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Notice

Any opinions, findings, conclusions, or recommendations expressed in this publication do not necessarily
reflect the views of the Applied Technology Council (ATC), the Department of Homeland Security
(DHS), or the Federal Emergency Management Agency (FEMA). Additionally, neither ATC, DHS,
FEMA, nor any of their employees, makes any warranty, expressed or implied, nor assumes any legal
liability or responsibility for the accuracy, completeness, or usefulness of any information, product, or
process included in this publication. Users of information from this publication assume all liability
arising from such use.



The Federal Emergency Management Agency (FEMA) has the goal of
reducing the ever-increasing cost that disasters inflict on our country.
Preventing losses before they happen by designing and building to withstand
anticipated forces from these hazards is one of the key components of
mitigation, and is the only truly effective way of reducing the cost of these
disasters.

As part of its responsibilities under the National Earthquake Hazards
Reduction Program (NEHRP), and in accordance with the National
Earthquake Hazards Reduction Act of 1977 (PL 94-125) as amended, FEMA
is charged with supporting mitigation activities necessary to improve
technical quality in the field of earthquake engineering. The primary method
of addressing this charge has been supporting the investigation of seismic
and related multi-hazard technical issues as they are identified by FEMA, the
development and publication of technical design and construction guidance
products, the dissemination of these products, and support of training and
related outreach efforts. These voluntary resource guidance products present
criteria for the design, construction, upgrade, and function of buildings
subject to earthquake ground motions in order to minimize the hazard to life
for all buildings and increase the expected performance of critical and higher
occupancy structures.

The linear design procedure contained in modern building codes is based on
the concept of converting the complicated nonlinear dynamic behavior of a
building structure under seismic loading to an equivalent linear problem.

The design process starts with the selection of a basic seismic force resisting
system for the structure. The code specifies a series of prescriptive
requirements for structures based on each such system. These prescriptive
requirements regulate configuration, size, materials of construction, detailing,
and minimum required strength and stiffness. These seismic design
performance requirements are controlled through the assignment of a series
of system response coefficients (R, Cq, o), Which represent the material
properties and design detailing of the selected system. Based on the linear
dynamic response characteristics of the structure and these response
coefficients, design lateral forces are distributed to the building’s various
structural elements using linear analysis techniques and the resulting member
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forces and structural deflections are calculated. Members are then
proportioned to have adequate capacity to resist the calculated forces in
combination with other prescribed loads to ensure that calculated
displacements do not exceed maximum specified values.

As the codes have improved over the last several decades in how they
address seismic design, one of the results was an expansion of code-approved
seismic force resisting systems, with many individual systems classified by
the type of detailing used. For each increment in detailing, response
coefficients were assigned in the code, based largely on judgment and
qualitative comparison with the known response capabilities of other
systems. The result is that today’s code includes more than 80 individual
structural systems, each with individual system response coefficients
somewhat arbitrarily assigned. Many of these recently defined structural
systems have never been subjected to significant level of earthquake ground
shaking and the potential response characteristics and ability to meet the
design performance objectives is untested and unknown.

What was needed was a standard procedural methodology where the inelastic
response characteristics and performance of typical structures designed to a
set of structural system provisions could be quantified and the adequacy of
the structural system provisions to meet the design performance objectives
verified. Such a methodology would need to directly account for the
potential variations in structure configuration of structures designed to a set
of provisions, the variation in ground motion to which these structures may
be subjected and available laboratory data on the behavioral characteristics of
structural elements.

The objective of this publication was to develop a procedure to establish
consistent and rational building system performance and response parameters
(R, Cq4, Qo) for the linear design methods traditionally used in current
building codes. The primary application of the procedure is for the
evaluation of structural systems for new construction with equivalent
earthquake performance. The primary design performance objective was
taken to minimize the risk of structural collapse under the seismic load of
maximum considered earthquake as specified in the current NEHRP
Recommended Provisions for New Buildings and Other Structures (FEMA
450). Although the R factor is the factor of most concern, displacements and
material detailing to achieve the implied design ductilities were also
included.

It is anticipated that this methodology will ultimately be used by the nation’s
model building codes and standards to set minimum acceptable design
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criteria for standard code-approved systems, and to provide guidance in the
selection of appropriate design criteria for other systems when linear design
methods are applied. This publication will also provide a basis for future
evaluation of the current tabulation of and limitations on code-approved
structural systems for adequacy to achieve the inherent seismic performance
objectives. This material could then potentially be used to modify or
eliminate those systems or requirements that can not reliably meet these
objectives.

FEMA wishes to express its sincere gratitude to Charlie Kircher, Project
Technical Director, and to the members of the Project Team for their efforts
in the development of this recommended methodology. The Project
Management Committee consisted of Michael Constantinou, Greg Deierlein,
Jim Harris, John Hooper, and Allan Porush. They in turn guided the Project
Working Groups, which included Andre Filiatrault, Helmut Krawinkler,
Kelly Cobeen, Curt Haselton, Abbie Liel, Jiannis Christovasilis, Jason Chou,
Stephen Cranford, Brian Dean, Kevin Haas, Jiro Takagi, Assawin
Wanitkorkul, and Farzin Zareian. The Project Review Panel consisted of
Maryann Phipps (Chair), Amr Elnashai, S.K. Ghosh, Ramon Gilsanz, Ron
Hamburger, Jack Hayes, Rich Klingner, Phil Line, Bonnie Manley, Andrei
Reinhorn, and Rafael Sabelli, and they provided technical advice and
consultation over the duration of the work. The names and affiliations of all
who contributed to this report are provided in the list of Project Participants.

Without their dedication and hard work, this project would not have been
possible. The American public who live, work and play in buildings in
seismic areas are all in their debt.

Federal Emergency Management Agency
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In September 2004 the Applied Technology Council (ATC) was awarded a
“Seismic and Multi-Hazard Technical Guidance Development and Support”
contract (HSFEHQ-04-D-0641) by the Federal Emergency Management
Agency (FEMA) to conduct a variety of tasks, including one entitled
“Quantification of Building System Performance and Response Parameters”
(ATC-63 Project). The purpose of this project was to establish and document
a recommended methodology for reliably quantifying building system
performance and response parameters for use in seismic design. These
factors include the response modification coefficient (R factor), the system
overstrength factor (£2), and the deflection amplification factor (Cg),
collectively referred to as “seismic performance factors.”

Seismic performance factors are used to estimate strength and deformation
demands on systems that are designed using linear methods of analysis, but
are responding in the nonlinear range. Their values are fundamentally
critical in the specification of seismic loading. R factors were initially
introduced in the ATC-3-06 report, Tentative Provisions for the Development
of Seismic Regulations for Buildings, published in 1978, and subsequently
replaced by the NEHRP Recommended Provisions for Seismic Regulations
for New Buildings and Other Structures, published by FEMA. Original R
factors were based on judgment or on qualitative comparisons with the
known response capabilities of seismic-force-resisting systems in use at the
time. Since then, the number of systems addressed in current seismic codes
and standards has increased substantially, and their ability to meet intended
seismic performance objectives is largely unknown.

The recommended methodology described in this report is based on a review
of relevant research on nonlinear response and collapse simulation,
benchmarking studies of selected structural systems, and evaluations of
additional structural systems to verify the technical soundness and
applicability of the approach. Technical review and comment at critical
developmental stages was provided by a panel of experts, which included
representatives from the steel, concrete, masonry and wood material industry
groups. A workshop of invited experts and other interested stakeholders was
convened to receive feedback on the recommended methodology, and input
from this group was instrumental in shaping the final product.
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Executive Summary

This report describes a recommended methodology for reliably quantifying
building system performance and response parameters for use in seismic
design. The recommended methodology (referred to herein as the
Methodology) provides a rational basis for establishing global seismic
performance factors (SPFs), including the response modification coefficient
(R factor), the system overstrength factor (£2,), and deflection amplification
factor (C,), of new seismic-force-resisting systems proposed for inclusion in
model building codes.

The purpose of this Methodology is to provide a rational basis for
determining building seismic performance factors that, when properly
implemented in the seismic design process, will result in equivalent safety
against collapse in an earthquake, comparable to the inherent safety against
collapse intended by current seismic codes, for buildings with different
seismic-force-resisting systems.

As developed, the following key principles outline the scope and basis of the
Methodology:

e |tis applicable to new building structural systems.

e Itis compatible with the NEHRP Recommended Provisions for Seismic
Regulations for New Buildings and Other Structures (FEMA, 2004a) and
ASCE/SEI 7, Minimum Design Loads for Buildings and Other
Structures, (ASCE, 2006a).

e Itis consistent with a basic life safety performance objective inherent in
current seismic codes and standards.

o Earthquake hazard is based on Maximum Considered Earthquake ground
motions.

o Concepts are consistent with seismic performance factor definitions in
current seismic codes and standards.

e Safety is expressed in terms of a collapse margin ratio.

e Performance is quantified through nonlinear collapse simulation on a set
of archetype models.
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e Uncertainty is explicitly considered in the collapse performance
evaluation.

The Methodology is intended to apply broadly to all buildings, recognizing
that this objective may not be fully achieved for certain seismic environments
and building configurations. Likewise, the Methodology has incorporated
certain simplifying assumptions deemed appropriate for reliable evaluation of
seismic performance. Key assumptions and potential limitations of the
Methodology are presented and summarized.

In the development of the Methodology, selected seismic-force-resisting
systems were evaluated to illustrate the application of the Methodology and
verify its methods. Results of these studies provide insight into the collapse
performance of buildings and appropriate values of seismic performance
factors. Observations and conclusions in terms of generic findings applicable
to all systems, and specific findings for certain types of seismic-force-
resisting systems are presented. These findings should be considered
generally representative, but not necessarily indicative of all possible trends,
given limitations in the number and types of systems evaluated.

The Methodology is recommended for use with model building codes and
resource documents to set minimum acceptable design criteria for standard
code-approved seismic-force-resisting systems, and to provide guidance in
the selection of appropriate design criteria for other systems when linear
design methods are applied. It also provides a basis for evaluation of current
code-approved systems for their ability to achieve intended seismic
performance objectives. It is possible that results of future work based on
this Methodology could be used to modify or eliminate those systems or
requirements that cannot reliably meet these objectives.
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Chapter 1

Introduction

This report describes a recommended methodology for reliably quantifying
building system performance and response parameters for use in seismic
design. The recommended methodology (referred to herein as the
Methodology) provides a rational basis for establishing global seismic
performance factors (SPFs), including the response modification coefficient
(R factor), the system overstrength factor (£2,), and deflection amplification
factor (C,), of new seismic-force-resisting systems proposed for inclusion in
model building codes.

1.1 Background and Purpose

The Applied Technology Council (ATC) was commissioned by the Federal
Emergency Management Agency (FEMA) under the ATC-63 Project to
develop a methodology for quantitatively determining global seismic
performance factors for use in seismic design.

Seismic performance factors are used in current building codes and standards
to estimate strength and deformation demands on seismic-force-resisting
systems that are designed using linear methods of analysis, but are
responding in the nonlinear range. R factors were initially introduced in the
ATC-3-06 report, Tentative Provisions for the Development of Seismic
Regulations for Buildings (ATC, 1978), and their values have become
fundamentally critical in the specification of design seismic loading.

Since then, the number of structural systems addressed in seismic codes has
increased dramatically. The 2003 edition of the National Earthquake
Hazards Reduction Program (NEHRP) Recommended Provisions for Seismic
Regulations for New Buildings and Other Structures (NEHRP Recommended
Provisions), (FEMA, 2004a), includes more than 75 individual systems, each
having a somewhat arbitrarily assigned R factor.

Original R factors were based largely on judgment and qualitative
comparisons with the known response capabilities of relatively few seismic-
force-resisting systems in widespread use at the time. Many recently defined
seismic-force-resisting systems have never been subjected to any significant
level of earthquake ground shaking. As a result, the seismic response
characteristics of many systems, and their ability to meet seismic design
performance objectives, are both untested and unknown.
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As new systems continue to be introduced during each code update cycle,
uncertainty in the seismic performance capability of the new building stock
continues to grow, and the need to quantify the seismic performance
delivered by current seismic design regulations becomes more urgent.
Advances in performance-based seismic design tools and technologies has
resulted in the ability to use nonlinear collapse simulation techniques to link
seismic performance factors to system performance capabilities on a
probabilistic basis.

The purpose of this Methodology is to provide a rational basis for
determining building system performance and response parameters that,
when properly implemented in the seismic design process, will result in
equivalent safety against collapse in an earthquake, comparable to the
inherent safety against collapse intended by current seismic codes, for
buildings with different seismic-force-resisting systems.

The Methodology is recommended for use with model building codes and
resource documents to set minimum acceptable design criteria for standard
code-approved seismic-force-resisting systems, and to provide guidance in
the selection of appropriate design criteria for other systems when linear
design methods are applied. It also provides a basis for evaluation of current
code-approved systems for their ability to achieve intended seismic
performance objectives. It is possible that results of future work based on
this Methodology could be used to modify or eliminate those systems or
requirements that cannot reliably meet these objectives.

1.2 Scope and Basis of the Methodology
The following key principles outline the scope and basis of the Methodology.
1.2.1 Applicable to New Building Structural Systems

The Methodology applies to the determination of seismic performance
factors appropriate for the design of seismic-force-resisting systems in new
building structures. While the Methodology is conceptually applicable (with
some limitations) to design of non-building structures, and to retrofit of
seismic-force-resisting systems in existing buildings, such systems were not
explicitly considered. The Methodology is not intended to apply to the
design of nonstructural systems.

1.2.2 Compatible with the NEHRP Recommended Provisions
and ASCE/SEI 7

The Methodology is based on, and intended for use with, applicable design
criteria and requirements of the most current editions of the NEHRP

1-2
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Recommended Provisions for Seismic Regulations for New Buildings and
Other Structures (NEHRP Recommended Provisions), (FEMA, 2004a), and
the seismic provisions of ASCE/SEI 7-05, Minimum Design Loads for
Buildings and Other Structures, (ASCE, 2006a). The Building Seismic
Safety Council has adopted ASCE/SEI 7-05 as the “starting point” for the
development of its 2009 and future editions of the NEHRP Recommended
Provisions. At this time, ASCE/SEI 7-05 is the most current, published
source of seismic regulations for model building codes in the United States."

ASCE/SEI 7-05 provides the basis for ground motion criteria and “generic”
structural design requirements applicable to currently accepted and future
(proposed) seismic-force-resisting systems. ASCE/SEI 7-05 provisions
include detailing requirements for currently approved systems that may also
apply to new systems. By reference, other standards, such as ACI 318,
Building Code Requirements for Structural Concrete (ACI, 2005),
AISC/ANSI 341, Seismic Provisions for Structural Steel Buildings (AISC,
2005), ACI 530/ASCE 5/TMS 402, Building Code Requirements for
Masonry Structures (ACI, 2002b), and ANSI/AF&PA, National Design
Specification for Wood Construction (ANSI/AF&PA, 2005) apply to
currently approved systems, and may also apply to new systems.

The Methodology requires the seismic-force-resisting system of interest to
comply with all applicable design requirements in ASCE/SEI 7-05, including
limits on system irregularity, drift, and height, except when such
requirements are specifically excluded and explicitly evaluated in the
application of the Methodology. For new (proposed) systems, the
Methodology requires identification and use of applicable structural design
and detailing requirements in ASCE/SEI 7-05, and development and use of
new requirements as necessary to adequately describe system limitations and
ensure predictable seismic behavior of components. The latest edition of the
NEHRP Recommended Provisions, containing modifications and
commentary to ASCE/SEI 7-05, may be a possible source for additional
design requirements.

1.2.3 Consistent with the Life Safety Performance Objective

The Methodology is consistent with the primary “life safety” performance
objective of seismic regulations in model building codes. As stated in the
Part 2: Commentary to the NEHRP Recommended Provisions for Seismic

! This chapter and other sections of this document refer to ASCE/SEI 7-05 for
design criteria and requirements to illustrate the Methodology, and to define the
values of certain parameters used for performance evaluation. The Methodology
is intended to be generally applicable, and such references should not be construed
as limiting the Methodology to this edition of ASCE/SEI 7.
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Regulations for New Buildings and Other Structures (Commentary to the
NEHRP Recommended Provisions), (FEMA, 2004b), “the Provisions
provides the minimum criteria considered prudent for protection of life safety
in structures subject to earthquakes.”

Design for performance other than life safety was not explicitly considered in
the development of the Methodology. Accordingly, the Methodology does
not address special performance or functionality objectives of ASCE/SEI 7-
05 for Occupancy Il and IV structures.

1.2.4 Based on Acceptably Low Probability of Structural
Collapse

The Methodology achieves the primary life safety performance objective by
requiring an acceptably low probability of collapse of the seismic-force-
resisting system when subjected to Maximum Considered Earthquake (MCE)
ground motions.

In general, life safety risk (i.e., probability of death or life-threatening injury)
is difficult to calculate accurately due to uncertainty in casualty rates given
collapse, and even greater uncertainty in assessing the effects of falling
hazards in the absence of collapse. Collapse of a structure can lead to very
different numbers of fatalities depending on variations in construction or
occupancy, such as structural system type and the number of building
occupants. Rather than attempting to quantify uniform protection of “life
safety”, the Methodology provides approximate uniform protection against
collapse of the structural system.

Collapse includes both partial and global instability of the seismic-force-
resisting system, but does not include local failure of components not
governed by global seismic performance factors, such as localized out-of-
plane failure of wall anchorage and potential life-threatening failure of non-
structural systems.

Similarly, the Methodology does not explicitly address components that are
not included in the seismic-force-resisting system (e.g., gravity system
components and nonstructural components). It assumes that deformation
compatibility and related requirements of ASCE/SEI 7-05 adequately protect
such components against premature failure. Components that are not
designated as part of the seismic-force-resisting system are not controlled by
seismic-force-resisting system design requirements. Accordingly, they are
not considered in evaluating the overall resistance to collapse.

1-4
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1.2.5 Earthquake Hazard based on MCE Ground Motions

The Methodology evaluates collapse under Maximum Considered
Earthquake (MCE) ground motions for various geographic regions of
seismicity, as defined by the coefficients and mapped acceleration parameters
of the general procedure of ASCE/SEI 7-05, which is based on the maps and
procedures contained in the NEHRP Recommended Provisions.

