746) for M6 (mean 

peak acceleration = 0.34 g). Table 4-2 presents coefficients of variation in peak acceleration at the 

2nd floor level for all models. 

 
TABLE 4-2: Coefficients of Variation in Maximum Acceleration of the 2nd Floor 

 M3 M6 M7 M8 M9 M10 M11 M12 M13 M14 M15 M16 

50/50 0.791 0.746 0.777 0.783 0.830 0.846 0.671 0.706 0.730 0.746 0.642 0.652 

10/50 0.623 0.582 0.637 0.587 0.609 0.612 0.537 0.534 0.543 0.555 0.489 0.492 

2/50 0.521 N/A 0.553 0.530 0.504 0.524 0.627 0.611 0.599 0.578 0.607 0.514 

 

As discussed in Chapter 1, FEMA 273/356 defines a performance point, first introduced by 

Nishkian (1937), as the intersection of the median capacity (pushover) and median demand 

(hazard) curves. Although a performance point is instructive, it provides no information about the 

impact of uncertainty and randomness on the capacity and demand calculations, and by extension, 

on the predicted building performance. Figure 4-3 presents performance points using median 
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peak drift response (ID*) and median peak floor acceleration (A*) as the performance metrics; 

ID* and A* are defined in figure 4-3e.  

 

Figure 4-4 presents one possible form of the performance space, in which only the variability in 

ground motion has been considered. The performance spaces presented are boxes defined by the 

16th and 84th percentile values of the peak drift and peak floor acceleration. In terms of demands 

on NCCs, performance points adjacent to the origin are preferable to points remote from the 

origin, and an optimal performance space should be small in size, indicating a small variability in 

peak displacement and acceleration response. On the basis of the chosen metrics, the buildings 

equipped with seismic isolators display the lowest magnitude and variability of response. The 

building equipped with fluid viscous dampers (FVDs) shows a reduction in magnitude and 

variability in response when compared to the responses of the traditional moment frames (M3 and 

M6) and the frames equipped with BRBs (M7 and M8).  

 

To this point, response has been characterized by peak values of drift and floor acceleration. For 

many acceleration-sensitive NCCs, peak floor acceleration alone is an inefficient predictor of 

damage. NCCs attached to a floor may have a significant range of fundamental frequencies from 

0.25 Hz (flexible) to 100 Hz (rigid). Better estimates of the vulnerability of these acceleration-

sensitive components can be developed using floor acceleration spectra. Figure 4-5 presents 

median 5% damped floor acceleration spectra of the 12 models for the 50/50 earthquake histories 

developed using floor total acceleration histories. Again, the trends are well established. The stiff 

and strong moment frame building (M3) and the braced frames (M7 and M8) produce the highest 

spectral acceleration demands across a frequency range from 0.25 Hz to 100 Hz (periods from 4 

sec. to 0.01 sec.). The viscous damped frames (M9 and M10) and the isolated frames (M11 

through M16) produced much smaller spectral accelerations. Figure 4-6 presents normalized floor 

acceleration spectra for the six non-isolated buildings to show the decrease in variation of spectral 

accelerations with the addition of fluid viscous dampers. In these figures, peak floor accelerations 

were normalized to 1 g. It can be seen that for the same peak floor acceleration, the performance 

of the viscous damped buildings (M9 and M10) is superior to the performance of the traditional 
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frames when considering the predictability of the response of NCCs because the variation in 

spectral response with NCCs period is small. The isolated models were not included in this figure 

because the demands on the NCCs in the base-isolated models were substantially smaller than 

those in Models M3 through M10. Much additional information on the response of the isolated 

models is presented in Chapter 5. 

4.3 Bin 2: 10% exceedence in 50 years (10/50) 

Results of response-history analysis using the 20 ground motion histories of the 10/50 bin from 

the SAC Steel Project are presented in this section. Figures 4.7a, b, c, d, and e present a summary 

of the distribution of peak drift responses of stories 1, 2, 3, 4 and global building drift, 

respectively. These figures present the median, maximum, minimum, 16th percentile, and 84th 

percentile values of maximum response. Drift is presented as a percentage of story height (or 

building height in figure 4-7e). The horizontal axis labels denote the model numbers (e.g., M8), 

per table 3-2. The approximate yield drift for each story for M3 and M6 are shown in each figure. 

 

The trends of figures 4-7 follow those of figure 4-1. The increased demand of the 10/50 event 

produces significantly higher levels of interstory drift. The conventional 1960s moment frame 

(M6) sustained significant structural damage. Again, drifts in the isolated frames (M11 through 

M16) are substantially smaller than the drifts in the non-isolated frames. As expected, the 

addition of displacement- and velocity-dependent dampers led to a significant reduction in the 

median maximum drift response of the weak and flexible frame (M6). Using the approximate 

yield drifts for the baseline models as thresholds for damage, it can be observed that the addition 

of protective devices to Models M3 (M7 through M10) and M6 (M11 through M16) reduced or 

eliminated damage. Model M7 experienced lower median drifts than M8 because of the yield 

strength (36 ksi) of the BRB. The viscous damped frames (M9 and M10) experienced 

significantly lower median drifts than either braced frame.  
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For the non-isolated buildings (M3, M6, M7, M8, M9 and M10), the coefficient of variation in 

the peak roof drift is greatest (0.703) for M7 (mean peak roof drift = 1.51 %) and smallest (0.58) 

for M10 (mean peak roof drift = 0.88 %). The addition of viscous dampers (M9 and M10) to the 

weak and flexible building (M6) reduced substantially the median maximum roof drift (by 54% 

for M9 and 65% for M10) and the coefficient of variation in the maximum roof drift (from 0.697 

for M6 to 0.608 for M9 and 0.577 for M10). Table 4-1 presents coefficients of variation of roof 

drifts for all three bins and all 12 models. 

 

Figure 4-8 summarizes the distribution of the peak total floor acceleration at each floor level. 

Similar to figure 4-2, median, maximum, minimum, 16th percentile, and 84th percentile values 

are presented assuming that the peak responses are lognormally distributed. The trends seen in 

figures 4-8 are also well established, namely that adding lateral stiffness increases peak floor 

acceleration and adding viscous damping or seismic isolation reduces peak floor acceleration.  

 

For the non-isolated models, the coefficient of variation in the peak 2nd floor acceleration is 

greatest (0.637) for M7 (mean peak acceleration = 0.60 g) and smallest (0.582) for M6 (mean 

peak acceleration = 0.51 g). Table 4-2 presents coefficients of variation in peak acceleration at the 

2nd floor level for all models.  