While seismic performance factors apply to the design response spectrum,
taken as two-thirds of the MCE spectrum, code-defined MCE ground
motions are considered the appropriate basis for evaluating structural
collapse. As noted in the Commentary to the NEHRP Recommended
Provisions, “if a structure experiences a level of ground motion 1.5 times the
design level, the structure should have a low likelihood of collapse.”

1.2.6 Concepts Consistent with Current Seismic Performance
Factor Definitions

The Methodology remains true to the definitions of seismic performance
factors given in ASCE/SEI 7-05, and the underlying nonlinear static analysis
(pushover) concepts described in the Commentary to the NEHRP
Recommended Provisions. Values of the response modification coefficient,
R factor, the system overstrength factor, £, , and the deflection amplification
factor, Cgq, for currently approved seismic-force-resisting systems are
specified in Table 12.2-1 of ASCE/SEI 7-05. Section 4.2 of the Commentary
to the NEHRP Recommended Provisions provides background information
on seismic performance factors.

Figures 1-1 and 1-2 are used to explain and illustrate seismic performance
factors, and how they are used in the Methodology. Parameters are defined
in terms of equations, which in all cases are dimensionless ratios of force,
acceleration or displacement. However, in attempting to utilize the figures to
clarify and to illustrate the meanings of these ratios, graphical license is taken
in two ways. First, seismic performance factors are depicted in the figures as
incremental differences between two related parameters, rather than as ratios
of the parameters. Second, as a consequence of being depicted as
incremental differences, seismic performance factors are shown on plots with
units, when, in fact, they are dimensionless.

Figure 1-1, an adaptation of Figures C4.2-1 and C4.2-3 from the
Commentary to the NEHRP Recommended Provisions, defines seismic
performance factors in terms of the global inelastic response (idealized
pushover curve) of the seismic-force-resisting system. In this figure, the
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horizontal axis is lateral displacement (i.e., roof drift) and the vertical axis is
lateral force at the base of the system (i.e., base shear).

In Figure 1-1, the term Ve represents the force level that would be developed
in the seismic-force-resisting system, if the system remained entirely linearly
elastic for design earthquake ground motions. The term Vi represents the
actual, maximum strength of the fully-yielded system, and the term V is the
seismic base shear required for design. As defined in Equation 1-1, the R
factor is the ratio of the force level that would be developed in the system for
design earthquake ground motions (if the system remained entirely linearly
elastic) to the base shear prescribed for design:

R=-E (1-1)

and, as defined in Equation 1-2, the (X, factor is the ratio of the maximum
strength of the fully-yielded system to the design base shear:

V
02, =—"T% (1-2)
Vv

— N

s Design Earthquake R = Response Modification

5 Ground Motions Coefficient = V/V

? C, = Deflection Amplification

8 Factor = (/)R

1] Cq £, = Overstrength Factor =V, /V
5] <

LL VE N A

Q ’

S

82}
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= Vinax _ Curve

5 % |~

s V

-

S&/R 1) S
Lateral Displacement (Roof Drift)

Figure 1-1 [llustration of seismic performance factors (R, £2,, and C,) as

defined in the Commentary to the NEHRP Recommended
Provisions (FEMA, 2004b).

In Figure 1-1, the term oe/R represents roof drift of the seismic-force-
resisting system corresponding to design base shear, V, assuming that the
system remains essentially elastic for this level of force, and the term &
represents the assumed roof drift of the yielded system corresponding to
design earthquake ground motions. As illustrated in the figure and defined
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by Equation 1-3, the Cq factor is some fraction of the R factor (typically less
than 1.0):
C,=—R 1-3
s (1-3)
The Methodology develops seismic performance factors consistent with the
concepts and definitions described above. Figure 1-2 illustrates the seismic

performance factors defined by the Methodology and their relationship to
MCE ground motions.

\ Collapse Level
Ground Motions
SCT
MCE Ground Motions
CMR (ASCE 7-05)
G
c
S Swr y
o
(]
©
8 1.5R -
£ .
I 1.5C,4 CMR }
g el >
L' s e ] \\
175} max /,z
}7///’—Q o
C, - L
SDy+/1.5R SDyr SD.;
Spectral Displacement
Figure 1-2 lllustration of seismic performance factors (R, £2, and C,) as

defined by the Methodology.

Figure 1-2 parallels the “pushover” concept shown in Figure 1-1 using
spectral coordinates rather than lateral force (base shear) and lateral
displacement (roof drift) coordinates. Conversion to spectral coordinates is
based on the assumption that 100% of the effective seismic weight of the
structure, W, participates in fundamental mode at period, T, consistent with
Equation 12.8-1 of ASCE/SEI 7-05:

V =CW (1-4)

In Figure 1-2, the term Sy is the Maximum Considered Earthquake (MCE)
spectral acceleration at the period of the system, T, the term Spa represents
the maximum strength of the fully-yielded system (normalized by the
effective seismic weight, W, of the structure), and the term C; is the seismic
response coefficient. As defined in Equation 1-5, the ratio of the MCE
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spectral acceleration to the seismic response coefficient, which is the design-
level acceleration, is equal to 1.5 times the R factor:

15R = iﬂ (1-5)

S

The 1.5 factor in Equation 1-5 accounts for the definition of design
earthquake ground motions in ASCE/SEI 7-05, which is two-thirds of MCE
ground motions.

In Figure 1-2, the overstrength parameter, 2, is defined as the ratio of the
maximum strength of the fully-yielded system, Syax (normalized by W), to the
seismic response coefficient, Cs:

0 ="na (1-6)

The Methodology calculates the overstrength parameter, £2, based on
nonlinear static (pushover) analysis. Calculated values of overstrength, (2,
are different from the overstrength factor, £2,, of ASCE/SEI 7-05, which is
specified for design of non-ductile elements. In general, different designs of
the same system will have different calculated values of overstrength, and the
parameter, €2, will vary. The single value of ©2that is considered to be most
appropriate for use in design of the system of interest, is the value ultimately
selected for (.

In Figure 1-2, inelastic system displacement at the MCE level is defined as
1.5C4 times the displacement corresponding to the design seismic response
coefficient, C;, and set equal to the MCE elastic system displacement, SDyr
(based on the “Newmark rule™), effectively redefining the C, factor to be
equal to the R factor:

Cs=R (1-7)

The equal displacement assumption is reasonable for most conventional
systems with effective damping approximately equal to the nominal 5% level
used to define response spectral acceleration and displacement. Systems
with substantially higher (or lower) levels of damping would have
significantly smaller (or larger) displacements than those with 5%-damped
elastic response. As one example, systems with viscous dampers have
significantly higher damping than 5%. For such systems, the response
modification methods of Chapter 18 of ASCE/SEI 7-05 are used to determine
an appropriate value of the Cq factor, as a fraction of the R factor.
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1.2.7 Safety Expressed in Terms of Collapse Margin Ratio

The Methodology defines collapse level ground motions as the intensity that
would result in median collapse of the seismic-force-resisting system.
Median collapse occurs when one-half of the structures exposed to this
intensity of ground motion would have some form of life-threatening
collapse. As shown in Figure 1-2, collapse level ground motions are higher
than MCE ground motions. As such, MCE ground motions would result in a
comparatively smaller probability of collapse. As defined in Equation 1-8,
the collapse margin ratio, CMR, is the ratio of the median 5%-damped
spectral acceleration of the collapse level ground motions, §CT (or
corresponding displacement, SD.; ), to the 5%-damped spectral acceleration
of the MCE ground motions, S,,; (or corresponding displacement, SD,,; ), at
the fundamental period of the seismic-force-resisting system:

~

CMR = Ser _ SDer. (1-8)
MT SDMT

w

In one sense, the collapse margin ratio, CMR, could be thought of as the
amount S,,; must be increased to achieve building collapse by 50% of the
ground motions. Collapse of the seismic-force-resisting system, and hence
CMR, is influenced by many factors, including ground motion variability and
uncertainty in design, analysis, and construction of the structure. These
factors are considered collectively in a collapse fragility curve that describes
the probability of collapse of the seismic-force-resisting system as a function
of the intensity of ground motion.

1.2.8 Performance Quantified Through Nonlinear Collapse
Simulation on a Set of Archetype Models

The Methodology determines the response modification coefficient, R factor,
and evaluates the system over-strength factor, €2, using nonlinear models of
seismic-force-resisting system “archetypes.” Archetypes capture the essence
and variability of the performance characteristics of the system of interest.
The Methodology requires nonlinear analysis of a sufficient number of
archetype models, with parametric variations in design parameters, to
broadly represent the system of interest.

The Methodology requires archetype models to meet the applicable design
requirements of ASCE/SEI 7-05 and related standards, and additional criteria
developed for the system of interest. Archetype design assumes a trial value
of the R factor to determine the seismic response coefficient, Cs. The
Methodology requires detailed modeling of nonlinear behavior of archetypes,
based on representative test data sufficient to capture collapse failure modes.

FEMA P695 Introduction
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Collapse failure modes that cannot be explicitly modeled are evaluated using
appropriate limits on the controlling response parameter.

1.2.9 Uncertainty Considered in Performance Evaluation

The Methodology defines acceptable values of the collapse margin ratio in
terms of an acceptably low probability of collapse for MCE ground motions,
given uncertainty in the collapse fragility. Systems that have more robust
design requirements, more comprehensive test data, and more detailed
nonlinear analysis models, have less collapse uncertainty, and can achieve
the same level of life safety with smaller collapse margin ratios.

Calculated values of collapse margin ratio are compared with acceptable
values that reflect collapse uncertainty. If the calculated collapse margin is
large enough to meet the performance objective (i.e., an acceptably small
probability of collapse at the MCE), then the trial value of the R factor used
in the archetype design is acceptable. If not, a new (lower) trial value of the
R factor must be re-evaluated using the Methodology, or other limitations on
the system of interest (e.g., height restrictions in the design requirements)
must be considered.

1.3 Content and Organization

This report is written and organized to facilitate potential use and adoption
by the NEHRP Recommended Provisions. Chapter 2 provides an overview
of the Methodology, introducing the basic theory and concepts that are
described in more detail in the chapters that follow.

Chapters 3 through 7 step through the elements of the Methodology,
including required system information, structure archetype development,
nonlinear modeling, criteria for collapse assessment, nonlinear analysis, and
evaluation of seismic performance factors.

Chapter 8 defines documentation and peer review requirements, and
describes recommended qualifications, expertise, and responsibilities for
personnel involved with implementing the Methodology in the development
and review of a proposed system.

Chapter 9 provides example applications intended to assist users in
implementing the Methodology, and to validate the technical approach.
Example systems include special and ordinary reinforced concrete moment
frame systems, and wood light-frame systems.

Chapter 10 includes supporting studies on non-simulated collapse failure
modes for steel moment frame systems, and on dynamic response

1-10
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characteristics, performance properties, and collapse failure modes unique to
seismically-isolated structures.

Chapter 11 provides summary conclusions, recommendations, and
limitations on the use of the Methodology.

Appendices A through F provide background information supporting the
development of the Methodology, and expanded guidance on key aspects of
the Methodology.

A glossary of definitions and list of symbols used throughout this report,
along with a list of references, are provided at the end of this report.
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Chapter 2

Overview of Methodology

This chapter outlines the general framework of the Methodology and
describes the overall process. It introduces the key elements of the
Methodology, including required system information, development of
structural system archetypes, archetype models, nonlinear analysis of
archetypes, performance evaluation, and documentation and peer review
requirements. These elements are specified in more detail in the chapters that
follow.

2.1 General Framework

The Methodology consists of a framework for establishing seismic
performance factors (SPFs) that involves the development of detailed system
design information and probabilistic assessment of collapse risk. It utilizes
nonlinear analysis techniques, and explicitly considers uncertainties in
ground motion, modeling, design, and test data. The technical approach is a
combination of traditional code concepts, advanced nonlinear dynamic
analyses, and risk-based assessment techniques.

Reliable analysis requires valid ground motions and representative nonlinear
models of the seismic-force-resisting system. Development of representative
models requires both detailed design information and comprehensive
nonlinear test data on structural components and assemblies that make up the
system of interest. Figure 2-1 illustrates the key elements of the
Methodology.

The Methodology includes fully defined characterizations of ground motion
and methods of analysis that are generically applicable to all seismic-force-
resisting systems. Design information and test data will be different for each
system, and may not yet exist for new systems. The Methodology includes
requirements for defining the type of design information and test data that are
needed for developing representative analytical models of the seismic-force-
resisting system of interest.

Rather than establishing minimum requirements for design information and
test data, the use of better quality information is encouraged by rewarding
systems that have “done their homework.” Systems that are based on well-
defined design requirements and comprehensive test data will have
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inherently less uncertainty in their seismic performance. Such systems will
need a lower margin against collapse to achieve an equivalent level of safety,
as compared to systems with less robust data.

Due to the complexity of nonlinear dynamic analysis, the difficulty in
modeling inelastic behavior, and the need to verify the adequacy and quality
of design information and test data, the Methodology requires independent
peer review of the entire process.

Ground Analysis
Motions Methods
Methodology
Test Data Design Information
Requirements Requirements

Peer Review

Requirements
S ——

Figure 2-1 Key elements of the Methodology.
2.2 Description of Process

The steps comprising the Methodology are shown in Figure 2-2. These steps
outline a process for developing system design information with enough
detail and specificity to identify the permissible range of application for the
proposed system, adequately simulate nonlinear response, and reliably assess
the collapse risk over the proposed range of applications. Each step is linked
to a corresponding chapter in this report, and described in the sections that
follow.

2.3 Develop System Concept

The process begins with the development of a well-defined concept for the
seismic-force-resisting system, including type of construction materials,
system configuration, inelastic dissipation mechanisms, and intended range
of application.
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Document Chapter 8: Documentation
Results and Peer Review
Documentation and Peer Review '
Figure 2-2 Process for quantitatively establishing and documenting seismic

performance factors (SPFs).

The amount of documentation necessary to describe the system and
characterize system components will vary, depending on the novelty and
uniqueness of the proposed system relative to other well-established
structural systems.

2.4 Obtain Required Information

Required system information is specified in Chapter 3. Required information
includes detailed design requirements and results from material, component,
and system testing. Design requirements include the rules that engineers will
use to proportion and detail structural components of the system, and limits
in the application of the system. Test results include information on

FEMA P695 2: Overview of Methodology 2-3



component material properties, force-deformation behavior, and nonlinear
response.

Comprehensive design provisions are developed within the context of the
seismic provisions of ASCE/SEI 7-05 and other applicable standards. The
provisions should address all significant aspects of the design and detailing
of the seismic-force-resisting system and its components. Important
exceptions and deviations from established building code requirements
should be clearly stipulated. Design provisions should address criteria for
determining minimum strength and ensuring inelastic deformation capacity
through a combination of system design requirements, component design and
detailing requirements, and project-specific testing requirements. Design
provisions should also specify the seismic performance factors (R, £2,, Cy)
and other criteria (e.g., drift limits, height limits, and seismic usage
restrictions) that are proposed as part of the design basis for the new system.

Test data are necessary for characterizing the strength, stiffness and ductility
of the materials, members, and connections of the proposed system. Test
data are also necessary for establishing properties of the nonlinear analysis
models used to assess collapse risk. Test data and other substantiating
evidence should be acquired as the basis of the design provisions and for
calibrating analysis models. Design requirements should be documented
with supporting evidence to ensure sufficient strength, stiffness and ductility
of the proposed system, across the intended range of application of the
system.

2.5 Characterize Behavior

System behavior is characterized through the use of structural system
archetypes. The concept of an archetype is described in Chapter 4.
Establishment of archetypes begins with identifying the range of features and
behavioral characteristic that describe the bounds of the proposed seismic-
force-resisting system.

Archetypes provide a systematic means for characterizing permissible
configurations and other significant features of the proposed system. Like
building code provisions, archetypical systems are intended to represent
typical applications of a seismic-force-resisting system, recognizing that it is
practically impossible to envision or attempt to quantify performance of all
possible applications. They should, however, reflect the degree of
irregularity permitted within standard building code provisions.

The challenge in defining and assessing structural system archetypes is in
narrowing the range of parameters and attributes to the fewest and simplest
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possible, while still being reasonably representative of the variations that
would be permitted in actual structures. In addition to ground motion
intensity (Seismic Design Category), the following characteristics are
considered in defining structural system archetypes: (1) building height; (2)
fundamental period; (3) structural framing configurations; (4) framing bay
sizes or wall lengths; (5) magnitude of gravity loads; and (6) member and
connection design and detailing requirements. Structural system archetypes
are assembled into bins called performance groups, which reflect major
divisions, or changes in behavior, within the archetype design space. The
collapse safety of the proposed system is then evaluated for each
performance group.

In the collapse assessment process, only framing components that are
specifically designated as part of the seismic-force-resisting system are
included in the archetypes. While it is recognized that other portions of the
building (e.g., components of the gravity system or certain nonstructural
components) can significantly affect collapse behavior, such components,
which are not controlled by seismic-force-resisting system design
requirements, cannot be relied upon for reducing collapse risk.

2.6 Develop Models

Development of structural models for collapse assessment is discussed in
Chapter 5. Structural system archetypes provide the basis for preparing a
finite number of trial designs and developing a corresponding number of
idealized nonlinear models that sufficiently represent the range of intended
applications for a proposed system. Index archetype models are developed to
provide the most basic (generic) idealization of an archetypical
configuration, while still capturing significant behavioral modes and key
design features of the proposed seismic-force-resisting system.

Designs consider the range of seismic criteria for each applicable Seismic
Design Category, variations in gravity loads, and other distinguishing
features including alternative geometric configurations, varying heights, and
different tributary areas that impact seismic design or system performance.

To the extent possible, nonlinear models include explicit simulation of all
significant deterioration mechanisms that could lead to structural collapse.
Recognizing that it is not always possible (or practical) to simulate all
possible collapse modes, the Methodology includes provisions for assessing
the effects of behaviors that are not explicitly simulated in the model, but
could trigger collapse.
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Nonlinear models must account for the seismic mass that is stabilized by the
seismic-force-resisting system, including the destabilizing P-delta effects
associated with the seismic mass. In most cases, elements are idealized with
phenomenological models to simulate complicated component behavior. In
some cases, however, two-dimensional or three-dimensional continuum finite
element models may be required to properly characterize behavior. Models
are calibrated using material, component, or assembly test data and other
substantiating evidence to verify their ability to simulate expected nonlinear
behavior.