 

Figures 4-9 and 4-10 are similar to figures 4-3 and 4-4. Figure 4-9 presents performance points 

using median peak drift response (ID*) and median peak floor acceleration (A*) as the 

performance metrics. ID* and A* are defined in figure 4-9e3. Figure 4-10 presents performance 

spaces for the 10/50 bin. Similar to figure 4-4, only the variability in ground motion has been 

considered. The performance spaces presented are boxes defined by the 16th and 84th percentile 

values of the peak drift and peak floor acceleration.  

 

                                                      
3 Alternate groupings of ID* and A* (e.g. A2/ID1) may be more appropriate for NCCs such as suspended 
ceiling systems, depending on the points of connection to the structural frame. 
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On the basis of the chosen metrics, the buildings equipped with seismic isolators show the lowest 

magnitude and variability of response. The building equipped with fluid viscous dampers (M9 

and M10) show a reduction in magnitude and variability in response when compared to the 

responses of the conventional moment frames (M3 and M6) and the frames equipped with BRBs 

(M7 and M8).  

 

Figure 4-11 presents median 5% damped floor acceleration spectra of the 12 models for the 10/50 

earthquake histories. Again, the trends are well established. The stiff and strong moment-frame 

building (M3) and the braced frames (M7 and M8) produce the highest spectral acceleration 

demands across a frequency range from 0.25 Hz to 100 Hz. The viscous damped frames (M9 and 

M10) and the isolated frames (M11 through M16) produced much smaller spectral accelerations 

than the respective parent frames (M6 and M3).  

 

Figure 4-12 presents floor acceleration spectra for the five non-isolated buildings with the peak 

floor accelerations normalized to 1 g. For the same peak floor acceleration, the performance of 

the viscous damped buildings (M9 and M10) is superior to the performance of the other frames 

because the variation in spectral response with NCC frequency is far smaller.  

4.4 Bin 3: 2% exceedence in 50 years (2/50) 

Results of response-history analysis using the 20 ground motion histories of the 2/50 bin from the 

SAC Steel Project are presented in this section. Figures 4-13a, b, c, d and e present a summary of 

the distribution of peak drift of stories 1, 2, 3, 4 and global building drift, respectively. These 

figures present the median, maximum, minimum, 16th percentile, and 84th percentile values of 

maximum response for the 2/50 bin. These values assume a lognormal distribution for the 

maximum responses. Drift is presented as relative displacement as a percentage of story height 

(or building height in figure 4-13e). The horizontal axis labels denote the model numbers (e.g., 

M8), per table 3-2. The yield drift for each story of M3 and M6 are shown in each figure. 
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Demands on the non-isolated structures and their NCCs for the 2/50 shaking are substantially 

greater than for the 10/50 shaking. All framing systems except those equipped with seismic 

isolators suffer significant damage in the 2/50 shaking4. On the basis of the response-history 

analysis, the weak and flexible moment frame (M6) is likely to collapse in four of the twenty 

ground motions of the 2/50 bin. The results from these four ground motions (LA 24, LA 35, LA 

36, and LA 38) were not useful because the solutions did not converge and only the median 

response is reported for M6. The addition of the supplemental damping devices in Models M7, 

M8, M9 and M10 substantially reduced the level of damage to M6 but an alternate baseline 

system would be required to eliminate damage to the structures equipped with damping devices. 

The isolated framing systems suffer no structural damage. Median interstory drifts in the isolated 

structures ranged between 0.14 and 0.51%: likely sufficiently small to limit or prevent damage to 

most displacement-sensitive components such as exterior cladding, interior partitions and vertical 

piping. 

 

For the non-isolated buildings (M3, M6, M7, M8, M9 and M10), the coefficient of variation in 

the peak roof drift is smallest (0.676) for M10 (mean peak roof drift = 1.86%) and greatest 

(0.844) for M8 (mean peak roof drift = 5.0%)5. The addition of viscous dampers (M9 and M10) to 

the weak and flexible building (M6) reduced substantially the median maximum roof drift (by 58 

% for M9 and 70 % for M10). Table 4-1 presents coefficients of variation of roof drifts for all 

three bins and all 12 models. 

 

Figure 4-14 summarizes the distribution of the peak total floor acceleration at each floor level. 

Similar to figure 4-13, median, maximum, minimum, 16th percentile, and 84th percentile values 

are presented assuming that the peak responses are lognormally distributed. Maximum floor 

accelerations across the 12 models do not vary as much as interstory drifts for the 2/50 shaking. 

The 2/50 shaking leads to yielding and damage in the non-isolated buildings but the yielding of 

                                                      
4 The bilinear models used to characterize component behavior are inaccurate at large story drifts. As such, 

only trends and likely outcomes are reported for this level of shaking for the non-isolated structures.  
5 Model M6 is not included in Table 4.1 for the 2/50 bin because of the infinite displacements associated 

with the four collapses. 
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the non-isolated framing systems limits the accelerations that can develop in these 

superstructures. The addition of the fluid viscous dampers to M6, namely, M9 and M10, do not 

substantially reduce the peak floor accelerations, and increase the floor accelerations at the roof 

level. In figure 4-14, the distribution of floor accelerations for model M6 was omitted for the 

same reason that it was omitted from figure 4-13. 

 

For the non-isolated models, the coefficient of variation in the peak 2nd floor acceleration is 

greatest (0.553) for M7 (mean peak acceleration = 0.80 g) and smallest (0.504) for M9 (mean 

peak accelerations = 0.58 g). The addition of viscous dampers to the weak and flexible building 

(M6) reduced the median peak acceleration (29 % for M8 and 21 % for M9). Table 4-2 presents 

coefficients of variation in peak acceleration at the 2nd floor level for all models. 

Similar to figures 4-3 and 4-9, figure 4-15 presents performance points using median peak drift 

response (ID*) and median peak floor acceleration (A*) as the performance metrics. ID* and A* 

are defined in the figure 4-14d. Figure 4-16 presents performance spaces similar to those of 

figures 4-4 and 4-10, in which only the variability in ground motion has been considered. The 

performance spaces presented are boxes defined by the 16th and 84th percentile values of the 

peak drift and peak floor acceleration.  

 

Figure 4-17 presents median 5% damped floor acceleration spectra of the 12 models for the 2/50 

earthquake histories. Again, the trends are well established. The stiff and strong moment frame 

building (M3) and the braced frames (M7 and M8) produce the highest spectral acceleration 

demands across a frequency range from 0.25 Hz to 100 Hz. The viscous damped frames (M9 and 

M10) and the isolated frames (M11 through M16) produced much smaller spectral accelerations 

than the respective parent frames (M6 and M3).  

 

Figure 4-18 presents floor acceleration spectra for the five non-isolated buildings. In these 

figures, peak floor accelerations are normalized to 1 g. For the same peak floor acceleration, the 

performance of the viscous damped buildings (M9 and M10) is superior to the performance of the 

other frames.  
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4.5 MCEER ground motion analysis results 

All analysis results using the two MCEER ground motion bins are presented in Appendix B. The 

median response of the 16 models followed similar trends as those established for the SAC Steel 

Project ground motions. However, the differences between the two ground motion bins, discussed 

in Section 3.3.2, are also evident in the analysis results. The spectral acceleration demands of the 

MCEER ground motion bins are higher in the short period range than the demands from the SAC 

bins and vice versa at longer periods. Therefore, models with longer periods of vibration show a 

lower median maximum response for the MCEER bins than the SAC ground motion bins. Also, 

the two braced frames (Models M7 and M8), upon brace yielding, experience a greater reduction 

in acceleration demand in the MCEER ground motion bins than in the SAC bins. This trend is 

more obvious in the 2/50 bins. The dispersion in spectral acceleration values was smaller in the 

MCEER ground motion bins than in the corresponding SAC bins, which is also evident in the 

dispersion of the acceleration responses of each model. 
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FIGURE 4-1: Distributions of Maximum Interstory and Roof Drift for the 50/50 Bin
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FIGURE 4-2: Distributions of Maximum Total Floor Acceleration for the 50/50 Bin 
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FIGURE 4-3: Performance Points for the 50/50 Bin 

 



  

 

48

A5

A2

A3

A4

A1 ID1

ID3

ID2

ID4

 
 
 

0 0.25 .5 0.75 1
0

0.5

1

1.5

2

2.5

3

Floor acceleration (g)

In
te

rs
to

ry
 d

ri
ft

 (
%

)

0 0.25 .5 0.75 1
0

0.5

1

1.5

2

2.5

3

Floor acceleration (g)

In
te

rs
to

ry
 d

ri
ft

 (
%

)

a. ground floor (A1), 1st story (ID1) b. second floor (A2), second story (ID2) 

0 0.25 .5 0.75 1
0

0.5

1

1.5

2

2.5

3

Floor acceleration (g)

In
te

rs
to

ry
 d

ri
ft

 (
%

)

0 0.25 .5 0.75 1
0

0.5

1

1.5

2

2.5

3

Floor acceleration (g)

In
te

rs
to

ry
 d

ri
ft

 (
%

)

c. third floor (A3), third story (ID3) d. fourth floor (A4), fourth story (ID4) 
 
 
 
 
 
 
 
 
 
 
 

e. legend and illustration of quantities 
FIGURE 4-4: Performance Spaces for the 50/50 Bin 
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FIGURE 4-5: Total Floor Acceleration Response Spectra for the 50/50 Bin 
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FIGURE 4-6: Normalized Floor Acceleration Response Spectra for the 50/50 Bin
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FIGURE 4-7: Distributions of Maximum Interstory and Roof Drift for the 10/50 Bin
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FIGURE 4-8: Distributions of Maximum Total Floor Acceleration for the 10/50 Bin 
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FIGURE 4-9: Performance Points for the 10/50 Bin 

 



  

 

54

A5

A2

A3

A4

A1 ID1

ID3

ID2

ID4

 
 
 

0 .5 1 1.5
0

1

2

3

4

5

Floor acceleration (g)

In
te

rs
to

ry
 d

ri
ft

 (
%

)

0 .5 1 1.5
0

1

2

3

4

5

Floor acceleration (g)

In
te

rs
to

ry
 d

ri
ft

 (
%

)

a. ground floor (A1), 1st story (ID1) b. second floor (A2), second story (ID2) 

0 .5 1 1.5
0

1

2

3

4

5

Floor acceleration (g)

In
te

rs
to

ry
 d

ri
ft

 (
%

)

0 .5 1 1.5
0

1

2

3

4

5

Floor acceleration (g)

In
te

rs
to

ry
 d

ri
ft

 (
%

)

c. third floor (A3), third story (ID3) d. fourth floor (A4), fourth story (ID4) 
 
 
 
 
 
 
 
 
 
 
 

e. legend and illustration of quantities 
FIGURE 4-10: Performance Spaces for the 10/50 Bin 
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FIGURE 4-11: Total Floor Acceleration Response Spectra for the 10/50 Bin 
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FIGURE 4-12: Normalized Floor Acceleration Response Spectra for the 10/50 Bin
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FIGURE 4-13: Distributions of Maximum Interstory and Roof Drift for the 2/50 Bin
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FIGURE 4-14: Distributions of Maximum Total Floor Acceleration for the 2/50 Bin 
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FIGURE 4-15: Performance Points for the 2/50 Bin 
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FIGURE 4-16: Performance Spaces for the 2/50 Bin 
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FIGURE 4-17: Total Floor Acceleration Response Spectra for the 2/50 Bin 
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FIGURE 4-18: Normalized Floor Acceleration Response Spectra for the 2/50 Bin
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CHAPTER 5 

RESPONSE OF BASE-ISOLATED MODELS 

5.1 Introduction 

The data presented in Chapter 4 showed that the base-isolated models (M11 through M16) 

responded to each of the three bins of ground motions with the lowest accelerations and inter-

story drifts. The isolated models also acted as the best filters of the ground motion considering the 

input to the nonstructural components and contents (NCCs), as evidenced by the flatter floor 

acceleration spectra (smaller peaks) and smaller performance spaces. Chapter 5 focuses on the 

response of the six base-isolated models, again with a concentration on NCC demands. This 

chapter compares responses of NCCs in base-isolated systems with longer periods (3.5 seconds) 

to systems with shorter periods (2.5 seconds), systems with lower levels of damping (10% of 

critical) to systems with higher levels of damping (20% of critical) and systems with viscoelastic 

isolators to systems with bilinear isolators. 

 

The presentation of results in this section is similar to the presentation in Chapter 4, but focuses 

solely on the response of the base-isolated models1. A goal is to show the effect of isolation 

system choice on demands on NCCs. The measures of NCCs demand are maximum interstory 

drift, maximum floor acceleration, mean spectral acceleration over two frequency ranges (1 Hz to 

10 Hz and 10 Hz to 20 Hz), performance spaces (discussed in Section 4.2), and total floor 

acceleration response spectra. 