2.7 Analyze Models

Collapse assessment is performed using both nonlinear static (pushover) and
nonlinear dynamic (response history) analysis procedures described in
Chapter 6. Nonlinear static analyses are used to help validate the behavior of
nonlinear models and to provide statistical data on system overstrength and
ductility capacity. Nonlinear dynamic analyses are used to assess median
collapse capacities and collapse margin ratios.

Nonlinear response is evaluated for a set of pre-defined ground motions that
are used for collapse assessment of all systems. Two sets of ground motion
records are provided for nonlinear dynamic analysis. One set includes 22
ground motion record pairs from sites located greater than or equal to 10 km
from fault rupture, referred to as the “Far-Field” record set. The other set
includes 28 pairs of ground motions recorded at sites less than 10 km from
fault rupture, referred to as the “Near-Field” record set. While both Far-Field
and Near-Field record sets are provided, only the Far-Field record set is
required for collapse assessment. This is done for reasons of practicality, and
in recognition of the fact that there are many unresolved issues concerning
the characterization of near-fault hazard and ground motion effects. The
Near-Field record set is provided as supplemental information to examine
issues that could arise due to near-fault directivity effects, if needed.

The record sets include records from all large-magnitude events in the Pacific
Earthquake Engineering Research Center (PEER) Next-Generation
Attenuation (NGA) database (PEER, 2006a). Records were selected to meet
a number of sometimes conflicting objectives. To avoid event bias, no more
than two of the strongest records have been taken from any one earthquake,
yet the record sets have a sufficient number of motions to permit statistical
evaluation of record-to-record (RTR) variability and collapse fragility.
Strong ground motions were not distinguished based on either site condition
or source mechanism. The Far-Field and Near-Field record sets are provided
in Appendix A, along with background information on their selection.
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For collapse evaluation, ground motions are systematically scaled to
increasing earthquake intensities until median collapse is established.

Median collapse is the ground motion intensity in which half of the records
in the set cause collapse of an index archetype model. This process is similar
to, but distinct from the concept of incremental dynamic analysis (IDA), as
proposed by Vamvatsikos and Cornell (2002).

Figure 2-3 shows an example of IDA results for a single structure subjected
to a suite of ground motions of varying intensities. In this illustration,
sidesway collapse is the governing mechanism, and collapse prediction is
based on lateral dynamic instability, or excessive lateral displacements.
Using collapse data obtained from IDA results, a collapse fragility can be
defined through a cumulative distribution function (CDF), which relates the
ground motion intensity to the probability of collapse (Ibarra et al., 2002).
Figure 2-4 shows an example of a cumulative distribution plot obtained by
fitting a lognormal distribution to the collapse data from Figure 2-3.

While the IDA concept is useful for illustrating the collapse assessment
procedure, the Methodology only requires calculation of the median collapse
point, which can be calculated with fewer nonlinear analyses than would
otherwise be required to calculate the full IDA curve. An abbreviated
process for calculating the median collapse point is described in Chapter 6.

8
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Figure 2-3 Incremental dynamic analysis response plot of spectral
acceleration versus maximum story drift ratio.
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2.8 Evaluate Performance

The performance evaluation process is described in Chapter 7. It utilizes
results from nonlinear static analyses to determine an appropriate value of the
system overstrength factor, £2,, and results from nonlinear dynamic analyses
to evaluate the acceptability of a trial value of the response modification
coefficient, R. The deflection amplification factor, Cy, is derived from an
acceptable value of R, with consideration of the effective damping of the
system of interest.

The trial value of the response modification coefficient, R, is evaluated in
terms of the acceptability of a calculated collapse margin ratio, which is the
ratio of the ground motion intensity that causes median collapse, to the
Maximum Considered Earthquake (MCE) ground motion intensity defined
by the building code. Acceptability is measured by comparing the collapse
margin ratio, after some adjustment, to acceptable values that depend on the
quality of information used to define the system, total system uncertainty,
and established limits on acceptable probabilities of collapse.

To account for unique characteristics of extreme ground motions that lead to
building collapse, the collapse margin ratio is converted to an adjusted
collapse margin ratio. The adjustment is based on the shape of the spectrum
of rare ground motions, and is a function of the structure ductility and period
of vibration. Systems with larger ductility and longer periods benefit by
larger adjustments. The background and development of this adjustment to
account for the effects of spectral shape are provided in Appendix B.

Acceptable values of the collapse margin ratio are defined in terms of an
acceptably low probability of collapse for MCE ground motions, considering
uncertainty in collapse fragility. Systems that have more robust design
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requirements, more comprehensive test data, and more detailed nonlinear
analysis models, have less collapse uncertainty, and can achieve the same
level of life safety with smaller collapse margin ratios. The following
sources of uncertainty are explicitly considered: (1) record-to-record
uncertainty; (2) design requirements-related uncertainty; (3) test data-related
uncertainty; and (4) modeling uncertainty.

The probability of collapse due to MCE ground motions applied to a
population of archetypes is limited to 10%, on average. Each performance
group is required to meet this average limit, recognizing that some individual
archetypes could have collapse probabilities that exceed this value. The
probability of collapse for individual archetypes is limited to 20%, or twice
the average value, to evaluate acceptability of potential “outliers” within a
performance group. It should be noted that these limits were selected based
on judgment. Within the performance evaluation process, these values can
be adjusted to reflect different values of acceptable probabilities of collapse
that are deemed appropriate by governing jurisdictions or other authorities
employing this Methodology to establish seismic design requirements for a
proposed system.

If the adjusted collapse margin ratio is large enough to result in an acceptably
small probability of collapse at the MCE, then the trial value of R is
acceptable. If not, the system must be redefined by adjusting the design
requirements (Chapter 3), re-characterizing behavior (Chapter 4), or
redesigning with new trial values (Chapter 5), and then re-evaluated using
the Methodology. In some cases, inadequate performance could require
extensive revisions to the overall system concept.

2.9 Document Resulis

Documentation requirements are described in Chapter 8. The results of
system development efforts must be thoroughly documented for review and
approval by an independent peer review panel, review and approval by an
authority having jurisdiction, and eventual use in design and construction.

Documentation is required at each step of the process. It should describe
seismic design rules, range of applicability of the system, testing protocols
and results, rationale for the selection of structural system archetypes, results
of analytical investigations, evaluation of quality of information,
quantification of uncertainties, results of performance evaluations, and
proposed seismic performance factors.

Documentation should be of sufficient detail and clarity to allow an
unfamiliar structural engineer to properly implement the design, and an
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unfamiliar reviewer to evaluate compliance with the design requirements.
Documentation should also provide sufficient information to allow peer
reviewers, code authorities, or material standard organizations to assess the
viability of the proposed system and the reasonableness of the proposed
seismic performance factors.

2.10 Peer Review

Peer review by an independent team of experts is a requirement of the
Methodology, and should be an integral part of the process at each step.
Implementation of the Methodology involves much uncertainty, judgment
and potential for variation. Deciding on an appropriate level of detail to
adequately characterize performance of a proposed system should be
performed in collaboration with a peer review panel, on an ongoing basis,
during developmental efforts.

The peer review panel is responsible for reviewing and commenting on the
approach taken by the system development team, including the extent of the
experimental program, testing procedures, design requirements, development
of structural system archetypes, analytical approaches, extent of the nonlinear
analysis investigation, and the final selection of the proposed seismic
performance factors. Members of the peer review panel must be qualified to
critically evaluate the development of the proposed system including testing,
design, and analysis, and sufficiently independent from the system
development team to provide an unbiased assessment of the developmental
process.

The peer review panel, and their involvement, should be established early to
clarify expectations for the collapse assessment. The peer review team is
expected to exercise considerable judgment in evaluating all aspects of the
process, from definition of the proposed system, to establishment of design
criteria, scope of testing, and extent of analysis deemed necessary to
adequately evaluate collapse safety.

Details on the required peer review process, and guidance on the selection of
peer review panel members, are provided in Chapter 8.
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Chapter 3

Required System Information

This chapter identifies information that is necessary for establishing seismic
performance factors as part of the development, documentation, and review
of a proposed seismic-force-resisting system. It describes the type of
information that is required, and provides guidance on how it should be
developed.

This information is used in the development of structural system archetypes
in Chapter 4, and nonlinear analysis models in Chapter 5. It is subject to peer
review as it is developed, and is an integral part of the reporting requirements
in Chapter 8.

3.1 General

Seismic performance factors for a proposed system are established through
nonlinear simulation of response to earthquake ground motion, and
probabilistic assessment of collapse risk. Detailed system information is
necessary for reliable prediction of structural response, and for development
and validation of standardized engineering criteria that will lead to structures
that perform as expected. Required system information includes:

e acomprehensive description of the proposed system, including its
intended applications, physical and behavioral characteristics, and
construction methods;

e aclear and complete set of design requirements and specifications for the
system that provide information to quantify strength limit states,
proportion and detail components, analyze predicted response, and
confirm satisfactory behavior; and

e test data and other supporting evidence from an experimental
investigation program to validate material properties and component
behavior, calibrate nonlinear analysis models, and establish performance
acceptance criteria.

The process for obtaining required system information is shown in Figure
3-1. Itinvolves development of detailed system design requirements,
acquisition of test data, and assessment of the quality of this information.
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Figure 3-1 Process for obtaining required system information

Design requirements and test data are used as inputs for the development of
structural system archetypes in Chapter 4. Quality ratings for design
requirements and test data are used to assess total uncertainty in Chapter 7.

3.2 Intended Applications and Expected Performance

A description of the intended applications and expected performance of a
proposed seismic-force-resisting system is required. This description should
include: (1) the anticipated function and occupancy; (2) physical and
behavioral characteristics of the system; (3) typical geometric configurations;
and (4) any similarities or differences between the proposed system and
current code-conforming systems. The description should also indicate how
the structural system and its key components are expected to perform in an
earthquake.

The following information should be used as a guide for describing the
intended applications of a proposed seismic-force-resisting system:

¢ intended occupancies and use of facilities to be constructed using the
proposed system,

3-2

3: Required System Information FEMA P695



o horizontal and vertical configurations (e.g., framing layout, spans, story
heights, overall heights) of typical facilities to be constructed using the
proposed system,

e structural gravity framing systems to be used in combination with the
proposed system, including typical dead and live loads,

e geometric configurations of the proposed seismic-force-resisting system,

e expected inelastic behavior under seismic loading of varying intensity,
and

e methods of construction.

3.3 Design Requirements

Design requirements establish the fundamental information that will be used
to proportion and detail components, analyze the predicted response, and
confirm the behavior of a proposed system. They also set boundaries in the
application of the system. Design requirements are an essential input to the
development of structural system archetypes in Chapter 4. Information
needed to define and document system design requirements is specified in
the sections that follow.

3.3.1 Basis for Design Requirements

Design requirements should be based on criteria specified in applicable
sections of the latest edition of ASCE/SEI 7, Minimum Design Loads for
Buildings and Other Structures (ASCE, 2006a), and other applicable material
reference standards, such as ACI 318, Building Code Requirements for
Structural Concrete (ACI, 2005), AISC/ANSI 341, Seismic Provisions for
Structural Steel Buildings (AISC, 2005), ACI 530/ASCE 5/TMS 402,
Building Code Requirements for Masonry Structures (ACI, 2002b), and
ANSI/AF&PA, National Design Specification for Wood Construction
(ANSI/AF&PA, 2005). The following statements, taken mostly from the
NEHRP Recommended Provisions for Seismic Regulations for New
Buildings and Other Structures (FEMA, 2004a), should be used as a basis for
developing design requirements:

e The structure shall include complete lateral- and vertical-force-resisting
systems capable of providing adequate strength, stiffness, and energy
dissipation capacity to withstand the design ground motions within the
prescribed limits of deformation and strength demand.

e Design ground motions shall be assumed to occur along any direction of
the structure.
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e Adequacy of the systems shall be demonstrated through construction of a
mathematical model, and evaluation of this model for the effects of
design ground motions. This evaluation shall be based on analysis in
which design seismic forces are distributed and applied throughout the
height of the structure in accordance with the ASCE/SEI 7-05.

o Deformations and internal forces in all members of the structure shall be
determined and evaluated against acceptance criteria contained or
referred to in ASCE/SEI 7-05, and as developed for the system under
consideration.

e A continuous load path, or paths, shall be provided with adequate
strength and stiffness to transfer all forces from the point of application
to the final point of resistance.

o The foundation shall be designed to accommodate forces developed or
movements imparted to the structure by design ground motions. In
determining foundation design criteria, special recognition shall be given
to the dynamic nature of the forces, the expected ground motions, and the
design basis for strength and energy dissipation capacity of the structure.

o Design of a structure shall consider potentially adverse effects on the
stability of the structure due to failure of a member, connection, or
component of the seismic-force-resisting system.

3.3.2 Application Limits and Strength Limit States

The boundaries of the intended application of the proposed seismic-force-
resisting system must be clearly stated, including, for example, any proposed
height limitations or restrictions to certain Seismic Design Categories.

Design requirements must address material properties, components,
connections, assemblies, and seismic-force-resisting system overall behavior.
With generally accepted modeling criteria and good engineering judgment,
design requirements should be of sufficient detail that analytical models of
component behavior can be developed. They must address the details of
stiffness models for members, connections, assemblies, and the overall
system, recognizing that seismic performance factors will be used in the
context of linear analyses and response to equivalent static forces. Where
size effects are important, they must be included.

Design requirements must provide information necessary to quantify all
pertinent strength limit states, including:

e tension, compression, bending, shear;

o yield, rupture, brittle fracture;

3-4

3: Required System Information FEMA P695



e local, member, and global instability.

Proposed systems that rely on standard structural materials, or minor
modifications to existing, proven systems, can reference much of the
requirements to existing standards. However, such references must be
clearly justifiable and verifiable. New systems that behave outside the
bounds of existing system behavior must include consideration of behavioral
effects on other elements of building construction, including the gravity load
system and nonstructural components.

3.3.3 Overstrength Design Criteria

It is expected that most seismic-force-resisting systems will rely on inelastic
behavior somewhere within the system. Overstrength criteria should be
applied to the design of components that are judged to have small inelastic
deformation capacity followed by rapid deterioration in strength. This is
especially important if the component is also an essential part of the gravity
load system. Design requirements should be written in a manner that clearly
identifies all such components so that it is not left up to the judgment of the
designer to make this identification.

Design procedures utilizing linear static equivalent lateral force analyses
should follow the current standard method of requiring that such components
be designed for gravity loads plus £ times the seismic loads, or for the
maximum forces that can be delivered to the component by other elements in
the system. It is understood that the overstrength factor used for this purpose
is based on judgment, and can vary by a large amount depending on system
configuration. To provide adequate protection, this factor should be a high
estimate of the expected ratio of maximum force to design force, particularly
for systems or materials that are non-ductile or have significant variability or
uncertainty in response.

3.3.4 Configuration Issues

Design requirements should comprehensively address all expected system
configurations. Emphasis should be placed on criteria that protect against the
occurrence of non-ductile failure modes and unintended concentration of
inelastic action in limited portions of the system.

When determining the design strength of components that are affected by
combined actions, such as axial-shear force interaction, consideration should
be given to system configurations that might have an effect on the magnitude
of combined loads. Beneficial effects of gravity loading must not be
permitted in configurations that result in little or no gravity load on seismic-
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force-resisting components. Similarly, possible detrimental effects of
induced vertical loads should be considered in configurations that generate
high axial loads on seismic-force-resisting components.

Design requirements should address issues of multi-directional loading, and
simultaneous in-plane and out-of-plane loading, unless the combined load
effects are demonstrated to be unimportant.

3.3.5 Material Properties

Design requirements should document all material properties that will serve
as reference values for design of components, as well as criteria for
determining and measuring these properties. Documentation is not needed
for material properties that are prescribed in existing codes and material
reference standards. To the extent possible, the experimental determination
of material properties should be based on testing procedures specified in
ASTM standards. Material properties of interest include:

e tensile, compressive, and shear stress and strain properties,
o friction properties between parts that might possibly slide,
e bond properties at the interface of two materials, and

o other properties on which component behavior depends strongly.

In the determination of material properties, consideration should be given to
the simulation of common field conditions during testing, including
confinement conditions (e.g., bi-axial or tri-axial states of stress or strain),
environmental effects (e.g., temperature, moisture, solar radiation), and
cyclic loading. Effects of aging should be quantified, if deemed important to
seismic behavior.

Design requirements should include criteria for field testing of material
properties for systems in which the reference properties depend strongly on
case-specific mix proportions, placement, curing or other similar aspects of
construction.

3.3.6 Strength and Stiffness Requirements

Design requirements should contain comprehensive guidance for the
determination of design strength and effective elastic stiffness of structural
components, and assemblies of components.

e Stiffness requirements. Guidance on determination of the effective
elastic stiffness of structural components should be provided. The
effective elastic stiffness is defined as the stiffness that, if utilized in an
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analytical model, will provide a good estimate of the story drift demand
at the design level.

Component strength requirements. The nominal strength of a
component should be expressed in terms of material properties, and
quantified for the range of loads, and combinations of loads, that might
be experienced as the system is subjected to collapse-level ground
motions.

Uncertainty inherent in a strength design equation, as well as the severity
of the consequence of failure, should be reflected in the resistance factor
(¢-factor) associated with the strength design equation. Resistance
factors calibrated for use with common gravity load combinations are
recommended for use. Although these factors may not be anchored in
reliability analyses for seismic load combinations, design requirements
will be utilized in conjunction with linear analyses and equivalent static
forces, and the use of resistance factors will have an important effect on
the overall capacity of the system.

If the strength or deformation capacity of one component is affected
significantly by interaction with other components, then this interaction
should be accounted for in design equations.

If a component is subjected to a load effect, or combination of load
effects, that will cause rapid deterioration in strength in the inelastic
range, then this load effect, or this combination of load effects, must be
clearly identified as a non-ductile mode, and should trigger overstrength
design criteria.

Design requirements should be specific about component detailing
needed to ensure adequate strength during inelastic deformation.

Connection strength requirements. Design requirements should be
specific about design of connections. In general, connections are
considered to be non-ductile. If a proposed system is based on a ductile
connection, then design requirements must clearly result in connections
that will have sufficient deformation capacity to avoid significant
deterioration before any of the connected components reach their
expected limits.