 

This chapter is organized in six sections. Section 5.2 discusses the dynamic properties of the six 

base-isolated models. Sections 5.3, 5.4 and 5.5 report the results of the response analysis using 

the SAC bins 1 (50/50), 2 (10/50) and 3 (2/50), respectively. Section 5.6 compares the 

                                                      
1 The models discussed in this chapter were described in detail in Chapter 3. 
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performance of the isolation systems over the three levels of earthquake shaking in terms of the 

response of the superstructure and demands on NCCs.  

 

The response of the base-isolated models is presented in three sets of tables and four sets of 

figures. Coefficients of variation of response are presented for roof drift (table 5-1) and 2nd floor 

peak total acceleration (table 5-2)2. Tables 5-3 through 5-8 present average median spectral 

acceleration values over two frequency ranges: 1 Hz to 10 Hz (tables 5-3, 5-5 and 5-7) and 10 Hz 

to 20 Hz (tables 5-4, 5-6 and 5-8). The median value of spectral acceleration over a range of 

frequencies could be used to identify demands on NCCs. Any frequency range of interest could 

be used to create this type of data.  

 

TABLE 5-1: Effective Period of Each Isolation System1 

 Model 

Bin M11 M12 M13 M14 M152 M162 

50/50 2.5 2.5 3.5 3.5 2.0 (88 mm) 2.28 (92 mm) 

10/50 2.5 2.5 3.5 3.5 2.43 (244 mm) 2.92 (256 mm) 

2/50 2.5 2.5 3.5 3.5 2.64 (551 mm) 3.31 (530 mm) 
1. Calculated assuming a rigid superstructure. 
2. Value in parentheses is the median peak isolator displacement for that bin. The effective 

period was calculated at this displacement. 

 

TABLE 5-2: Effective Damping Ratio of Each Isolation System1 

 Model 

Bin M11 M12 M13 M14 M152 M162 

50/50 0.10 0.20 0.10 0.20 0.38 (88 mm) 0.45 (92 mm) 

10/50 0.10 0.20 0.10 0.20 0.20 (244 mm) 0.28 (256 mm) 

2/50 0.10 0.20 0.10 0.20 0.10 (551 mm) 0.16 (530 mm) 
1. Calculated assuming a rigid superstructure. 
2. Value in parentheses is median peak isolator displacement for that bin. The effective damping 

ratio was calculated using this displacement. 

                                                      
2 The 2nd floor data are representative of all floors in the building.  
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TABLE 5-3: Coefficient of Variation of Maximum Roof Drift 

 Models 

Bin M11 M12 M13 M14 M15 M16 

50/50 0.606 0.616 0.619 0.606 0.495 0.484 

10/50 0.579 0.531 0.540 0.483 0.474 0.434 

2/50 0.727 0.668 0.643 0.633 0.640 0.506 

 

TABLE 5-4: Coefficient of Variation of Maximum Total Floor 
Acceleration 

 Models 

Bin M11 M12 M13 M14 M15 M16 

50/50 0.671 0.706 0.730 0.746 0.642 0.652 

10/50 0.537 0.534 0.543 0.555 0.489 0.492 

2/50 0.627 0.611 0.599 0.578 0.607 0.514 

 

TABLE 5-5: Average Median Spectral Acceleration, 1 to 10 Hz, for the 50/50 Bin 

 Model 

Floor M11 M12 M13 M14 M15 M16 

Ground 0.268 0.321 0.223 0.271 0.394 0.398 

2nd 0.207 0.232 0.185 0.205 0.256 0.257 

3rd 0.189 0.203 0.174 0.185 0.234 0.232 

4th 0.193 0.198 0.172 0.179 0.283 0.282 

Roof 0.212 0.239 0.182 0.204 0.359 0.361 
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TABLE 5-6: Average Median Spectral Acceleration, 10 to 20 Hz, for the 50/50 Bin 

 Model 

Floor M11 M12 M13 M14 M15 M16 

Ground 0.231 0.257 0.209 0.228 0.300 0.295 

2nd 0.201 0.217 0.189 0.203 0.225 0.218 

3rd 0.182 0.189 0.179 0.185 0.203 0.203 

4th 0.183 0.194 0.178 0.184 0.243 0.242 

Roof 0.195 0.212 0.185 0.198 0.285 0.284 

 

TABLE 5-7: Average Median Spectral Acceleration, 1 to 10 Hz, for the 10/50 Bin 

 Model 

Floor M11 M12 M13 M14 M15 M16 

Ground 0.387 0.435 0.300 0.351 0.558 0.565 

2nd 0.331 0.353 0.263 0.281 0.350 0.320 

3rd 0.320 0.323 0.256 0.267 0.318 0.292 

4th 0.333 0.336 0.262 0.281 0.383 0.368 

Roof 0.356 0.387 0.274 0.306 0.499 0.495 

 

 

TABLE 5-8: Average Median Spectral Acceleration, 10 to 20 Hz, for the 10/50 Bin 

 Model 

Floor M11 M12 M13 M14 M15 M16 

Ground 0.332 0.360 0.273 0.305 0.392 0.385 

2nd 0.311 0.317 0.262 0.276 0.307 0.272 

3rd 0.304 0.296 0.258 0.261 0.294 0.271 

4th 0.310 0.308 0.266 0.272 0.317 0.304 

Roof 0.320 0.329 0.268 0.282 0.366 0.346 
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The four sets of six figures that are common to each of the three following sections (Section 5.2, 

Bin 1; Section 5.3, Bin 2; and Section 5.4, Bin 3) are discussed here. The first set (figures 5-1, 5-6 

and 5-11) present interstory and roof drift data for the six models and the three bins. Data is 

presented as a distribution of maximum drifts resulting from the analysis with the 20 ground 

motion histories of that bin. The drifts are fitted with a lognormal distribution that is represented 

in the figure by five values, namely, the median, 16th and 84th percentile, minimum and 

maximum values. The dashed lines in figures 5-1, 5-6 and 5-11 represent the approximate yield 

drift in the story (see Chapter 4 for details). The second set of figures (figures 5-2, 5-7 and 5-12) 

present maximum total floor acceleration data. In the third set of figures (figures 5-3, 5-8 and 5-

13) data is presented as a performance space. The performance spaces are adapted from the 

distributions presented in the first two sets of figures and are meant to be a very basic way of 

measuring the effectiveness of each system in reducing the input EDPs on all classes of NCCs 

(e.g., acceleration critical components, drift critical components and coupled components) by 

pairing the acceleration at a floor (A*) with the drift of the story immediately below (ID*). These 

spaces could easily be adapted to different acceleration and drift pairs (A* and ID*). Each 

performance space is bounded by the 16th and 84th percentile values of each metric. In the 

presentation of performance spaces in Chapter 4, those spaces created using the models equipped 

with base-isolation were tightly grouped near the origin (e.g., figure 4-4). In Chapter 5, the 

performance spaces of the isolated systems are shown at a larger scale, making it possible to 

compare the response of the different base-isolation systems. Figures 5-4, 5-9 and 5-14 present 

median total floor acceleration response spectra at each floor level in the model. 