Sensitivity to gravity loads. Where the strength of a member or
connection is sensitive to compression or tension from gravity loads,
design requirements must account for the effect of vertical ground
motions. Standard factors in existing standards for additive effects (1.2 +
0.2Sps) and counteracting effects (0.9 — 0.2Sps) may be used only if
justified through studies on structural system archetypes.
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3.3.7 Approximate Fundamental Period

The design requirements should include formulas for calculation of the
approximate fundamental period, T,, when the formulas of Section 12.8.2.1
of ASCE/SEI 7-05 do not apply to the system of interest (e.g., when the
approximate period parameters given in Table 12.8-2 of ASCE/SEI 7-05 for
"all other structural systems" are not appropriate). The formula(s) for T,
should provide an estimate of the mean minus one sigma value of the actual
first mode period of buildings in which the system is utilized.

3.4 Quality Rating for Design Requirements

Quality of information is related to uncertainty, which factors into the
performance evaluation for a proposed seismic-force-resisting system. The
quality of the proposed design requirements is rated in accordance with the
requirements of this section, and approved by the peer review panel.

Design requirements are rated between (A) Superior and (D) Poor, as shown
in Table 3-1. The selection of a quality rating considers the completeness
and robustness of the design requirements, and confidence in the basis for the
design equations. Quantitative values of design requirements-related
collapse uncertainty are: (A) Superior, fpr = 0.10; (B) Good, fpr = 0.20; (C)
Fair, fpor = 0.35; and (D) Poor, fpr = 0.50. Use of these values is described
in Section 7.3.

Table 3-1  Quality Rating of Design Requirements

Confidence in Basis of Design Requirements

Completeness and Robustness

High. Extensive safeguards

against unanticipated failure (A) Superior (B) Good (©) Fair
modes. All important design
and quality assurance issues Bor = 0.10 Bpr = 0.20 Por = 0.35

are addressed.

Medium. Reasonable
safeguards against ‘
unanticipated failure modes. (B) Good (©) Fair (D) Poor
Most of the important Box = 0.20 Box = 0.35 Box = 0.50
design and quality assurance
issues are addressed.

Low. Questionable
safeguards against '
unanticipated failure modes. (©) Fair (D) Poor
Many important design and Bor = 0.35 Boe = 0.50
quality assurance issues are
not addressed.

The highest rating of (A) Superior applies to systems that include a
comprehensive set of design requirements that provide safeguards against
unanticipated failure modes. Therefore, for a superior rating, there must be a
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high level of confidence that the design requirements produce the anticipated
structural behavior. Existing code requirements for special concrete moment
frames and special steel moment frames, for example, have been vetted with
detailed experimental results and documented performance in earthquakes.
Design and detailing provisions include capacity design requirements to
safeguard against unanticipated behaviors. A set of design requirements such
as these would be rated (A) Superior.

The lowest rating of (D) Poor applies to design requirements that have
minimal safeguards against unanticipated failure modes, do not ensure a
hierarchy of yielding and failure, and would generally be associated with
systems that exhibit behavior that is difficult to predict.

3.4.1 Completeness and Robustness Characteristics

Completeness and robustness characteristics are related to how well the
design requirements address issues that could potentially lead to
unanticipated failure modes, as well as proper implementation of designs
through fabrication, erection and final construction. Completeness and
robustness characteristics are rated from high to low, as follows:

e High. Design requirements are extensive, well-vetted and provide
extensive safeguards against unanticipated failure modes. They establish
a definite hierarchy of component yielding and failure. All important
issues regarding system behavior have been addressed, resulting in a
high reliability in the behavior of the system. Through mature
construction practices, and tightly specified quality assurance
requirements, there is a high likelihood that the design provisions will be
well executed through fabrication, erection and final construction.

e Medium. Design requirements are reasonably extensive and provide
reasonable safeguards against unanticipated failure modes, leaving some
limited potential for the occurrence of such modes. Design requirements
establish a suggested hierarchy of component yielding and failure.
While most important behavioral issues have been addressed, some have
not, which somewhat reduces the reliability of the system. Quality
assurance requirements are specified but do not fully address all the
important aspects of fabrication, erection and final construction.

e Low. Design requirements provide questionable safeguards against
unanticipated failure modes. Hierarchy of component yielding and
failure has been only marginally addressed (if at all), and there is a
likelihood of the occurrence of unanticipated failure modes. Design
requirements do not address all important behaviors, resulting in
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marginally reliable behavior of the system. Quality assurance is lacking,
written guidance is not provided, and construction practices are not well-
developed for the type of system and materials.

Simplified, but conservative, design requirements by themselves are not a
reason for a low Completeness and Robustness rating as long as
conservatism is quantifiable in the context of unanticipated failure modes.

3.4.2 Confidence in Design Requirements

Confidence in the basis of the design requirements refers to the degree to
which the prescribed material properties, strength criteria, stiffness
parameters, and design equations are representative of actual behavior and
will achieve the intended result. Confidence is rated from high to low, as
follows:

e High. There is substantiating evidence (experimental data, history of
use, similarity with other systems) that results in a high level of
confidence that the properties, criteria, and equations provided in the
design requirements will result in component designs that perform as
intended.

¢ Medium. There is some substantiating evidence that results in a
moderate level of confidence that the properties, criteria, and equations
provided in the design requirements will result in component designs that
perform as intended.

o Low. There is little substantiating evidence (little experimental data, no
history of use, no similarity with other systems) that results in a low level
of confidence that the properties, criteria, and equations provided in the
design requirements will result in component designs that perform as
intended.

3.5 Data from Experimental Investigation

Analytical modeling alone is not adequate for predicting nonlinear seismic
response with confidence, particularly for structural systems that have not
been subjected to past earthquakes. A comprehensive experimental
investigation program is necessary to establish material properties, develop
design criteria, calibrate and validate component models, confirm behavior,
and calibrate analyses for a proposed seismic-force-resisting system.
Experimental results from other testing programs can be used to supplement
an experimental investigation program, but these results must come from
reliable sources, and their applicability to the system under consideration
must be demonstrated.
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There are practical limitations on how comprehensive an experimental
testing program can be. It must be understood, however, that limitations on
available experimental data will affect the uncertainty and reliability of the
collapse assessment of a proposed system, and will factor directly into the
performance evaluation process. The scope of an experimental investigation
program should be developed in consultation with the peer review panel.

3.5.1 Objectives of Testing Program

Testing is used to develop basic information so that the combination of
experimental and analytical data is sufficient to achieve the following two
objectives:

o Predict the seismic response of structures in the regime of interest to the
establishment of seismic performance factors, which occurs when the
structure, or any portion of the structure, is subjected to large seismic
demands and approaches a state of lateral dynamic instability (collapse).
This implies the need to model strength and stiffness properties of
important components, and reliably capture structural response, from
elastic behavior through the state of lateral dynamic instability, over the
entire range of possible structural configurations permitted by the design
requirements.

o Develop and validate standardized engineering design criteria that can be
used to design structures that perform as expected, given the specified
seismic performance factors.

Achievement of these objectives requires a coordinated material, component,
connection, assembly, and system testing program that will provide the
following information:

e Material test data. Data that serve as reliable reference values for the
prediction of strength, stiffness, and deformation properties of structural
components and connections under earthquake loading.

e Component and connection test data. Information needed to develop
and calibrate design criteria and analytical models of cyclic load-
deformation characteristics for components and connections that form an
essential part of the seismic-force-resisting system.

o Assembly and system test data. Information needed to quantify
interactions between structural components and connections that cannot
be predicted by analysis with confidence.

FEMA P695 3: Required System Information
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3.5.2 General Testing Issues

In developing a comprehensive testing program, the following issues should
be considered:

Cumulative damage effects. Structural materials and components
experience history-dependent cumulative damage during repeated cyclic
loading. The loading history used in testing should be representative of
the cyclic response that a material, component, connection, or assembly
would experience as part of a typical structural system subjected to a
severe earthquake.

Size effects. Tests should be performed on full-size specimens unless it
can be shown by theory and experiment that testing of reduced-scale
specimens will not significantly affect behavior.

Strain rate effects. If the load-deformation characteristics of the
specimen are sensitive to strain rate effects, then testing should be done
at strain rates commensurate with those that would be experienced in a
severe earthquake.

Boundary conditions. The boundary conditions of component and
assembly tests should be: (1) representative of constraints that a
component or assembly would experience in a typical structural system;
and (2) sufficiently general so that the results can be applied to boundary
conditions that might be experienced in other system configurations.
Boundary conditions should not impose beneficial effects on seismic
behavior that would not exist in common system configurations.

Load application. Loads should be applied to test specimens in a
manner that replicates the transfer of forces to the component or
assembly commonly occurring in in-situ conditions.

Configuration and number of component/assembly test specimens.
The configuration and number of component and assembly test
specimens should be such that all common failure modes that could
occur in typical system configurations are represented and evaluated.
Emphasis should be on the detection and evaluation of failure modes that
lead to a rapid deterioration in strength (e.g., brittle failure modes).

Interaction between structural components. Test configurations
should consider important interactions between structural components,
unless these interactions can be predicted with confidence by analysis.

Direction(s) of loading. Structural components that resist seismic forces
in more than one direction (e.g., concrete core walls) should be tested
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such that the combined load effects are adequately considered, unless
these effects can be predicted with confidence by analysis.

¢ In-plane and out-of-plane load effects. Planar structural components
(e.g., walls, diaphragms) should be subjected to simultaneous in-plane
and out-of-plane loading, unless these effects can be superimposed with
confidence by analysis.

e Gravity load effects. Effects of gravity loads should be considered in
the experimental program, unless these effects can be superimposed on
lateral load effects with confidence by analysis.

e Statistical variability. A sufficiently large number of tests should be
performed so that statistical variations can be evaluated from the data
directly, or can be deduced in combination with data from other sources.

e Environmental conditions. If environmental conditions during
construction or service (e.g., temperature, humidity) will significantly
affect behavior, then the range of conditions that could exist in practice
should be simulated during testing.

e Test specimen construction. Specimens should be constructed in a
setting that simulates commonly encountered field conditions. For
example, if field conditions necessitate overhead welding then this type
of welding should be applied in test specimen construction.

e Quality of test specimen construction. Construction of component,
connection, assembly, and system specimens should match the level of
quality that will be commonly implemented in the field. Special
construction techniques or quality control measures should not be
employed, unless they are part of the design requirements.

e Past experience. Laboratory testing cannot fully replace experience
gained from observation of system behavior in actual use. A benefit
should be given to structural systems whose performance has been
documented in past earthquakes or other use.

o Documentation of tests and test results. Documentation of
experiments should be comprehensive, and should include: (1) geometric
data, test setup, and boundary conditions; (2) important details of the test
specimen, including construction process and fabrication details; (3) type
and location of instruments used for measurement of important response
parameters; (4) material test data needed for performance evaluation; (5)
a written record of all important events prior and during the test; (6) a
comprehensive log of all important visual observations; and (7) a
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comprehensive set of digital experimental data needed for performance
evaluation.

The above list should be used as a guide. There may be other issues that are
equally important to a given system, but cannot be placed in a general
context. Assistance in the identification of important testing issues can be
obtained from references available in the literature (e.g., ACI, 2001; AISC,
2005; ASTM, 2003; ATC, 1992; Clark et al., 1997; FEMA, 2007; and ICC,
2009). Specimen fabrication, testing procedures, loading protocol, and test
documentation should follow guidelines established in these references as
appropriate for the system being evaluated, and as approved by the peer
review panel.

Testing laboratories used to conduct an experimental investigation program
should comply with national or international accreditation criteria, such as
the ISO/IEC 17025 General Requirements for the Competence of Testing and
Calibration Laboratories (ISO/IEC, 2005). Testing Laboratories that are not
accredited may be used for the experimental investigation program, subject
to approval by the peer review panel.

3.5.3 Material Testing Program

A material testing program is required to provide reliable stress-strain
relationships for the prediction of strength, stiffness, and deformation
properties of structural components and connections under the type of
loading experienced during an earthquake. In addition to general testing
issues, materials testing should consider the following:

o low-cycle fatigue and fracture properties,

e hi-axial and tri-axial stress conditions,

o utilization of applicable ASTM Standards,

o evaluation of variability in material properties,
o effects of aging, and

e effects of environmental conditions.

Material testing programs should be performed in accordance with all
applicable ASTM Standards and other testing criteria specified in nationally
accepted industry standards and specifications. Material test data available
from past tests that conform to all applicable standards may be used.
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3.5.4 Component, Connection, and Assembly Testing
Program

A component, connection, and assembly testing program is required to
provide information for the development, calibration, and validation of
analytical models of cyclic load-deformation characteristics of components
and connections that form an essential part of the seismic-force-resisting
system, as well as development of the design criteria for such components
and connections.

Components, connections, and assemblies that have low inelastic
deformation capacities (commonly referred to as non-ductile elements) must
be identified, and should undergo sufficient testing to validate both the
design strength of such elements as well as the strength properties used in the
analytical models employed in the collapse assessment.

Testing of Structural Components

Component testing serves to identify and quantify component parameters that

significantly affect seismic response. Cyclic behavior is characterized by a
basic hysteresis loop, which deteriorates with the number and amplitude of
cycles. Itis critical that a test is continued until severe strength deterioration
is evident, and all important characteristics that enter design equations and
analytical models have been verified experimentally. Two hysteretic
responses of a structural component (in this case a steel beam and a plywood
panel) are shown in Figure 3-2. In the left figure it appears that the loops
stabilize at very large amplitudes, and that more (and larger) deformation
cycles can be sustained. However, the possibility of fracture at large
deformations is high, and once this fracture occurs, the resistance will
deteriorate, rapidly approaching zero. For this reason, no credit should be
given to residual strength beyond the deformation at which the test is
terminated.

P B —
-
2 /i £
=
Displacement Displacement
Figure 3-2 Characteristics of force-deformation response: (a) steel beam

(Uang et al. 2000); (b) plywood shear wall panel (Gatto and
Uang, 2002).
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A sufficiently large number of tests should be performed so that important
statistical variations can be evaluated from the data directly, or can be
deduced in combination with data from other sources. A minimum of two
tests is required for each set of primary variables in a test configuration. If
rapid deterioration occurs, such as that caused by brittle fracture, a minimum
of three tests should be performed. If rapid deterioration is not of concern, it
is recommended that one of the tests be a monotonic loading test, which
facilitates analytical modeling of the type discussed in Sections 5.4 and 5.5.

Component tests are conducted for the purpose of evaluating all force and
deformation characteristics that have a significant effect on the seismic
response up to the state of incipient collapse. Gravity loads should be
represented, unless it can be shown that their effect is not detrimental to the
seismic behavior or can be predicted with confidence from analytical models.
The load application and loading history should be representative of what
components will experience as part of a typical structural system subjected to
a severe earthquake. Instrumentation should permit the measurement of all
relevant stiffness and strength properties.

In contrast to “qualification testing”, which is intended to gain approval of
the use of certain components for specific applications, the main objectives
of these component tests are to develop design criteria and to calibrate and
validate nonlinear models that are used in collapse assessment. Types and
configurations of component tests, together with the loading protocol, should
be planned in conjunction with development of the nonlinear analysis models
in Chapter 5.

Testing of Connections

A connection is the medium that transfers forces and deformations between
adjacent components. Connections should be tested in configurations that
simulate gravity load effects as well as seismic load effects, unless gravity
loading results in more favorable connection behavior. Connection tests
should provide all information necessary to develop connection design
criteria in conformance with the latest edition of ASCE/SEI 7-05, and to
permit simulation of connections in analytical models.

Testing of Assemblies

An assembly is an arrangement of structural components whose seismic
behavior can be described in terms of a single response quantity, such as
story drift. An assembly testing program is required if important interactions
between adjacent components (or between components and connections)
cannot be deduced with confidence from a combination of material,
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component, and connection tests in combination with analytical modeling.
Unless strain-rate effects are important, assembly tests can be performed by
imposing load(s) to control point(s) in a quasi-static manner, following a
predetermined loading history.

3.5.5 Loading History

Structural elements have limited strength and deformation capacities.
Collapse safety depends on the ability to assess these capacities with some
confidence. Strength and deformation capacities depend on cumulative
damage, which implies that every component has a “memory” of past
damaging events, and that all past excursions (or cycles) that have
contributed to its current state of health will affect future behavior. Thus,
performance depends on the history of previously applied damaging cycles,
and assessing the consequences of loading history requires replication of the
load and deformation cycles that a component will undergo in an earthquake
(or several earthquakes, if appropriate). The objective of a loading history is
to achieve this in an approximate, but consistent manner.

There is no unique or best loading history, because no two earthquakes are
alike, and a specimen may be part of many different structural
configurations. The overriding issue is to account for cumulative damage
effects through cyclic loading. The number and amplitude of cycles applied
to the specimen may be derived from analytical studies in which models of
representative structural systems are subjected to representative earthquake
ground motions, and the response is evaluated statistically. In analytical
modeling, it should be assumed that specimen resistance deteriorates to zero
following the maximum amplitude executed in the test. No credit should be
given to deformation capability beyond the largest deformation that a
specimen experiences in a test.

Many loading protocols have been proposed in the literature, and several
have been used in multi-institutional testing programs (e.g., ATC, 1992;
Clark et al., 1997; Krawinkler et al., 2000), or are contained in standards or
are proposed for standards (e.g., AISC, 2005; ASTM, 2003; FEMA, 2007;
ICC, 2009). These protocols recommend somewhat different loading
histories, but they differ more in detail than in concept. Comprehensive
discussions of loading histories and their origin and objectives are presented
in Filiatrault et al. (2008), Krawinkler et al. (2000), and Krawinkler (1996).

The loading protocols referenced above have been developed with a design
level or maximum considered ground motion in mind, and not for the
purpose of collapse evaluation. As a result the loading histories are
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symmetric with step-wise increasing deformation cycles (with the exception
of the SAC near-fault loading protocol presented in Clark et al., 1997).
While such histories are not representative of cyclic response approaching
collapse, they do serve the purpose of quantifying deterioration properties for
analytical modeling, particularly if a cyclic test is complemented with a
monotonic loading test that provides information on the force-displacement
capacity boundary (FEMA, 2009).

Loading history should be deformation-controlled, with the following two
exceptions:

e Force-control may be applied for small excursions in which a component
will remain essentially elastic. Force-control is encouraged for stiff
specimens tested in a relatively flexible test set-up, in order to facilitate
measurements and test control in the early stages of testing.

e Force-control may be necessary to test components that are an essential
part of the load path, but are fully force-controlled in the in-situ
condition, and have no reliable inelastic deformation capacity. One such
example would be an anchor controlled by the maximum force exerted
by a connected component. In such a case, the loading history should be
determined based on the strength and deformation capacities of the
connected component. Criteria for a force-controlled loading history are
presented in FEMA 461 Interim Testing Protocols for Determining the
Seismic Performance Characteristics of Structural and Nonstructural
Components (FEMA, 2007).

3.5.6 System Testing Program

Testing of an essentially complete structural system should be performed if
important response characteristics or important interactions between
components and connections cannot be evaluated with good confidence by
analytical models that have been calibrated through material, component,
connection, or assembly tests.

System tests should be used as a validation tool for a proposed analytical
model rather than as an exploratory test from which analytical models will be
developed. System tests should not be used to replace any testing at the
material, component, connection, or assembly level.

Dynamic System Tests

A dynamic system test should be performed if the response near collapse
depends strongly on dynamic characteristics that cannot be predicted with
good confidence by analytical models or from component or assembly tests.
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Such a test should be performed on an earthquake simulator (shake table)
utilizing realistic MCE-level (or collapse level) ground motions, unless it can
be demonstrated that equivalent response evaluation can be achieved through
alternative means.

Quasi-Static System Tests

Quasi-static cyclic testing consists of loads that are applied to one or more
control points by means of hydraulic actuators whose displacement or load
values are varied in a cyclic manner in accordance with a predetermined
loading history. The loading history used in testing should be representative
of the cyclic response that a material, component, connection, or assembly
would experience as part of a typical structural system subjected to a severe
earthquake.

A quasi-static system test should be performed if important behaviors or
interactions between components and connections cannot be evaluated with
good confidence by means of calibrated analytical models. Examples
include interactions between horizontal and vertical components (floor
diaphragms and vertical seismic-force-resisting units) and between vertical
components that resist seismic forces in orthogonal directions.

3.6 Quality Rating of Test Data

Quiality of test data is related to uncertainty, which factors into the
performance evaluation for a proposed seismic-force-resisting system. The
quality of test data obtained from an experimental investigation program is
rated in accordance with the requirements of this section, and approved by
the peer review panel.

Test data are rated between (A) Superior and (D) Poor, as shown in Table
3-2. This rating depends not only on the quality of the testing program, but
on how well the tests address key parameters and behavioral issues. The
selection of a quality rating for test data considers the completeness and
robustness of the overall testing program, and confidence in the test results.
Quantitative values of test data-related collapse uncertainty are: (A) Superior,
Sro = 0.10; (B) Good, frp = 0.20; (C) Fair, Brp = 0.35; and (D) Poor, fip =
0.50. Use of these values is described in Section 7.3.
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Table 3-2

Program

Completeness and Robustness

High. Material, component,
connection, assembly, and system
behavior well understood and
accounted for. All, or nearly all,

important testing issues addressed.

Quality Rating of Test Data from an Experimental Investigation

Confidence in Test Results

(A) Superior
B =0.10

Medium

(B) Good
B = 0.20

Low

(C) Fair
Lo = 0.35

Medium. Material,
component, connection,
assembly, and system behavior
generally understood and
accounted for. Most important
testing issues addressed.

(B) Good
B = 0.20

(C) Fair
S = 0.35

(D) Poor
Prp = 0.50

Low. Material, component,
connection, assembly, and
system behavior fairly
understood and accounted for.
Several important testing issues
not addressed.

(C) Fair
S = 0.35

(D) Poor
S = 0.50

3.6.1 Completeness and Robustness Characteristics

Completeness and robustness characteristics are related to: (1) the degree to
which relevant testing issues have been considered in the development of the
testing program; and (2) the extent to which the testing program and other
documented experimental evidence quantify the necessary material,
component, connection, assembly, and system properties and important
behavior and failure modes. Completeness and robustness characteristics are
rated from high to low, as follows:

e High. All, or nearly all, important general testing issues of Section 3.5.2
are addressed comprehensively in the testing program and other
supporting evidence. Experimental evidence is sufficient so that all, or
nearly all, important behavior aspects at all levels (from material to
system) are well understood, and the results can be used to quantify all
important parameters that affect design requirements and analytical

modeling.

o Medium. Most of the important general testing issues of Section 3.5.2
are addressed adequately in the testing program and other supporting
evidence. Experimental evidence is sufficient so that all, or nearly all,
important behavior aspects at all levels (from material to system) are
generally understood, and the results can be used to quantify or deduce
most of the important parameters that significantly affect design
requirements and analytical modeling.

o Low. Several important general testing issues of Section 3.5.2 are not
addressed adequately in the testing program and other supporting
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evidence. Experimental evidence is sufficient so that the most important
behavior aspects at all levels (from material to system) are fairly well
understood, but the results are not adequate to quantify or deduce, with
high confidence, many of the important parameters that significantly
affect design requirements and analytical modeling.

3.6.2 Confidence in Test Results

Confidence in test results is related to the reliability and repeatability of the
results obtained from the testing program, and corroboration with available
results from other relevant testing programs. It includes consideration as to
whether or not experimental results consistently record performance to
failure for all modes of behavior (limited ductility to large ductility), and if
sufficient information is provided to assess uncertainties in the design
requirements (e.g., ¢ factors) and analytical models. Confidence in test
results is rated from high to low, as follows:

e High. Reliable experimental information is produced on all important
parameters that affect design requirements and analytical modeling.
Comparable tests from other testing programs have produced results that
are fully compatible with those from the system-specific testing program.
A sufficient number of tests are performed so that statistical variations in
important parameters can be assessed. Test results are fully supported by
basic principles of mechanics.

e Medium. Moderately reliable experimental information is produced on
all important parameters that affect design requirements and analytical
modeling. Comparable tests from other testing programs do not
contradict, but do not fully corroborate, results from the system-specific
testing program. A measure of uncertainty in important parameters can
be estimated from the test results. Test results are supported by basic
principles of mechanics.

e Low. Experimental information produced on many of the important
parameters that affect design requirements and analytical modeling is of
limited reliability. Comparable tests from other testing programs do not
support the results from the system-specific testing program. Insufficient
data exists to assess uncertainty in many important parameters. Basic
principles of mechanics do not support some of the results of the testing
program.
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Chapter 4

Archetype Development

This chapter describes the development of structural system archetypes,
which provide a systematic means for characterizing key features and
behaviors related to collapse performance of a proposed seismic-force-
resisting system. It defines how archetype descriptions and performance
characteristics are used to develop a set of building configurations (index
archetype configurations) that together describe the overall range of
permissible configurations (archetype design space) of a system, which is
then separated into groups sharing common features or behavioral
characteristics (performance groups) for assessing collapse performance.
Specific structural designs (index archetype designs) are then developed for
each configuration based on the specified design criteria, and these designs
then form the basis of nonlinear analysis models (index archetype models)
that are analyzed to assess collapse performance. Guidelines related to index
archetype designs and index archetype models are presented in

Chapter 5.

4.1 Development of Structural System Archetypes

Behavior of a proposed seismic-force-resisting system is investigated
through the use of archetypes. An archetype is a prototypical representation
of a seismic-force-resisting system. Archetypes are intended to reflect the
range of design parameters and system attributes that are judged to be
reasonable representations of the feasible design space and have a
measurable impact on system response. They are used to bridge the gap
between collapse performance of a single specific building and the
generalized predictions of behavior needed to quantify performance for an
entire class of buildings.

An index archetype configuration is a prototypical representation of a
seismic-force-resisting system configuration that embodies key features and
behaviors related to collapse performance when the system is subjected to
earthquake ground motions. Given that building codes permit significant
latitude with respect to system configurations within a building class, index
archetype configurations are not intended to represent every conceivable
configuration of the system of interest. Rather, the intent is to investigate a
reasonably broad range of parameters that are permitted by the specified
design requirements and represent conditions that are feasible in design and
construction practice.
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Collectively, the set of index archetype configurations describe the archetype
design space, which defines the overall range of permissible configurations,
structural design parameters, and other properties that define the application
limits for a seismic-force-resisting system. For performance evaluation, the
archetype design space is divided into performance groups, which are groups
of index archetype configurations that share a common set of features or
behavioral characteristics.

Development of structural system archetypes follows the process outlined in
Figure 4-1. Using the design requirements and test data developed under
Chapter 3 as inputs, the development of structural system archetypes
considers both structural configuration issues and seismic behavioral effects.

Chapter 3: Required System
Information

Chapter 4: Archetype
Development

Characterize Behavior

Chapter 5: Models for Collapse
Assessment

Figure 4-1 Process for development of structural system archetypes.

4.2 Index Archetype Configurations

Index archetype configurations must be sufficiently broad in scope to capture
the range of situations that are feasible under the design requirements, but
sufficiently limited to be practical to evaluate. The intent is to both: (1)
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assess situations that will be generally representative of practice that meets
minimum specified requirements for seismic design and construction of a
proposed seismic-force-resisting system; and (2) assess designs that are at the
limits of the range of design configurations that are allowable based on the
design requirements.

While index archetype configurations are not intended to represent every
conceivable combination of design parameters, the archetype configurations
must encompass the full design space permitted by the design requirements.
An exception to this occurs when the collapse safety trends for the assessed
archetype designs show that certain configurations will not control the
system performance assessment.

Index archetype configurations should not incorporate “standard” practices
that may routinely exceed minimum code requirements. For example, use of
one member size at multiple locations in a building is a design and
construction practice that can result in member overstrengths, which exceed
minimum design requirements, and should not be built into index archetype
configurations.

It is expected that the set of index archetype configurations will generally
include about twenty to thirty specific structural configurations, though the
specific number will depend on the characteristics of the seismic-force-
resisting system and the limits of the archetype design space. Where the
seismic design requirements are relatively loose and cover a broad range of
possible design situations, the number of required index archetype
configurations may be significantly larger than for systems with more limited
applications. The final selection of index archetype configurations, and their
corresponding design parameters, should be reviewed and approved by the
peer review panel.

The development of index archetype configurations involves the following
steps:

o |dentify key design variables and related physical properties based on
structural configuration issues summarized in Section 4.2.1. Investigate
physical properties that affect collapse performance to identify critical
design variables that should be reflected in index archetype
configurations.

e Establish bounds for key design variables that define the archetype
design space. The design space is limited primarily by the seismic
design requirements and practical constraints on design and construction.

FEMA P695 4: Archetype Development
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Identify behavioral issues and related design considerations based on
behavioral effects summarized in Section 4.2.2. Investigate possible
deterioration modes that could result in local and global collapse
scenarios, and assess the likelihood of those scenarios.

Develop a set of index archetype configurations based on key design
variables and behavioral effects that are likely to result in local or global
collapse scenarios.

4.2,1 Structural Configuration Issues

Structural configuration issues include occupancy and program influences,
framing type and geometric variations, and gravity and lateral load
intensities. Typical configuration design variables that can affect the
behavior of a seismic-force-resisting system are summarized in Table 4-1.
These structural issues should be used as a guide in establishing index
archetype configurations, as follows:

Occupancy and Use. Building occupancy and use can influence the
structural layout, framing system, configuration, and loading intensity.
Framing spans, story heights, and live loads for seismic-force-resisting
systems intended for residential occupancies are usually quite different
from office occupancies. Similarly, steel moment frames and associated
gravity framing used for industrial occupancies can be different from
those used for office or institutional buildings. Occupancies with large
live load demands may have larger inherent overstrength in comparison
with systems for other occupancies. Major changes in structural
configuration resulting from different occupancies and use should be
reflected in the index archetype configurations.

Elevation and Plan Configuration. The range of elevation and plan
configurations permitted by the system design requirements should be
reflected in the index archetype configurations. This could include, for
example: (1) the range of framing span lengths of the seismic-force-
resisting system; (2) alternative configurations of steel bracing (e.qg.,
chevron versus x-bracing); (3) variations in shear wall aspect ratios that
result in flexure- versus shear-dominated behavior; (4) floor diaphragm
characteristics that are addressed in the seismic system designation; and
(5) the extent of gravity loading tributary to the system. The extent to
which such factors are significant will vary depending on the type of
seismic-force-resisting system.

Building Height. The range of story heights and number of stories
permitted by the system design requirements should be reflected in the
index archetype configurations to the extent that these parameters affect
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the structural period and the localization of inelastic deformations. Since
the inelastic response of structures with short periods (in the constant
acceleration region of the hazard spectrum) tends to be different from
structures with longer periods (in the constant velocity region of the
hazard spectrum), the response of short-period and long-period structures
are characterized separately. Due to significant differences in the
response characteristics of very tall buildings, and limited low frequency
content in the ground motions specified for collapse assessment, use of
this Methodology should be limited to buildings with a fundamental
period of T < 0.4 seconds (i.e., building heights of about 20 to 30 stories
for moment frame systems, and 30 to 40 stories for braced frame and
shear wall systems).

Table 4-1  Configuration Design Variables and Related Physical Properties

Design Variable Related Physical Properties

e  Typical framing layout

e Distribution of seismic-force-resisting system
Occupancy and Use components

e  Gravity load intensity

e Component overstrength

e Distribution of seismic-force-resisting
components

e  Typical framing layout

e  Permitted vertical (strength and stiffness)
irregularities
e Beam spans, number of framing bays, system

regularity
Elevation and Plan e Wall length, aspect ratio, plan geometry, wall
Configuration coupling

e  Braced bay size, number of braced bays,
bracing configuration

e Diaphragm proportions, strength, and stiffness
(or flexibility)

e Ratio of seismic mass to seismic-force-resisting
components

e Ratio of tributary gravity load to seismic load

e Story heights

ilding Heigh
Building Height e Number of stories

e Moment frame connection types
Structural Component e Bracing component types

Type e Shear wall sheathing and fastener types
e Isolator properties and types

e Design ground motion intensity

Seismic Design e Special design/detailing requirements

Cat
aesony e Application limits
e  Cravity load intensity
Gravity Load e  Typical framing layout

e  Ratio of tributary gravity load to seismic load
e  Component overstrength
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e Structural Component Type. The extent that structural component
types can vary within a given seismic-force-resisting system should be
reflected in index archetype configurations. Examples include different
types of moment connection details (e.g., welded, bolted, or reduced-
beam section), steel bracing members (e.g., HSS, pipe, or W-shape), and
light-frame wood shear wall sheathing, framing, and fasteners.

e Seismic Design Category. Systems should be evaluated for the highest
(most severe) Seismic Design Category for which they are proposed, and
then verified in lower Seismic Design Categories. Index archetype
configurations within a Seismic Design Category should consider
spectral intensities corresponding to the maximum and minimum values
for that category, associated design and detailing requirements, and any
restrictions on use that are keyed to Seismic Design Category.

o Gravity Load. Large gravity load demands can result in overstrength
with respect to seismic demands. For some components (e.g., columns
in moment frames) axial load ratio can significantly impact inelastic
deformation capacity. The nature, magnitude and variation of gravity
loads, including structure self weight, occupancy-related superimposed
dead loads, and occupancy-related live loads should be considered, and
design parameters that affect tributary gravity load, such as bay sizes and
building height, should be reflected in the index archetype
configurations. It is anticipated that, for most systems, two levels of
gravity load (high and low) would be sufficient.

An example of how configuration issues are considered in the development
of index archetype configurations for a special reinforced concrete moment
frame system conforming to design requirements contained in ASCE/SEI
7-05 is provided in Appendix C.

4.2.2 Seismic Behavioral Effects

Consideration of seismic behavioral effects includes identifying dominant
deterioration and collapse mechanisms that are possible, and assessing the
likelihood that they will occur. How a component or system behaves under
seismic loading is often influenced by configuration decisions, so behavioral
effects and configuration issues should be considered concurrently in the
development of index archetype configurations.

Seismic collapse resistance depends on the strength, stiffness, and
deformation capacity of individual structural components and the overall
seismic-force-resisting system. Each of these properties can be addressed
directly through system design requirements, but each are also influenced by
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aspects of the configuration that could change the way a system behaves
across the range of an archetype design space. For example, requirements
for ductile confinement of reinforced concrete columns will directly affect
inelastic deformation capacity, but the magnitude of column axial load,
which is influenced by elevation and plan configurations, also has a large
impact.

Consideration of behavioral effects is used to help identify major changes in
system behavior as the configuration varies. Once potential deterioration and
collapse mechanisms are identified, they are addressed through one of the
following methods: (1) by ruling out failure modes that are unlikely to occur
based on system design and detailing requirements; (2) explicit simulation of
failure modes through nonlinear analyses; or (3) evaluation of “non-
simulated” failure modes using alternative limit state checks on demand
guantities from nonlinear analyses.

Typical behavioral issues and related design considerations that can have an
effect on the behavior of a seismic force-resisting system are summarized in
Table 4-2.

Table 4-2  Seismic Behavioral Effects and Related Design Considerations

Behavioral Issue Related Design Considerations

e Minimum design member forces
e  Calculated member forces

Strength e  Capacity design requirements
e  Component overstrength
e Design member forces
e Drift limits
. e Plan and elevation configuration
Stiffness . N
e  Calculated inter-story drifts
e Diaphragm stiffness (or flexibility)
e  Foundation stiffness (or flexibility)
e  Component detailing requirements
e Member geometric proportions
Inelastic deformation e  Capacity design requirements
capacity e  Calculated member forces

¢ Redundancy of the seismic force-
resisting system

e Design ground motion intensity

Seismic Design Category e Special design/detailing requirements

e  Building height and period

e Diaphragm strength and stiffness

Inelastic system mobilization e Permitted strength and stiffness
irregularities

e  Capacity design requirements
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These behavioral issues should be used as a guide in establishing index
archetype configurations, as follows:

Strength. Differences between design strength and calculated seismic
demands should be reflected in the index archetype configurations.
Design strength is a function of the design earthquake intensity,
component detailing requirements, capacity design requirements, and
overstrength resulting from gravity loads and other minimum load
requirements. Calculated demands are a function of the structural
configuration and gravity load (dead and live load) intensity. In cases
where gravity load, minimum seismic or wind loads, other minimum
loads, or stiffness considerations control, there can be significant
overstrength relative to seismic design forces. Capacity design
provisions control yielding by requiring strengths of certain components
to be greater than would otherwise be required by minimum seismic
design forces to protect them from inelastic demands.