 

Figures 5-5, 5-10 and 5-15 present hysteresis loops for isolators from selected ground motions 

from Bin 1 (LA 42), Bin 2 (LA 1) and Bin 3 (LA 27) respectively. Hystereses from these three 

earthquake histories were presented because the peak displacements were close to the median 

peak displacement for the bin under consideration.  
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5.2 Dynamic properties of Models M11 through M16 

Models M11 through M16 were described in Section 3.2. The viscoelastic isolation systems of 

Models M11 and M12 were assigned a period of 2.5 seconds and the isolation systems of Models 

M13 and M14 were assigned a period of 3.5 seconds, both assuming a rigid superstructure. 

Because the isolators in Models M11 through M14 are modeled as linear viscoelastic elements, 

the assigned period is constant for all levels of shaking. This is not true of the models equipped 

with bilinear isolators (M15 and M16). Models M15 and M16 were assigned second-slope (post-

yield) periods of 2.5 seconds and 3.5 seconds, respectively. Because the isolator model is bilinear, 

the effective period of the isolation system depends on the magnitude of the isolator 

displacement. Table 5-1 presents the effective period ( effT ) of the different isolation systems for 

the three bins of shaking, calculated using the equation presented in FEMA 356 (FEMA, 2000): 

2eff
eff

mT
k

π=          (5.1)   

where, effk  is the secant stiffness of the isolation system at the median peak isolator displacement 

( ∆ ) for the bin under consideration, m  is the total mass of the building; the superstructure is 

assumed to be rigid for the calculation. The flexibility of the superstructure increased the 1st 

mode period of Models M11 and M12, and Models M13 and M14, from 2.5 seconds and 3.5 

seconds, to 2.6 seconds and 3.57, seconds respectively (as reported in table 3-2).  

 

The viscoelastic isolator models were assigned levels of damping (10% of critical in Models M11 

and M13 and 20% of critical in M12 and M14) that are independent of the isolator displacement. 

The hysteretic damping provided by the bilinear isolator model of Models M15 and M16 varies 

with isolator displacement. Table 5-12 presents the effective damping ( effβ ) of each isolation 

system at each level of shaking, calculated using the equation presented in FEMA 356 (FEMA, 

2000): 

2

1
2

D
eff

eff

W
k

β
π

=
∆

         (5.2) 
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where DW  is the energy dissipated (area of a hysteresis loop) in one cycle to the median peak 

isolator displacement (∆) and  effk  is the secant stiffness of the isolator at the median peak 

isolator displacement ∆. 

5.3 Bin 1: 50% exceedence in 50 years (50/50)3 

As described in Section 5.1, distributions of maximum interstory and roof drifts from analysis 

using models M11 through M16 and the 50/50 bin of ground motions are presented in figure 5-1. 

Figure 5-1f also presents information on the maximum isolator displacements for models M11 

through M16. Figure 5-2 presents maximum floor accelerations. Figure 5-2f presents peak base 

shear data, normalized by the total supported weight. Figure 5-3 combines the distributions of 

story drifts and floor accelerations into performance spaces. The coefficients of variation were 

calculated for each model for the 50/50 bin using the roof drift and the 2nd floor acceleration; the 

results are presented in table 5-3 and 5-4, respectively. Figure 5-4 presents averaged median floor 

acceleration spectra for the six base-isolated models analyzed using the 50/50 bin. Tables 5-5 and 

5-6 present median spectral accelerations over the frequency ranges of 1 Hz to 10 Hz and 10 Hz 

to 20 Hz, respectively.  

 

Based on the information presented a number of trends can be identified regarding the impact of 

isolation-system choice on demands on NCCs. Trends are presented below as a numbered list for 

organization and reference later in this chapter. 

1. Smaller story drifts and floor accelerations develop in the models with the most flexible 

isolation systems. This is an expected result because 1) spectral acceleration demands are 

lower at longer periods; and 2) the superstructure acts more like a rigid block when the 

stiffness of the isolation system is lower (Naeim and Kelly, 1999). The maximum story 

drifts and floor accelerations are highest in the models with bilinear isolators (Models 

M15 and M16) because they have the shortest effective periods (see table 5-1). 

                                                      
3 Descriptions of the SAC Los Angeles bins of ground motions are provided in Chapter 3 of this report. 
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2. Adding viscous damping decreases the displacement across the isolators but increases the 

demands on NCCs because damping forces contribute to the shear force in the super-

structure. 

3. The values of effective period ( effT ) presented in table 5-1 for the bilinear models (M15 

and M16) were calculated using median peak displacements (established in figure 5-1). 

For the isolator hysteresis of figure 5-5, the isolator attains values close to the peak 

displacement only once in the history and displacements in most cycles are substantially 

less than 50% of the maximum value. This observation explains the location of the 

significant peak in figure 5-4 at a frequency of approximately 0.7 Hz (corresponding to a 

period of about 1.4 seconds): the vibration frequency of the bilinear isolation system 

based on its pre-yield stiffness. 

4. The ordinates of the total floor acceleration response spectra from Models M15 and M16 

are higher, and in some cases substantially higher, than those for the linear viscoelastic 

systems across the frequency range of 0.5 Hz to 100 Hz.  

5. The increase in damping (10% to 20%) in the linear viscoelastic isolators (Model M11 to 

M12 and M13 to M14) has little effect on the median spectral accelerations averaged 

over the frequency ranges of 1 to 10 Hz and 10 Hz to 20 Hz, although median spectral 

accelerations are lowest for the 10% damped isolation systems. The increase in second-

slope period from 2.5 seconds to 3.5 seconds (Model M15 to M16) has little effect on the 

median spectral accelerations. 

6. The coefficients of variation in maximum roof drift and maximum total floor acceleration 

are smallest for the bilinear isolators (Models M15 and M16). 