Stiffness. The elastic lateral stiffness of the seismic-force-resisting
system affects the dynamic behavior, sensitivity to sidesway stability
(P-delta) effects, and induced deformation demands on critical
components. Stiffness is a function of the design earthquake intensity
and imposed drift limits, system configuration, and relative stiffness (or
flexibility) of certain key components, such as diaphragms or
foundations. Index archetype configurations should take into account
system types that are more sensitive to drift limits than others, and
should identify configurations that probe limits on minimum stiffness
within the system design requirements. Where behavior of certain
elements (e.g., diaphragm or foundation flexibility), is likely to influence
the performance of the system, these effects should be considered in the
development of index archetype configurations. For example, in low-
rise industrial structures with large floor plans and stiff seismic-force-
resisting elements, flexibility of the floor and roof diaphragms could
significantly alter the period of vibration of the system, and should,
therefore, be considered.

Inelastic Deformation Capacity. Inelastic deformation capacity of
components is a function of design requirements, including detailing
rules and capacity design provisions, member geometric proportions, and
calculated member forces that can vary with structural configuration.
Where the inelastic deformation capacity of components is influenced by
the force distribution (such as differences in the level of axial forces in
walls or columns), factors that influence force distribution (such as plan
configuration) should be considered in the index archetype
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configurations. The impact of structural redundancy on the distribution
of inelastic deformations should also be reflected in the index archetype
configurations.

e Seismic Design Category. Applicable Seismic Design Categories
establish the design ground motion intensities, which influence seismic-
force-resisting system strength and stiffness. Seismic Design Category
designations can also trigger special design and detailing requirements
that will influence component inelastic deformation capacity. Index
archetype configurations should reflect behavioral effects that are
influenced by the Seismic Design Categories for which a system is being
proposed.

e Inelastic System Mobilization. Inelastic system mobilization is the
extent to which inelastic action is distributed throughout the seismic-
force-resisting system. Inelastic system mobilization is influenced by
limits on stiffness and strength irregularities and other system design
requirements such as strong-column-weak-beam criteria. Design and
configuration decisions can affect whether yielding is distributed
vertically across many stories or tends to concentrate in just a few
stories. To the extent that the diaphragm design is specified as part of
the lateral system, diaphragm strength and stiffness will influence the
dynamic response and distribution of forces among the seismic-force-
resisting elements. Index archetype configurations should identify and
test configurations that are permitted by system design requirements, and
will result in a lower bound of inelastic system mobilization.

An example of how behavioral effects are considered in the development of
index archetype configurations for a special reinforced concrete moment
frame system conforming to design requirements contained in ASCE/SEI
7-05 is provided in Appendix D.

4.2.3 Load Path and Components Not Designated as Part of
the Seismic-Force-Resisting System

The complete load path of the seismic-force-resisting system should be
considered when defining index archetype configurations. Only those
components that are either specified in the design requirements of the
seismic-force-resisting system, or otherwise have a significant effect on the
system, should be incorporated in the archetype assessment. Portions of the
structure that comprise the gravity load system, but are not specifically
designed to resist seismic forces, should not be included as part of the index
archetype configuration. However, the seismic mass and destabilizing

FEMA P695 4: Archetype Development

4-9



P-delta effects of the gravity system should be included in the index
archetype models.

Conversely, potential failure modes of the gravity system, floor diaphragms,
and collector elements need not be reflected in the index archetype
configurations, unless those elements are specifically defined in the design
requirements for the seismic-force-resisting system. While it is recognized
that failure of gravity elements may trigger collapse, their design is usually
considered through separate code requirements that are common to many
seismic-force-resisting systems and specific to none. If the deformation
demands at collapse of a proposed seismic-force-resisting system, however,
are excessive relative to those normally experienced by other systems, typical
controls for deformation compatibility of gravity framing may not be
adequate. In such cases, special deformation criteria for gravity system
components should be included in the design requirements for the proposed
seismic-force-resisting system.

4.2.4 Overstrength Due to Non-Seismic Loading

Index archetype designs should reflect the inherent overstrength that results
from earthquake and gravity load design requirements in addition to any
other minimum force requirements that are specified by building code
provisions that will always be applicable to a structure. For example, the
minimum wind load requirements specified in ASCE/SEI 7-05 (10 psf on the
projected surface area exposed to wind) are required in all structures, and
should be considered when evaluating potential overstrength. Similarly,
minimum seismic design force requirements, which are specified generally
for all seismic force resisting systems, should be incorporated in index
archetype designs.

Overstrength from design loading that could exist, but is not assured in all
cases, should not be considered in the development of index archetype
configurations. Such an example could include hurricane wind forces, or
other similar location- or use-specific non-seismic loads, that would not
apply to all buildings everywhere. Only non-seismic requirements that apply
universally to all structures should be considered when evaluating potential
overstrength relative to earthquake loading.

4.3 Performance Groups

Index archetype configurations are assembled into performance groups (or
bins) that reflect major differences in configuration, design gravity and
seismic load intensity, structural period, and other factors that may
significantly affect seismic behavior within the archetype design space.
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Performance groups should contain multiple index archetype configurations
that reflect the expected range of permissible variation in size and other key
parameters defined by the archetype design space. For example, each
performance group should contain index archetype configurations that cover
the range of building heights (up to the limits that can be assessed using the
specified ground motions) permitted by the system design requirements.

Binning of index archetype configurations into performance groups provides
the basis for statistical assessment of minimum and average collapse margin
ratios for performance evaluation in Chapter 7. Performance group
populations should not be made larger than necessary, biased towards certain
configurations, or otherwise manipulated to bias the average collapse
statistics for the bin. Binning of index archetype configurations into
performance groups should be reviewed and approved by the peer review
panel.

4.3.1 Identification of Performance Groups

As illustrated by the generic performance group table shown in Table 4-3,
performance groups should be organized to consider: (1) basic structural
configuration; (2) gravity load level; (3) seismic design category; and (4)
period domain. The number of basic structural configurations will vary by
system (i.e., 1 through N), and variation in gravity load levels may (or may
not) affect the performance of certain systems. As a minimum, assuming one
basic structural configuration and no dependence on gravity loads, all
systems will have at least four performance groups based on combinations of
two seismic design levels and two period domains. These parameters should
be used as a guide in establishing performance groups, as follows:

e Basic Structural Configuration. Changes in the basic structural
configuration are intended to capture major variations in the seismic-
force-resisting system that are permissible within the design
requirements and are likely to affect the structural response. Examples
of alternative configurations that could be separated into performance
groups include: (1) variations in bracing configurations (e.g., X-bracing
versus chevron bracing) in steel concentrically braced frames; (2)
variations in framing spans and story heights in moment frames; and (3)
variations in shear wall aspect ratios that may influence whether a wall
responds in shear or flexural behavior.

e Gravity Load Level. To the extent that the gravity load intensity and
distribution of gravity loads affect the response of a seismic-force-
resisting system, gravity loads should be varied in the index archetype
configurations and separated into different performance groups.
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Variation in gravity load level is related to the intensity of the gravity
load (as affected by the type of gravity framing and use of the structure)
and the amount of seismic mass that is tributary to the seismic-force-
resisting system in the form of directly applied gravity loads. In moment
frames, tributary gravity loads can be distinguished through the use of
perimeter frames versus space frame configurations. In wall systems,
differences can be distinguished through the use of bearing walls (where
most of the gravity loads are directly supported by the walls) versus non-
bearing walls (where gravity loads are supported by other means, such as
frames).

Table 4-3  Generic Performance Group Matrix

Performance Group Summary

Grouping Criteria

. Number of
Basic Design Load Level Period Archetypes
Configuration Gravity Seismic Domain
PG-1 Short >
Max SDC
PG-2 ) Long >3
High
PG-3 ) Short >3
Min SDC
PG-4 Long
Type 1
PG-5 Short
Max SDC
PG-6 Long >3
Low
PG-7 ) Short
Min SDC
PG-8 Long
PG-9 Short >3
Max SDC
PG-10 . Long
High
PG-11 . Short
Min SDC
PG-12 Long >3
Type 2
PG-13 Short
Max SDC
PG-14 Long
Low
PG-15 ) Short >3
Min SDC
PG-16 Long
PG-17 Short
Max SDC
PG-18 . Long >3
High
PG-19 . Short
Min SDC
PG-20 Long
Type N
PG-21 Short >3
Max SDC
PG-22 Long
Low
PG-23 ) Short
Min SDC
PG-24 Long >3

e Seismic Design Category. In concept, the full range of Seismic Design
Categories for which the seismic-force-resisting system will be permitted
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should be reflected in the index archetype configurations and separated
into different performance groups. Generally, however, it should suffice
to check a system for the maximum and minimum spectral intensities of
the highest Seismic Design Category (SDC) in which the system will be
permitted. For example, systems intended for SDC D should be
designed and assessed for the maximum and minimum spectral
acceleration values (SDC Dpax and SDC Dpyn) as given in Table 5-1A
and Table 5-1B of Chapter 5. Usually, designs for the maximum spectral
acceleration of the highest Seismic Design Category will control the
collapse performance of the system, which is an indication that
assessment of performance in lower Seismic Design Categories will not
be required. If, however, the minimum spectral acceleration of the
highest Seismic Design Category controls performance, then the system
should also be designed and assessed for the minimum spectral
acceleration of the next lowest Seismic Design Category.

e Period Domain. Differences in fundamental period, T, between short-
period and long-period systems should be reflected in the index
archetype configurations and separated into different performance
groups. Period domain is described in Chapter 5, and defined by the
boundary between the constant acceleration and constant velocity regions
of the design spectrum. Since, within a given structural system, building
period varies with the building height, bins of short-period and long-
period archetypes will typically be distinguished by building height (or
number of stories). The range of index archetypes should generally
extend from short-period configurations for one-story buildings up to
long-period configurations for the tallest practical buildings within the
archetype design space. For the potentially limited number of short-
period building archetypes, development of index archetypes should
consider variations in both the number of stories and the story height.

Each performance group should include at least three index archetypes.
There is no maximum number of archetypes in each performance group, but
it is expected that each group will typically have three to six index archetype
configurations. This minimum requirement may be waived if it is infeasible
to have three alternative designs within a specific performance group. For
example, in the case of flexible moment frame systems, it may not be
possible to have three distinct index archetype configurations within the
short-period domain. Further guidance on the minimum number of
performance groups, and index archetype configurations in each group, is
provided in Chapter 7.

FEMA P695 4: Archetype Development
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Chapter 5

Nonlinear Model Development

This chapter describes the development of analytical models for collapse
assessment of a proposed seismic-force-resisting system. It first defines how
index archetype designs are prepared from index archetype configurations
using the proposed design requirements for the system of interest. It then
outlines how index archetype models are developed using nonlinear
component properties and limit state criteria developed and calibrated with
test data. Index archetype models are based on structural system archetypes
defined in Chapter 4, and are used to perform nonlinear analyses described in
Chapter 6.

5.1 Development of Nonlinear Models for Collapse
Simulation

Since the index archetype configurations are developed with explicit
consideration of features to be investigated through nonlinear collapse
simulation, the development of nonlinear models and structural system
archetypes is interdependent. Nonlinear model development includes
preparation of: (1) index archetype designs, which are index archetype
configurations that have been proportioned and detailed using the design
requirements for a proposed seismic-force-resisting system; and (2) index
archetype models, which are idealized mathematical representations of index
archetype designs used to simulate collapse in nonlinear static and dynamic
analyses.

Development of nonlinear models for collapse simulation follows the process
outlined in Figure 5-1. Using system design requirements (Chapter 3) and
structural system archetypes (Chapter 4), design criteria and material test
data are applied to each index archetype configuration to develop index
archetype designs based on trial values of R, C4, and £2,. Each design is then
idealized into an index archetype model for nonlinear analysis (Chapter 6).
Model parameters and collapse assessment criteria are calibrated to
component, connection, assembly, and system tests. Quality ratings for
index archetype models are used to assess modeling uncertainty in Chapter 7.

5.2 Index Archetype Designs

Index archetype designs for a seismic-force-resisting system are prepared by
applying the proposed design requirements, substantiated by test data, to a set
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of index archetype configurations. Index archetype designs should include
all significant design features that are likely to affect structural response and
collapse behavior. All seismic-force-resisting components and connections
should be designed in strict accordance with the minimum requirements of
the seismic design provisions for the proposed system. Designs should also
meet applicable provisions of ASCE/SEI 7-05 (or other model building code)
and any other referenced standards.

Chapter 4: Archetype
Development

Chapter 5: Nonlinear Model
Development

Develop Models

Chapter 6: Nonlinear
Analysis

Figure 5-1 Process for development of index archetype models.

While index archetype designs are intended to interrogate the feasible range
of the archetype design space, they are not intended to capture all feasible
“outliers” of superior or poor seismic performance. Nor are they intended to
interrogate seismic design criteria that are common across all seismic-force-
resisting systems.
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Explicit assessment of redundancy, structural irregularities, soil-structure
interaction, importance factors, and other general seismic design criteria are
not addressed in the Methodology. It is assumed that such generic design
requirements of ASCE/SEI 7-05 (or other applicable building codes) are
equally effective for all seismic-force-resisting systems. It is, therefore,
important that index archetype designs comply with all relevant limitations in
ASCE/SEI 7-05 provisions that are generic to all systems.

The following sections describe design methods, seismic criteria, design
loads, load combinations and related requirements for preparing index
archetype designs. They are included here to illustrate how seismic design
base shears are calculated relative to the Maximum Considered Earthquake
(MCE) spectrum used to assess collapse margin, and to highlight specific
aspects of seismic design criteria that are relevant to the Methodology.

These criteria are primarily based on the design requirements contained
within ASCE/SEI 7-05, modified as appropriate for design of index
archetypes. While the specific requirements discussed here are based on
ASCE/SEI 7-05, this is not meant to imply a limitation on the application of
the Methodology, which is intended to be generally applicable to any set of
comprehensive seismic design procedures.

5.2.1 Seismic Design Methods

In general, the Equivalent Lateral Force (ELF) method of Section 12.8,
ASCE/SEI 7-05, should be used to develop index archetype designs, except
as noted below:

e The Response Spectrum Analysis (RSA) method of Section 12.9,
ASCE/SEI 7-05, should be used to develop archetype designs when the
ELF method is not permitted by ASCE/SEI 7-05, or by the specific
design requirements of the system of interest. For example, the ELF
method is not permitted for the design of taller structures in Seismic
Design Category D that have a fundamental period, T, greater than 3.5T,
(Table 12.6-1, ASCE/SEI 7-05).

o Response history analysis (RHA) methods should be used to develop
archetype designs when ELF and RSA methods are not permitted by
ASCE/SEI 7-05, or by the specific design requirements of the system of
interest. For example, response history methods are required for design
of seismically isolated structures with certain performance characteristics
(Section 17.4.2.2, ASCE/SEI 7-05).
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e The RSA method (or RHA methods) may be used to develop index
archetype designs when such methods are (or are expected to be)
commonly used in practice in lieu of the ELF method.

5.2.2 Criteria for Seismic Design Loading

The provisions of ASCE/SEI 7-05 specify seismic loads and design criteria
in terms of Seismic Design Category (SDC), which is a function of the level
of design earthquake (DE) ground motions and the Occupancy Category of
the structure. The Methodology is based on life safety performance and
assumes all structures to be either Occupancy Category I or Il (i.e., structures
that do not have special functionality requirements) with a corresponding
importance factor equal to unity. Seismic Design Categories for Occupancy
I and Il structures vary from SDC A to SDC E in regions of the lowest and
highest seismicity, respectively.

The Methodology defines MCE and DE ground motions for structures in
Seismic Design Categories B, C, and D. The Methodology ignores both
SDC A structures, which are not subject to seismic design (other than the
minimum, 1% lateral load specified by Section 11.7.2 of ASCE/SEI 7-05),
and SDC E structures which are located in deterministic MCE ground motion
regions near active faults.

The provisions of ASCE/SEI 7-05 define MCE demand in terms of mapped
values of short-period spectral acceleration, Ss, and 1-second spectral
acceleration, S, site coefficients, F; and F,, and a standard response
spectrum shape. For seismic design of the structural system, ASCE/SEI 7-05
defines the DE demand as two-thirds of the MCE demand. The
Methodology requires archetypical systems to be designed for DE seismic
criteria, and then evaluated for collapse with respect to MCE demand.

For Seismic Design Categories B, C, and D, maximum and minimum ground
motions are based on the respective upper-bound and lower-bound values of
MCE and DE spectral acceleration, as given in Table 11.6-1 of ASCE/SEI
7-05, for short-period response, and in Table 11.6-2 of ASCE/SEI 7-05, for
1-second response. MCE spectral accelerations are derived from DE spectral
accelerations for site coefficients corresponding to Site Class D (stiff soil)
following the requirements of Section 11.4 of ASCE/SEI 7-05. For the
purpose of assessing performance across all possible site classifications, the
Methodology uses values based on the default Site Class D uniformly for
design of all archetypes.

Tables 5-1A and 5-1B list values of maximum and minimum spectral
acceleration, site coefficients, and design parameters for Seismic Design
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Categories B, C, and D. Figure 5-2 shows DE response spectra for ground
motions associated with these parameters, based on the standard shape of the
design response spectrum shown in Figure 11.4-1 of ASCE/SEI 7-05.

Table 5-1A  Summary of Mapped Values of Short-Period Spectral
Acceleration, Site Coefficients and Design Parameters for
Seismic Design Categories B, C, and D

Seismic Design Category | Maximum Considered Earthquake

Maximum Minimum

D 1.5 1.0 1.5 1.0

C D 0.55 1.36 0.75 0.50

B C 0.33 1.53 0.50 0.33
B 0.156 1.6 0.25 0.167

Table 5-1B  Summary of Mapped Values of 1-Second Spectral Acceleration,
Site Coefficients and Design Parameters for Seismic Design
Categories B, C, and D

Seismic Design Category | Maximum Considered Earthquake

Maximum Minimum Sur (8)
D 0.60' 1.50 0.90 0.60
C D 0.132 2.28 0.30 0.20
B C 0.083 2.4 0.20 0.133
B 0.042 2.4 0.10 0.067
1. Value of 1-second MCE spectral acceleration rounded to 0.60 g.
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Figure 5-2 Plots of design earthquake (DE) response spectral accelerations

used for design of Seismic Design Category D, C and B structure
archetypes, respectively.
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Maximum values of spectral acceleration for SDC D (Ss=1.5gand S; =0.60
g) are based on the effective boundary between deterministic (near-source)
and probabilistic regions of MCE ground motions, as defined in Section 21.2
of ASCE/SEI 7-05. The Methodology purposely excludes SDC D structures
at deterministic (near-source) sites defined by 1-second spectral acceleration
equal to or greater than 0.60 g, although Section 11.6 of ASCE/SEI 7-05
defines SDC D structures as having 1-second spectral acceleration values as
high as 0.75 g. The 1-second value of MCE spectral acceleration shown in
Table 5-1B, S; = 0.60, is rounded upward slightly for convenience, and
should be taken as S; < 0.60g, for the purpose of evaluating minimum base
shear design requirements. This is done to avoid triggering Equation 12.8-6
of ASCE-SEI 7-05 for design of index archetypes.

An internal study, documented in Appendix A, found that the collapse
margin ratio (CMR) was somewhat smaller in systems designed using SDC E
seismic criteria and evaluated using near-field ground motions, than in
systems designed using SDC D seismic criteria and evaluated using far-field
ground motions. By ignoring SDC E structures, the Methodology implicitly
accepts a somewhat greater collapse risk for buildings located close to active
faults. This is consistent with the approach in ASCE/SEI 7-05, which
implicitly accepts greater risk for buildings near active faults by limiting
MCE ground motions to deterministic values of seismic hazard.

5.2.3 Transition Period, T,

The Methodology requires statistical evaluation of short-period archetypes
separately from long-period archetypes, and distinguishes between them on
the basis of the transition period, Ts. The transition period defines the
boundary between the region of constant acceleration and the region of
constant-velocity of the design (or MCE) response spectrum, as illustrated in
Figure 5-2. The transition period, T, is defined as:

1S Su 1
SDS SMS

where the values of Sp; and Sps (and Sy; and Sys ) are given in Table 5-1A

and Table 5-1B, respectively, for each Seismic Design Category. The value

of Ts is 0.6 seconds for the upper bound of Seismic Design Category D

(SDC Dpax), 0.4 seconds for the lower bound of Seismic Design Category D

(SDC Dnin), and 0.4 seconds for the upper and lower bounds of the other

Seismic Design Categories.
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5.2.4 Seismic Base Shear, V

Index archetypes are designed using the seismic base shear, V, as defined by
Equation 12.8-1 of ASCE/SEI 7-05:

V=CW (5-2)

where C; is the seismic response coefficient and W is the effective seismic
weight. This base shear equation is used as the basis of the applied forces
when the Equivalent Lateral Force procedure is used for design, and to scale
design values in accordance with Section 12.9.4 of ASCE/SEI 7-05 when the
Response Spectrum Analysis procedure is used for design. The seismic
coefficient, Cs, is defined for short-period archetypes (T < T) as:

C, =S% (5-3)
and for long-period archetypes (T > Ts) as:
C, = '?_Dlé > 0.445, (5-4)

where Sp; and Sps are given in Tables 5-1A and 5-1B, respectively, R is the
trial value of the response modification factor, and T is the fundamental
period of the index archetype.

Equations 5-3 and 5-4 have an implied occupancy importance factor of 1=1.0,
since the index archetype designs are defined for Occupancy Categories | and
Il. These equations are also constrained by the minimum seismic coefficient,
Cs = 0.01, required by Equation 12.8-5 of ASCE/SEI 7-05 and by the
minimum static lateral force, F, = 0.01w, required by Equation 11.7-1 of
ASCE/SEI 7-05 for design of all structures. Note that Equation 12.8-6 of
ASCE-SEI 7-05 does not apply since the Methodology defines 1-second
MCE spectral acceleration as S; < 0.60 g, in all cases.

ASCE/SEI 7-05 reduces the value of C, for very long period structures that
have a fundamental period, T > T, where T, is the transition period between
the constant velocity and constant displacement response domains. Values of
T, range from 4 seconds to 16 seconds, as defined in Section 11.4.5 of
ASCE/SEI 7-05. Reduced values of Cs for very long period structures do not
apply, since the Methodology limits index archetype designs to
configurations with fundamental periods less than 4 seconds (due to possible
limitations on the low frequency content of ground motion records used for
the nonlinear dynamic analysis).
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5.2.5 Fundamental Period, T

The fundamental period, T, is used within the Methodology in two ways.
First, it is used in establishing the design base shear through Equation 5-4.
Second, it is used in defining the ground motion spectral intensity to establish
the collapse margin ratio (CMR) in nonlinear dynamic analysis procedures
(Chapter 6). In both cases, the Methodology defines the fundamental period,
T, as:

T=C,T,=C, C, h™> 0.25seconds (5-5)

where h;, is the building height, the values of the coefficient, Cy, are given in
Table 12.8-1 of ASCE/SEI 7-05, and values of period parameters C; and x are
given in Table 12.8-2 of ASCE/SEI 7-05. The approximate fundamental
period, T,, is based on regression analysis of actual building data, and
represents lower-bound (mean minus one standard deviation) values of
building period (Chopra et al., 1998). The value of the coefficient, C,, ranges
from 1.4 in high seismic regions to 1.7 in low seismic regions, and the
product, C,T,, approximates the average value of building period.

Alternative formulas for estimating the approximate fundamental period of
masonry or concrete shear wall structures are given in Section 12.8.2.1 of
ASCE/SEI 7-05, and may be used in lieu of T, in Equation 5-5. Alternative
formulas for the approximate fundamental period of proposed seismic-force-
resisting systems with different dynamic characteristics should be specified
as part of the design requirements for such systems.

Use of Equation 5-5 provides a consistent basis for determining the building
period for the purpose of calculating the design base shear and evaluating the
MCE spectral intensity at collapse. Based on scatter in ground motion
spectra at small periods, the fundamental period, T, as calculated by Equation
5-5 (or other alterative formulas) includes a lower limit of 0.25 seconds for
the purpose of evaluating the CMR.

5.2.6 Loads and Load Combinations

Index archetype designs should be prepared considering gravity and seismic
loading, in accordance with the seismic load effects and load combinations of
Section 12.4 of ASCE/SEI 7-05 and guidance provided in this section.

Basic seismic load combinations for strength design (ignoring snow load, S,
and foundation load, H) are:

(1240255 )D+Qc +L (5-6a)

(0.9-0.2S,)D+Q; (5-6h)
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where D includes the structural self weight and superimposed dead loads, L
is the live load (including appropriate live load reduction factors), and Qg is
the effect of horizontal seismic forces resulting from the base shear, V. The
basic load combinations, defined above, purposely do not include the
redundancy factor, o, which is conservatively assumed to be 1.0 in all cases.
Seismic loads, and hence capacity of index archetype designs, should not be
increased for a possible lack of redundancy that may not exist in all
applications of the proposed system.

Where the seismic load effect with overstrength is required, basic load
combinations for strength design (ignoring snow load, S, and foundation
load, H) are:

(1.2+0.2Sp5 ) D+Q,Qc +L (5-7a)
(0.9-0.2555 ) D+ Q0 Qs (5-7b)

where (2, is the overstrength factor. Snow load, S, and foundations loads, H,
are not required for design of index archetypes. Snow load is an
environmental load that varies independently of seismic intensity, and is not
considered to be a primary factor affecting seismic performance. Foundation
loads, H, are not typical and when present, generally apply to design of
structural components that do not affect performance of the seismic-force-
resisting system.

Wind load is also not required for design of index archetypes, since wind
load does not occur (in load combinations) with earthquake load. However,
index archetypes may be designed for minimum values of wind load in lieu
of earthquake load when minimum values of wind load exceed earthquake
load. If wind load is used for archetype design, minimum values of wind
load should be based on the lowest basic wind speed in Chapter 6 of
ASCE/SEI 7-05 for all regions of the United States, and consider building
(plan) configurations which minimize lateral forces due to wind load.

5.2.7 Trial Values of Seismic Performance Factors

Preparation of index archetype designs requires selection of trial values of
the response modification coefficient, R, displacement amplification
coefficient, Cq, and overstrength factor, €,. Initial values of R, Cqy, and 2,
may need to be revised, and the index archetypes redesigned, based on the
outcome of the performance evaluation process in Chapter 7.

A trial value of the response modification factor, R, is required for all index
archetype designs to determine seismic base shear, V, and the related effect
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of horizontal seismic force, Qg. For certain archetypes, Equations 5-7a and
5-7b require a trial value of the overstrength factor, £2,, for design of
structural components that are subject to rapid deterioration and are sensitive
to overload conditions. For index archetype designs governed by drift,
Section 12.8.6 of ASCE/SEI 7-05 requires a trial value of the deflection
amplification factor, Cq, to determine story drift. Guidance on initial
selection of trial values may be found in the acceptance criteria of Chapter 7.

5.2.8 Performance Group Design Variations

As described in Chapter 4, performance groups for each archetype
configuration include design load variations based on Seismic Design
Category and gravity load intensity, and design height variations that
influence the fundamental period of the structure.

Maximum and Minimum Seismic Loads. Strictly speaking, index
archetype designs should reflect all Seismic Design Categories for which the
seismic-force-resisting system will be permitted. Typically, however, the
highest SDC will have the smallest collapse margin ratios, and govern
system performance. To reasonably cover the design space, the performance
groupings (Chapter 4) require assessment of index archetypes that are
designed for both the maximum and minimum spectral intensities of the
highest SDC in which the system is allowed. For example, index archetypes
for systems permitted in all SDCs must be designed for SDC Dy« and SDC
Dnmin. Similarly, index archetypes for systems permitted in SDC A or SDC B
must be designed for SDC By and SDC Biin.

In certain cases, performance might be controlled by lower SDCs. For
example, if collapse margin ratios calculated for index archetypes designed
using SDC D are not consistently larger than those for index archetypes
designed using SDC Dy, then lower SDCs might control collapse
performance. In such cases, index archetypes should also be designed and
assessed for minimum spectral accelerations corresponding to the next lowest
SDC. If index archetypes designed for the next lower SDC are found to have
even lower collapse margin ratios, then additional index archetypes designs
should be prepared to confirm whether or not lower SDCs control system
performance.

High and Low Gravity Loads. Where gravity loads tributary to the
seismic-force-resisting system significantly influence collapse behavior,
index archetype designs must be prepared for high gravity and low gravity
load intensities. High and low gravity load intensities reflect differences in
the self weight of alternative gravity framing components (e.g., metal deck
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versus concrete slabs) as well as framing configurations (e.g., space frame
versus perimeter frame configurations or bearing wall versus non-bearing
wall components). Where gravity load effects are significant, design dead
load, D, and live load, L, intensities should be established considering
different building occupancies and the range of likely gravity load intensities
in the archetype design space.

Building Height. Index archetypes must be designed to populate
performance groups in the short-period (T < Ts) and long-period (T > Ts)
ranges. Equation 5-5 can be used to relate building height to number of
stories and story heights. Ideally, each performance group should have at
least 3 index archetype designs. However, flexible systems (e.g., steel
moment frames) can have relatively long fundamental periods, T, greater
then T, potentially limiting the number of index archetype designs in short-
period performance groups. Conversely, systems with building height limits
may have few archetypes with fundamental periods, T, greater than Ts,
limiting the number of archetypes in long-period performance groups. In
such cases, performance groups are permitted to have less than three
archetypes, provided that the group has at least one index archetype design
for each feasible building height (combination of number of stories and story
heights).

Unless restricted by height, long-period performance groups should contain
index archetypes of different heights (number of stories) that have
fundamental periods ranging from about T to about 4 seconds. Index
archetypes should be designed such that the fundamental periods of the
performance group are well distributed over the full range of periods. It
should be noted that more than three archetypes per long-period performance
group may be required to properly evaluate the performance of taller
systems.

5.3 Index Archetype Models

General considerations for developing index archetype models are
summarized in Table 5-2. These considerations should be used as a guide in
establishing index archetype models, as follows:

o Model Idealization. Definition of index archetype models includes
selection of the type of idealization used to represent structural behavior.
At the one extreme are nonlinear continuum finite element models,
which, in theory, are capable of representing the underlying structural
mechanics most directly. At the other extreme are phenomenological
models, which represent the overall force-deformation response through
concentrated nonlinear springs. A nonlinear beam-column hinge model
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is an example of such a phenomenological model, in which moment-
rotation behavior is related to beam-column design parameters through
semi-empirical models that are calibrated to beam-column subassembly
tests.

In between these two extremes are models that utilize both continuum
and phenomenological representations. A “fiber-type” model of a
reinforced concrete shear wall is an example of such a combined model,
where flexural effects are modeled with uniaxial stress-strain behavior
for reinforcing steel and concrete, and where shear behavior (or
combined shear-flexural behavior) is represented through a stress-
resultant (force-based) phenomenological model. Regardless of type,
models must be validated against test data and other substantiating
evidence to assess how accurately they capture nonlinear response and
critical limit state behavior.

Table 5-2  General Considerations for Developing Index Archetype Models

Model Attributes Considerations

e  Continuum (physics-based)
Mathematical Idealization versus phenomenological
elements

e Number of moment frame bays,
regularity.

e  Planar versus 3-D wall
representations, openings,
coupling beams, regularity.

e Number of bracing bays,
bracing configuration, regularity.

e Variations to reflect diaphragm
effects on stiffness and 3-D
force distributions

Plan and Elevation Configurations

e  Prevalence of 2-D versus 3-D
systems in design practice

2-D versus 3-D e Impact on structural response,

Component Behavior including provisions for 3-D
(out-of-plane failures) in 2-D
models

e  Characteristics of index

archetype configurations, such
2-D versus 3-D as diaphragm flexibility
System Behavior e Impact on structural response
that is specific to certain
structural systems

o Elevation and Plan Configurations. Representation of elevation and
plan configurations in index archetype models will depend on both the
index archetype configurations and the structural system behavior.
While vertical and horizontal irregularities will certainly influence
collapse, for the purpose of evaluating general design provisions,
currently permissible elevation and plan irregularities in ASCE/SEI 7-05
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are not addressed in index archetype models. As illustrated by examples
in Chapter 9, two-dimensional, three-bay frames of regular proportions
are judged sufficient to represent typical behavior of reinforced concrete
moment frame systems. The extent to which this type of model will
suffice for studies of other moment frame types should be established
based on the specific behavioral effects of the specific moment frame
system. For walls, the issue of planar versus three-dimensional response
is a key consideration, as is the presence of wall openings, boundary
elements, and coupling beams. For example, reinforced concrete walls
with large boundary members (e.g., flanged walls) are likely to exhibit
more shear-critical behavior than planar walls without boundary
members. For braced frame systems, one or two bays of framing are
likely to be sufficient unless the system relies on the specific interaction
between two adjacent bays. Representation of alternative brace
configurations is likely to be a dominant variable in collapse assessment
of braced-frame systems. Where diaphragm flexibility has a significant
effect on the lateral system response and performance, this flexibility
should be incorporated in the index archetype model.

o Two-Dimensional versus Three-Dimensional Component Behavior.
The need for models that simulate two-dimensional versus three-
dimensional behavior will generally depend on: (1) the type of structural
configurations common in the design space; and (2) the expected
influence of three-dimensional effects on structural response. For most
structural framing types, two-dimensional models are likely to be
sufficient. However, there may be cases where three-dimensional
behavior (e.g., out-of-plane torsional-flexural instability of laterally
unbraced beam-columns or braces) or three-dimensional geometry (e.g.,
reinforced-concrete C-shaped core walls) are important to simulate. For
wall systems, two-dimensional wall models may be sufficiently accurate
for some system configurations (e.g., wooden shear walls, planar
reinforced concrete walls) but less accurate and perhaps inappropriate for
others (e.g., C-shaped and I-shaped reinforced concrete core walls).

o Two-Dimensional versus Three-Dimensional System Behavior.
System behavior involves the interaction of multiple seismic-force-
resisting components distributed spatially within a structure.
Introduction of different spatial combinations, however, could lead to an
intractable number of index archetype configurations and corresponding
index archetype models. Building code provisions regarding plan
configuration and three-dimensional effects (e.g., redundancy, accidental
torsion) are usually not system specific, so in most cases, a two-
dimensional system representation should be adequate. Diaphragm
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flexibility may require three-dimensional index archetype model
configurations if important diaphragm effects cannot be suitably
incorporated in two-dimensional models.

5.3.1 Index Archetype Model Idealization

Index archetype models should provide the most basic (generic)
representation of an index archetype configuration that is still capable of
distinguishing between significant behavioral modes and key design features
of the proposed seismic-force-resisting system. Index archetype models
should be developed in cooperation with the peer review panel.

The mathematical idealization of index archetype models should capture all
significant nonlinear effects related to the collapse behavior of the system.
This can be done through: (1) explicit simulation of failure modes through
nonlinear analyses; or (2) evaluation of non-simulated” failure modes using
alternative limit state checks on demand quantities from nonlinear analyses.

Analytical models are generally distinguished by overall topology and
element type. Topology refers to two-dimensional or three-dimensional
modeling configurations. The choice of topology (2-D or 3-D) is largely a
function of the index archetype configurations. The choice of element type
depends on structural component behavior and the nature of component
degradation. Two-dimensional topologies (e.g., planar frames or walls) do
not preclude the modeling of three-dimensional effects (e.g., out-of-plane
instabilities). Conversely, three-dimensional topologies (e.g., space frames
or C-shaped walls) do not necessarily employ element types that capture all
three-dimensional behavioral effects. Thus, the modeling decisions should
be made on a case-by-case basis, depending on the specific features of the
structure system archetypes.