5.4 Bin 2: 10% exceedence in 50 years (10/50) 

The results of analysis of models M11 through M16 subjected to the earthquake histories of the 

10/50 bin are presented in this section. The distributions of maximum interstory and roof drifts 

are presented in figure 5-6; figure 5-6f presents information on the maximum isolator 

displacements for Models M11 through M16. The distributions of maximum total floor 

accelerations over the height of the models are shown in figure 5-7. Figure 5-7f presents peak 



 71

base shear data, normalized by the total supported weight. Figure 5-8 combines the distributions 

from figures 5-6 and 5-7 into performance spaces. The coefficients of variation were calculated 

for each model for the 10/50 bin using the roof drift and the 2nd floor acceleration; results are 

presented in table 5-3 and 5-4, respectively. Figure 5-9 presents the floor total acceleration 

spectra. Tables 5-7 and 5-8 present averaged median spectral accelerations over the frequency 

ranges of 1 Hz to 10 Hz, and 10 Hz to 20 Hz, respectively. Figure 5-10 presents isolator 

hysteresis for one of the 10/50 earthquake histories. From these data some trends can be 

observed, namely, 

1. Consistent with the results of analysis with Bin 1, peak story drifts and peak floor 

accelerations are smallest in the isolated models with the longest effective period (Models 

M13 and M14). 

2. Increasing the viscous damping (10% to 20%) in the models equipped with viscous 

isolators (Model M11 to M12 and M13 to M14) reduced the isolator displacement and 

increased the normalized base shear, story drifts and peak total floor accelerations very 

slightly.  

3. The peak in the floor spectra in figure 5-4 at 1.4 seconds for the bilinear isolators at 50/50 

shaking is substantially diminished, in a relative sense, for the more severe 10/50 shaking 

as seen in figure 5-9 because the 10/50 shaking produces 2- to 3-fold increases in isolator 

displacement. The increase in isolator displacement reduces the effective stiffness of the 

isolation system and increases the effective period of the isolated building.  

4. In the frequency range of 10 to 20 Hz, the ordinates of the total floor acceleration 

response spectra from Models M15 and M16 are comparable to or less than those of 

Models M11 and M12 (2.5-second effective period isolators) but are greater than those of 

Models M13 and M14 (3.5-second effective period isolators). 

5. The increase in second-slope period of the bilinear isolators from 2.5 seconds to 3.5 

seconds (M15 to M16) results in only modest (<10%) reductions in the median spectral 

accelerations. 

6. The coefficients of variation in maximum roof drift and maximum total floor acceleration 

are smallest for the bilinear isolators (Models M15 and M16). 
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5.5 Bin 3: 2% exceedence in 50 years (2/50) 

This section presents results from analysis using the 2/50 bin of earthquake histories. Figures 5-

11 and 5-12 illustrate the distributions of maximum drift and acceleration response. Figure 5-13 

combines the distributions of drift and acceleration into performance spaces. The coefficients of 

variation were calculated for each model for the 2/50 bin using the roof drift and the 2nd floor 

acceleration; results are presented in table 5-3 and 5-4, respectively. Floor acceleration spectra are 

presented in figure 5-14. Averaged median values of spectral acceleration over the frequency 

ranges 1 Hz to 10 Hz, and 10 Hz to 20 Hz, are presented in tables 5-9 and 5-10, respectively. 

Figure 5-15 presents isolator hysteresis for one of the 2/50 earthquake histories. A number of 

trends can be identified from this data. 

1. Peak story drifts and peak floor accelerations are smallest in the isolated models with the 

longest effective period (Models M13 and M14). 

2. Increasing the viscous damping (10% to 20%) in the models equipped with linear viscous 

isolators (Model M11 to M12 and M13 to M14) reduced the isolator deformation but 

resulted in a slight increase in the normalized base shear, story drifts and peak total floor 

accelerations.  

3. The ordinates of the total floor acceleration response spectra from Models M14 and M15 

are comparable to or less than those of Models M11 and M12 (2.5-second effective 

period isolators) but are greater than those of Models M13 and M14 (3.5-second effective 

period isolators) across a broad frequency range. 

4. The increase in second-slope period of the bilinear isolators from 2.5 seconds to 3.5 

seconds (M15 to M16) produces significant reductions in median spectral accelerations. 

5. For the 2/50 bin, the coefficients of variation in maximum roof drift and maximum total 

floor acceleration for the bilinear isolators (Models M14 and M15) are comparable to 

those for the linear viscous models. 
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TABLE 5-9: Average Median Spectral Acceleration,1 to 10 Hz, for the 2/50 Bin 

 Model 

Floor M11 M12 M13 M14 M15 M16 

Ground 0.658 0.704 0.474 0.545 0.759 0.719 

2nd 0.584 0.607 0.425 0.460 0.546 0.461 

3rd 0.567 0.585 0.419 0.443 0.528 0.435 

4th 0.579 0.609 0.429 0.459 0.581 0.497 

Roof 0.622 0.667 0.447 0.495 0.703 0.620 

 

TABLE 5-10: Average Median Spectral Acceleration, 10 to 20 Hz, for the 2/50 Bin 

 Model 

Floor M11 M12 M13 M14 M15 M16 

Ground 0.573 0.593 0.424 0.464 0.561 0.517 

2nd 0.546 0.559 0.413 0.424 0.507 0.416 

3rd 0.537 0.549 0.412 0.416 0.512 0.412 

4th 0.563 0.568 0.421 0.430 0.532 0.433 

Roof 0.579 0.600 0.428 0.453 0.577 0.489 

 

5.6 Performance of isolated Models M11 through M16 across three levels of shaking 

The influence of three basic seismic isolator characteristics, namely, effective stiffness, 

equivalent viscous damping and model type, on both the response of a hospital building frame 

and the demands on NCCs in the building was studied. Broad conclusions cannot be drawn from 

the study because a) no seismic isolator in the marketplace today displays the exact characteristics 

of any of the models (M11 through M16), b) only one building was studied, and c) earthquake 

histories for only one site were used for the analysis. However, on the basis of the results 

presented in this section: 
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1. No single isolator type appears to offer superior performance across all levels of 

earthquake shaking, where superior performance here is measured in terms of lowest 

interstory drift, lowest peak total floor acceleration, and lowest floor acceleration spectral 

demands across a range of frequencies that would include most NCCs. 

2. The addition of viscous damping to an isolation system will reduce isolator displacements 

but might increase story drifts, peak total floor accelerations and peak spectral 

accelerations. 
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FIGURE 5-1: Interstory and Roof Drifts for the 50/50 Bin 
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FIGURE 5-2: Maximum Total Floor Accelerations for the 50/50 Bin 
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FIGURE 5-3: Performance Spaces for the 50/50 Bin 
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FIGURE 5-4: Total Floor Acceleration Response Spectra for the 50/50 Bin 
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FIGURE 5-5: Typical Isolator Hysteresis for LA 42 (from the 50/50 bin) 
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FIGURE 5-6: Interstory and Roof Drifts for the 10/50 Bin 
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FIGURE 5.7: Maximum Total Floor Accelerations for the 10/50 Bin 
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FIGURE 5-8: Performance Spaces for the 10/50 Bin 
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FIGURE 5-9: Floor Total Acceleration Response Spectra for the 10/50 Bin 
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FIGURE 5-10: Typical Isolator Hysteresis for LA 1 (from the 10/50 bin) 
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FIGURE 5-11: Interstory and Roof Drifts for the 2/50 Bin 
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FIGURE 5-12: Maximum Total Floor Accelerations for the 2/50 Bin 
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FIGURE 5-13: Performance Spaces for the 2/50 Bin 
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FIGURE 5-14: Floor Total Acceleration Response Spectra for the 2/50 Bin 
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FIGURE 5-15: Typical Isolator Hysteresis for LA 27 (from 2/50 bin) 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

6.1 Summary 

New tools for performance-based earthquake engineering of buildings are being developed by 

Multidisciplinary Center for Earthquake Engineering Research (MCEER), the Pacific Earthquake 

Engineering Research (PEER) center and the ATC-58 project. To date, these next-generation 

tools have focused on assessing the performance of buildings whose components, both structural 

and nonstructural, have been fully defined. New probability-based performance assessment 

procedures have been developed to predict damage and economic loss.  

 

The next step in preparing the next-generation tools for performance-based earthquake 

engineering is the development of performance-based design tools that will enable the structural 

engineer to design a building (from a blank sheet of paper) to achieve, albeit approximately, 

specific levels of performance (and likely loss). The development of design tools is necessary to 

prevent a large number of performance-assessment and re-design iterations. To date, little work 

has been completed on performance-based design, outside of the SAC Steel Project, which 

focused solely on steel moment frames and did not address nonstructural components and 

contents (NCCs). The study described in this report sought to lay some of the ground work for 

performance-based design by assessing a) the response of different seismic framing systems to a 

broad range of earthquake shaking intensity, and b) the impact of framing-system choice on the 

demands on NCCs.  

 

Assessment of demands on NCCs was the focus of the work described herein. In most building 

structures, less than 20% of the total expenditure is related to structural framing. More than 80% 

of the total investment in a new building is in the NCCs. Because performance-based earthquake 
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engineering tools must facilitate the calculation of direct and indirect economic losses, all sources 

of potential loss must be considered in the design process. Paying scant attention to more than 

80% of the total investment in performance-based design, by not considering the NCCs, would 

make no sense. 

 

The traditional design process that focuses 95% of the structural-engineering design effort on less 

than 20% of the total expenditure (i.e., the structural framing) is inadequate in a performance-

oriented design environment. A new design paradigm is proposed for performance-based 

earthquake engineering, where the choice of framing system is driven by the goal to minimize 

direct and indirect losses from earthquake shaking. In most cases, these losses will be best 

controlled by minimizing the seismic demands (drifts, velocity and acceleration) on NCCs. 

Because the choice of seismic framing system, together with the earthquake hazard, will 

determine the demands on NCCs, superior seismic framing systems must be identified. Two 

questions arise from this proposal, namely, 

1. What performance metrics can and should be used to define a superior system?  

2. What are the superior framing systems for those performance metrics? 

 

To provide insight into the relationship between framing system choice and demands on NCCs, 

the MCEER Demonstration Hospital was selected for detailed analysis. A hospital building was 

chosen for evaluation because the investment in NCCs in hospital buildings generally exceeds 

90% of the total construction cost, and losses following earthquake shaking will depend to a large 

degree on the performance of the NCCs. This four-story steel-framed hospital building is located 

in Northridge, California: a region prone to severe earthquake shaking. The baseline building was 

constructed as a steel moment-resisting frame in the early 1970s.  

 

A total of 16 mathematical models were prepared for response-history analysis using three levels 

of earthquake shaking. Models were prepared for weak and strong moment-resisting frames, a 

braced frame, two frames equipped with fluid viscous dampers and six frames equipped with a 

total of three types of seismic isolators. These types of framing systems represent those used for 
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hospital construction in California at the time of this writing. Each model was analyzed using 

three bins of earthquake histories, each representing a distinct hazard level, namely, 50% 

exceedence in 50 years, 10% exceedence in 50 years and 2% exceedence in 50 years. The 

ground-motion histories were developed for the Los Angeles basin by others for the SAC Steel 

Project. Demands on NCCs were presented in the form of maximum story drifts, maximum peak 

total floor accelerations, performance points, performance spaces and total floor acceleration 

response spectra. Some preliminary observations and conclusions about the performance of the 

different framing systems are presented in the following section. 

 

The performances of the twelve models analyzed in this report are compared in Tables 6.1 

through 6.4 by ranking the maximum response of each model (1 = best; 11 = poorest). Rankings 

are presented for 2nd story and roof drift (Table 6.1), 2nd floor and roof peak total acceleration 

(Table 6.2), averaged median floor spectral acceleration over the frequency range of 1 to 10 Hz 

for the 2nd floor and roof (Table 6.3) and averaged median floor spectral acceleration over the 

frequency range of 10 to 20 Hz for the 2nd floor and roof (Table 6.4). Although the rankings vary 

slightly if other floors and story levels are used to compare responses, the differences in ranking 

are minor and the trends are unchanged. 
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Table 6.1: Rank based on drift response1 

 50/50 10/50 2/50 50/50 10/50 2/50 

Model 2nd story drift Roof drift 

M3 8 7 7 8 8 8 

M6 11 11 11 11 11 11 

M7 10 9 9 10 10 10 

M8 9 10 10 9 9 9 

M9 7 8 8 7 7 8 

M10 4 6 6 4 6 6 

M11 3 4 5 3 4 5 

M12 1 2 2 1 1 2 

M13 2 1 1 2 2 1 

M14 6 5 4 6 5 4 

M15 5 3 3 5 3 3 

1. 1 = best; 11 = poorest. 
   

Table 6.2: Rank based on peak total floor acceleration1 

 50/50 10/50 2/50 50/50 10/50 2/50 

Model 2nd floor Roof  

M3 11 11 11 11 11 11 

M6 9 9 9 9 9 4 

M7 10 10 10 10 10 10 

M8 7 7 7 5 5 7 

M9 8 8 8 6 8 9 

M10 3 6 6 3 4 8 

M11 4 5 5 4 3 6 

M12 1 1 2 1 1 2 

M13 2 1 2 2 2 1 

M14 6 4 4 7 7 5 

M15 5 3 1 8 6 3 

1. 1 = best; 11 = poorest. 
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Table 6.3: Rank based on average median floor spectral acceleration, 1 to 10 Hz1 

 50/50 10/50 2/50 50/50 10/50 2/50 

Model 2nd floor Roof  

M3 11 11 10 11 11 11 

M6 8 9 8 9 9 8 

M7 10 10 11 10 10 10 

M8 7 7 7 5 5 5 

M9 9 8 9 6 8 9 

M10 3 6 6 3 4 6 

M11 4 4 5 4 3 4 

M12 1 1 2 1 1 1 

M13 2 2 1 2 2 2 

M14 6 5 4 7 7 7 

M15 5 3 3 8 6 3 

1. 1= best; 11 = poorest 
 

Table 6.4: Rank based on average median floor spectral acceleration, 10 to 20 Hz1 

 50/50 10/50 2/50 50/50 10/50 2/50 

Model 2nd floor Roof  

M3 11 11 11 11 11 11 

M6 7 7 8 9 9 4 

M7 10 10 10 10 10 10 

M8 8 8 7 3 7 7 

M9 9 9 9 6 8 9 

M10 3 6 6 5 5 8 

M11 4 5 5 4 3 6 

M12 1 3 3 1 2 2 

M13 2 1 1 2 1 1 

M14 6 4 4 7 6 5 

M15 5 2 2 8 4 3 

1. 1= best; 11 = poorest 



 96

6.2 Conclusions 

Conclusions are drawn below regarding the influence of framing-system choice on the demands 

on NCCs. Strictly speaking, these conclusions are only valid for the building studied, the site in 

Southern California and response to three levels of earthquake shaking. Other framing systems 

should be considered (e.g., M7 with much larger braces; M9 with more damping; M3 with greater 

strength and stiffness) in a more extensive study. Alternate building geometries should be 

considered similar to those evaluated in the SAC Steel Project. Different bins of earthquake 

histories representative of shaking in other cities in the United States should be used for the 

analysis. These issues aside, the important conclusions from this study are: 

 

1. Performance spaces are a most useful tool for comparing the performance of different 

framing systems and demands on different NCCs. Performance-spaces should be defined 

for all major classes of NCCs. 

2. The three levels of earthquake shaking (Bin 1: 50/50; Bin 2: 10/50; and Bin 3: 2/50) used 

in this study cover a broad range of earthquake shaking, from frequent to very rare 

(SEAOC, 1995). Framing systems that perform well for all levels of earthquake shaking 

are likely superior framing systems.  

3. For the 50/50 shaking, all framing systems equipped with protective hardware (unbonded 

braces, fluid viscous dampers and seismic isolators) suffer no structural damage. The 

base-isolated models performed best in terms of the smallest demands on the NCCs. Of 

the non-isolated models (Models M3, M6, M7, M8, M9 and M10), the buildings 

equipped with fluid viscous dampers (Models M9 and M10) show superior performance; 

story drifts, peak total floor accelerations, and averaged median floor spectral 

accelerations are generally minimized in Models M9 and M10.  

4. For the 10/50 shaking, damage is sustained by both traditional (conventional) moment 

frames (Models M3 and M6). Large story drifts are sustained by the weak and flexible 

1960s-vintage moment frame (Model M6). The protective devices reduce substantially or 

eliminate structural damage in these conventional moment frames. The base-isolated 
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models performed best with the smallest demands on the NCCs. Of the non-isolated 

models (Models M3, M6, M7, M8, M9 and M10), the buildings equipped with fluid 

viscous dampers (Models M9 and M10) show superior performance.  

5. For the 2/50 shaking, only the base-isolated frames (Models M11 through M16) suffer no 

structural damage. Demands on the NCCs are minimized in the base-isolated buildings. 

The range of peak floor accelerations across all models is smaller for the 2/50 shaking 

than the 10/50 and 50/50 shaking because yielding in the non-isolated frames limits the 

peak floor accelerations. The addition of fluid viscous dampers to the weak and flexible 

moment frame (Model M6) led to substantial reductions in story drifts and modest 

reductions in floor accelerations. 

6. Across all three levels of earthquake shaking, the base-isolated models offer superior 

performance as measured by smallest story drifts, peak total floor accelerations, and floor 

acceleration response spectral ordinates. Tables 6.1 through 6.4 rank the 6 base-isolated 

models in the top 6 of 11 in nearly all categories for each bin of earthquake shaking. Of 

the non-isolated models, the frames equipped with fluid viscous dampers offer superior 

performance. 

7. No single base-isolated frame offers superior performance across all three levels of 

earthquake shaking. The smallest demands on NCCs are recorded for the frames 

equipped with 3.5-second effective-period seismic isolators. (Whether such an isolation 

system is feasible is matter for debate.) Of the four remaining base-isolated frames, the 

2.5-second effective period isolators (Models M10 and M11) outperform the bilinear 

isolators (Models M14 and M15) for the frequent 50/50 shaking and vice-versa for the 

very rare 2/50 shaking. 
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APPENDIX A 

STRUCTURAL FRAMING DATA FOR MODELS M3 AND M6
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FIGURE A-1: Plan View of Second Floor of M3  
 
 
 
 
 

FIGURE A-2: Plan View of Third Floor of M3 
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FIGURE A-3: Plan View of Fourth Floor of M3 
 
 
 
 
 

FIGURE A-4: Plan View of Roof of M3 
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FIGURE A-5: Typical N-S Moment Resisting Frame of M3 
 
 
 
 

 

FIGURE A-6: Typical N-S Non-Moment Resisting Frame of M3 
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FIGURE A-7: Plan View of Typical Floor of M6 
 
 
 

FIGURE A-8: Typical N-S Moment-Resisting Frame of M6 
 
 
 
 



 110

 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE A-9: Typical N-S Non-Moment-Resisting Frame of M6 
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APPENDIX B 

GROUND MOTION DATA AND ANALYSIS RESULTS FOR THE 
MCEER 10/50 AND 2/50 GROUND MOTION BINS 
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FIGURE B-1: Acceleration Spectra and Spectra Distribution for MCEER Ground 
Motion Bins for Northridge, CA (Wanitkorkul and Filiatrault, 2005) 
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FIGURE B-2: Distributions of Maximum Interstory and Roof Drift for the 10/50 Bin 
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FIGURE B-3: Distributions of Maximum Total Floor Acceleration for the 10/50 Bin 
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FIGURE B-4: Distributions of Maximum Interstory and Roof Drift for the 2/50 Bin 
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FIGURE B-5: Distributions of Maximum Total Floor Acceleration for the 2/50 Bin 
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FIGURE B-6: Performance Spaces for the 10/50 Bin 
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FIGURE B-7: Performance Spaces for the 2/50 Bin 
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