For simulating collapse, component models must capture strength and
stiffness degradation under large deformations. Structural components are
usually idealized as a combination of one-dimensional line-type elements
(beam-columns or axial struts) and two-dimensional continuum elements
(plane-stress or plate/shell finite elements). Three-dimensional continuum
elements (brick finite elements) may be appropriate and necessary in some
cases. Within each element type, element formulations can be further
distinguished by the extent to which the underlying structural behavior is
modeled explicitly or through phenomenological representations. For

! The term “non-simulated” is used to describe potential modes of collapse failure
that are not explicitly captured by the index archetype model (i.e., not explicitly
simulated), but is evaluated by alternative methods of analysis and included in the
evaluation of collapse performance.
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example, nonlinear beam-column elements can range in sophistication from
fiber-type continuum elements, in which the geometry and materials in the
cross section are modeled explicitly, to concentrated spring models, in which
the inelastic response is idealized through uni-axial or multi-axial springs.

Provided that they are accurately calibrated to the appropriate range of design
and behavioral parameters, concentrated spring models will usually be
sufficient for simulating nonlinear response of columns, beams, and beam-
column connections in frame systems. These models have the practical
advantage of providing a straight-forward approach to characterizing strength
and inelastic deformation characteristics. However, concentrated spring
models generally cannot represent behavioral effects beyond those present in
the underlying data. Continuum models, which generally model the physical
behavior at a more fundamental level, can, if properly formulated and
validated, represent a broader range of behavioral effects that do not rely as
much on tests to represent the specific parameters of the index archetype
designs.

Wall systems will typically require two-dimensional continuum models that
can capture significant nonlinear stress and strain variations within the walls.
Continuum models may include traditional two-dimensional plane
stress/strain finite elements, or alternative formulations that utilize
combinations of formal finite element approaches and engineering
assumptions to represent the nonlinear behavior (including the effects of
strength and stiffness degradation).

In the case of moment frame systems, for example, an index archetype model
might consist of the two-dimensional, three-bay frame shown in Figure 5-3.
This model incorporates one-dimensional line-type elements with either
concentrated spring or discrete component models to simulate the nonlinear
degrading response of beams, columns, beam-column connections, and panel
zones. Significant frame behaviors are captured in a two-dimensional
representation, and the three-bay configuration captures differences between
interior and exterior columns. The additional leaning column elements
capture P-delta effects of the seismic mass that is not tributary to the frame.

For shear wall systems, an index archetype model might be as simple as a
cantilever element that accounts for inelastic flexure and shear behavior at
the base of the wall. However, where punched shear wall geometries are
included in the index archetype configurations, then the corresponding index
archetype models would need to be more complicated.
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Figure 5-3 Example of index archetype model for moment resisting frame
systems

5.4 Simulated Collapse Modes

To the extent possible, index archetype models should directly simulate all
significant deterioration modes that contribute to collapse behavior.
Typically, this is accomplished through structural component models that
simulate stiffness, strength, and inelastic deformation under reverse cyclic
loading. Research has demonstrated that the most significant factors
influencing collapse response are the strength at yield, F,, maximum strength
(at capping point), F, plastic deformation capacity, &, the post-capping
tangent stiffness, K, and the residual strength, F, (Ibarra et al., 2005). These
parameters can be used to define a component backbone curve, such as the
one shown in Figure 5-4. Recently, such a curve has been designated a
force-displacement capacity boundary (FEMA, 2009).

Cyclic deterioration, which reduces stiffness values and lowers the force-
displacement capacity boundary established by the monotonic backbone
curve, should also be included to the extent that it influences the collapse
response in nonlinear dynamic analyses. An example of degrading hysteretic
response is shown in Figure 5-5. Characterization of component backbone
curves and hysteretic responses should represent the median response
properties of structural components. While illustrated in an aggregate sense
in Figure 5-4 and Figure 5-5, the behavior can be modeled through elements
of varying degrees of sophistication using phenomenological or physics-
based approaches.
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Effective yield strength and deformation (F, and &)

Effective elastic stiffness, K. = F,/&,

Strength cap and associated deformation for monotonic loading (F. and &)
Pre-capping plastic deformation for monotonic loading, d,

Effective post-yield tangent stiffness, K, = (Fc-Fy)/ &,

Post-capping deformation range, d.

Effective post-capping tangent stiffness, Kyc = Fo/ dc

Residual strength, F,

Ultimate deformation, &,

Figure 5-4 Parameters of an idealized component backbone curve
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Figure 5-5 Idealized inelastic hysteretic response of structural components
with cyclic strength and stiffness degradation.

While of lesser importance than the definition of the maximum force and
deformation at the capping point, the initial stiffness can have a significant
effect on the ductility capacity. Element-level initial stiffness should reflect
all important contributors to deformation (e.g., flexure, bond-slip, and shear),
and should be validated against component and assembly test data. An
effective initial stiffness defined as the secant stiffhess from the origin
through the point of 40% of the yield strength of the element should be
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considered in phenomenological concentrated spring models. In continuum
models, initial stiffness is usually modeled directly. Where results are
sensitive to initial stiffness, attention should be given to effects related to
initiation of cracking or yielding that may not be considered in the model,
such as shrinkage cracking due to concrete curing and residual stresses due to
fabrication.

Figure 5-4 and Figure 5-5 are intentionally portrayed in a generic sense, since
critical response parameters will vary for each specific component and
configuration. For example, in ductile reinforced concrete components (i.e.,
special moment frames), nonlinear response is typically associated with
moment-rotation in the hinge regions where degradation occurs at large
deformations through a combination of concrete crushing, confinement tie
yielding/rupture, and longitudinal bar buckling. However, in less ductile
reinforced concrete components (i.e., ordinary moment frames), nonlinear
response may include shear failures and axial failure following shear failure.
Where the seismic-force-resisting system carries significant gravity load,
characteristic force and deformation quantities may need to represent vertical
deformation effects as well as horizontal response effects.

The development of analytical models is case specific, and no single model is
universally applicable. For many steel, reinforced concrete, and wood
components, the deterioration model proposed by Ibarra et al. (2005)
satisfactorily matches experimental results and analytical predictions.
However, this model should be utilized for a proposed system only if it can
be justified based on experimental evidence.

Referring to Figure 5-5, the backbone curve defines a boundary within which
hysteresis loops are confined. The implication is that in the analytical model,
the load-deformation response is not permitted to move outside this curve.
Such boundaries can be based on monotonic behavior, but ideally they
should be based on series of tests including monotonic loading and cyclic
loading with different loading protocols (FEMA, 2009). If such boundaries
are fixed in the analytical model (i.e., cyclic deterioration is not incorporated
explicitly), then estimates of the backbone curve parameters should account
for average cyclic deterioration, to produce a modified backbone curve. If
the initial stiffness is very different from the effective elastic stiffness, then it
may affect the response close to collapse, and should become part of the
modeling effort.

Figure 5-6 illustrates the effect of cyclic loading relative to a backbone curve
obtained from monotonic loading. In almost all cases, the plastic
deformation capacity, &, is reduced by cyclic loading, and in many cases it is
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reduced by a considerable amount from the monotonic loading case. A
backbone curve is difficult to construct from a cyclic test (unless experience
exists from other similar specimens) and often necessitates the execution of
an additional monotonic test. If monotonic tests are not available, a curve
enveloping the cyclic test (cyclic envelope) may be used as a conservative
estimate of the modified backbone curve.

\L\'_#_.,/ ¢

1 L 1 1 1 1 1 1

Figure 5-6 Comparison of monotonic and cyclic response, along with a
cyclic envelope curve (adapted from Gatto and Uang 2002).

If the backbone curve is obtained from a monotonic test (or is deduced based
on a cyclic deterioration model), then cyclic deterioration must be built into
the analytical model representing component behavior. Most cyclic
deterioration models are energy based (e.g., Ibarra et al., 2005; Sivaselvan
and Reinhorn, 2000). Validity of the component model must be
demonstrated through satisfactory matching of component, connection, or
assembly test date from the experimental program.

Figure 5-6 also illustrates a simplified measure of performance, which is the
deformation associated with a force value of 80% of the maximum strength
measured in the test, F.°. In the figure, the deformation value, &.°, which is
obtained from the intersection of a horizontal line at 0.8F.° with the cyclic
envelope, can be viewed as a conservative estimate of the ultimate
deformation capacity of a component. In simplified analytical models it can
be assumed that no deterioration occurs up to this value of deformation,
provided that the strength of the component is assumed to drop to zero at
deformations larger than this value. Both F.° and &.° may be different in the
positive and negative directions.

The monotonic backbone curve of Figures 5-4 and 5-6 is similar but distinct
from the generalized force-displacement curves specified in ASCE/SEI 41,
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Seismic Rehabilitation of Existing Buildings, (ASCE, 2006b). In ASCE/SEI
41-06, generalized force-displacement curves utilize cyclic envelopes that
incorporate some degree of cyclic degradation and, in most cases, result in
conservative estimates of median response. In this Methodology, backbone
curves are intended to represent median properties of monotonic loading
response, where cyclic strength and stiffness degradation are directly
modeled in the analysis, and statistical variations of the component response
are explicitly accounted for in the assessment process.

The type of backbone curve and cyclic hysteretic model used will also
impact the amount of equivalent viscous damping used in the model. Models
that have backbone curves with a large initial elastic region (which do not
dissipate energy under cyclic loading) will generally use higher equivalent
viscous damping than models with small initial elastic regions (which do
dissipate energy under small cycles).

While component models are expected to be rigorously calibrated to test
data, available data may not be comprehensive enough to fully calibrate the
models. Data are often particularly scarce for evaluating the capping point
and post-capping behavior that occurs at large deformations in ductile
components. In such cases, test data should be augmented by engineering
analysis and judgment to establish the modeling parameters.

An example of the development and calibration of nonlinear component
models for reinforced concrete moment frame systems is provided in
Appendix E.

5.5 Non-Simulated Collapse Modes

In cases where it is not possible (or not practical) to directly simulate all
significant deterioration modes contributing to collapse behavior, non-
simulated collapse modes can be indirectly evaluated using alternative limit
state checks on structural response quantities measured in the analyses.
Examples of possible non-simulated collapse modes might include shear
failure and subsequent axial failure in reinforced concrete columns, fracture
in the connections or hinge regions of steel moment frame components, or
failure of tie-downs in light-frame wood shear walls. Component failures
such as these may be difficult to simulate directly.

In Figure 5-7, a non-simulated collapse (NSC) limit state is shown to occur
prior to the deformation at peak strength (and subsequent deterioration) that
is directly simulated in the model. Non-simulated limit state checks are
similar to the assessment approach of ASCE/SEI 41-06, in which component
acceptance criteria are used to evaluate specific performance targets based on
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demand quantities extracted from the analyses. This approach is more of an
approximation to the actual behavior of the system. It increases the
uncertainty in analytical results and tends to provide conservative estimates
of collapse limit states. While not ideal, it is a practical approach that
provides a consistent method for evaluating the effects of deterioration and
collapse mechanisms that are otherwise difficult (or impossible) to
incorporate directly in the analytical model.

Compared to collapse that is simulated directly, non-simulated limit state
checks will generally result in lower estimates of median collapse. Non-
simulated collapse modes are usually associated with component failure
modes, and a commonly applied assumption is that the first occurrence of
this failure mode will lead to collapse of the structure. Collapse of an entire
structure predicated on the failure of a single component can, in many cases,
be overly conservative. For this reason, local failure modes should be
directly simulated, if at all possible, to permit redistribution of forces to other
components after a limit state has been reached. Alternatively, local limit
state checks can be redefined to indirectly account for possible redistribution
of forces that is known to occur prior to collapse.

F A

Non-simulated component
deterioration

a—Backbone curve used
for nonlinear analysis

>

Ansc A

Figure 5-7 Component backbone curve showing a deterioration mode that
is not directly simulated in the analysis model.

When considered in the context of incremental dynamic analyses, non-
simulated component limit state checks are essentially stipulating a collapse
limit prior to the point where an analysis would otherwise simulate collapse.
Figure 5-8 shows a plot of the results from an incremental dynamic analysis
of an index archetype model, which is subjected to a single ground motion
that is scaled to increasing intensities. The point denoted SC corresponds to
the collapse limit that is directly simulated in the model. The point denoted
NSC represents the collapse limit as determined by applying a component
limit state check on a potential collapse mode that is not directly simulated in
the model. In this example, the limit state check is based on story drift, but
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non-simulated collapse checks could be based on any other structural
response parameter measured in the analysis, such as peak force demand in
an element, or peak plastic hinge rotation demand.

Limit state checks for non-simulated collapse modes should be established
based on test data and other supporting evidence, and should be calibrated to
represent the median value of the governing response parameter that is
associated with the collapse response. When establishing limit state checks,
judgment should be exercised in relating the critical condition of a
component to the collapse response of the building system, since there are
many cases where critical limit states for isolated components will not
immediately trigger overall system collapse. Non-simulated collapse limit
states should be developed in cooperation with the Methodology peer review
panel.

St A
SC

Stsc) ~——
S

T(NSC) NS

—>
DRnsc DRsc  Maximum Story
Drift Ratio

Figure 5-8 Incremental dynamic analysis results showing simulated (SC) and

non-simulated (NSC) collapse modes.
5.6 Characterization of Modeling Uncertainties

In this Methodology, nonlinear analysis is used to determine the median
ground motion intensity associated with collapse of a proposed seismic-
force-resisting system. Index archetype models should, therefore, represent
the median response of structural components that constitute the proposed
system. Variability in collapse response, due to ground motion variability,
modeling, and other uncertainties, is factored into the performance evaluation
process in Chapter 7. When a model calibrated to median properties is used,
nonlinear dynamic analysis under multiple ground motions is intended to
provide a median estimate of the collapse capacity of an index archetype.
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5.7 Quality Rating of Index Archetype Models

Quality of index archetype models is related to uncertainty, which factors
into the performance evaluation for a proposed seismic-force-resisting
system. The quality of index archetype models is rated in accordance with
the requirements of this section, and approved by the peer review panel.

Index archetype models are rated between (A) Superior and (D) Poor, as
shown in Table 5-3. This rating is a combined assessment of: (1) how well

index archetype models represent the range of structural collapse

characteristics and associated design parameters of the archetype design
space; and (2) how well the analysis models capture structural collapse
behavior through both direct simulation and non-simulated limit state checks.
The quantitative values of modeling-related collapse uncertainty are: (A)
Superior, SupL = 0.10; (B) Good, SupL = 0.20; (C) Fair, fupL = 0.35; and (D)
Poor, fupL = 0.50. Use of these values is described in Section 7.3.

Table 5-3  Quality Rating of Index Archetype Models

Representation of Collapse
Characteristics

High. Index models capture the
full range of the archetype

Accuracy and Robustness of Models

the index models.

desi d structural (A) Superior (B) Good (O) Fair
esign space and structura _ _ _
behavioral effects that Ao = 0.10 P = 0.20 Puor = 035
contribute to collapse.

Medium. Index models are

generally co'mprehenswe. and (B) Good (C) Fair (D) Poor
representative of the design o, = 0.20 B = 035 B, = 0.50
space and behavioral effects MbL MbL MbL
that contribute to collapse.

Low. Significant aspects of the

design space and/or collapse (©) Fair (D) Poor 3
behavior are not captured in Puo = 0.35 Ly = 0.50

The highest rating of (A) Superior applies to instances in which the index
archetype models represent the complete range of structural configuration
and collapse behavior, there is a high confidence in the ability of established
models to simulate behavior, and the nonlinear model is of high-fidelity. The
combination of low quality representation of collapse characteristics along
with low quality modeling in terms of accuracy and robustness is not

permitted.

An adaptation of the Methodology to assess building-specific collapse
performance of an individual building is presented in Appendix F.
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Differences in assigning quality ratings for an analytical model of an
individual building are discussed there.

5.7.1 Representation of Collapse Characteristics

Representation of collapse characteristics refers to how completely and
comprehensively the index archetype models capture the full range of design
parameters and associated structural collapse behavior that is envisioned
within the archetype design space. The quality of the representation is
characterized as follows:

o High. The set of index archetype configurations and associated
archetype models provides a complete and comprehensive representation
of the full range of structural configurations, design parameters and
behavioral characteristics that affect structural collapse. The index
archetype models cover a comprehensive range of building heights,
lateral system configurations, and design alternatives that are permitted
by the design requirements. To the extent that 3-D component and
system effects are significant, they are reflected in the index archetype
models, as are other significant system effects such as diaphragm
flexibility,

e Medium. The set of index archetype models provides a reasonably
broad and complete representation of the design space. Where the
complete design space is not fully represented in the set of models, there
is reasonable confidence that the range of response captured by the
models is indicative of the primary structural behavior characteristics
that affect collapse.

e Low. The set of index archetype models does not capture the full range
of structural configurations and collapse behavior for the system due to
the combined effects of a loosely defined design space and a less than
complete set of index archetype configurations. Loosely defined limits
on system configurations and design parameters present a challenge in
that the number of possible alternative configurations and structural
design parameters are so large as to preclude systematic interrogation
with a manageable number of index archetype configurations. Seismic-
force-resisting systems permitted in low Seismic Design Categories that
have limited requirements on design (e.g., steel ordinary moment frame
systems) may fall into this category. Even for well controlled design
criteria, however, representation of collapse characteristics may be low if
the number and variety of index archetype configurations are not
insufficient to capture the possible range in collapse behavior.
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5.7.2 Accuracy and Robustness of Models

Accuracy and robustness is related to the degree to which nonlinear
behaviors are directly simulated in the model, or otherwise accounted for in
the assessment. Use of non-simulated collapse limit state checks will lower
the accuracy and robustness of a nonlinear model. If conservatively applied,
however, non-simulated collapse checks should not necessarily lower the
overall quality rating of the assessment procedure. Model accuracy and
robustness are characterized as follows:

e High. Nonlinear models directly simulate all predominate inelastic
effects, from the onset of yielding through strength and stiffness
degradation causing collapse. Models employ either concentrated hinges
or distributed finite elements to provide spatial resolution appropriate for
the proposed system. Computational solution algorithms are sufficiently
robust to accurately track inelastic force redistribution, including cyclic
loading and unloading, without convergence problems, up to the point of
collapse.

e Medium. Nonlinear models capture most, but not all, nonlinear
deterioration and response mechanisms leading to collapse. Models may
not be sufficiently robust to track the full extent of deterioration, so that
some component-based limit state checks are necessary to assess
collapse.

o Low. Nonlinear models capture the onset of yielding and subsequent
strain hardening, but do not simulate degrading response. Onset of
degradation is primarily evaluated using non-simulated component limit
state checks. Overall uncertainty in response quantities is increased due
to inability to capture the effects of deterioration and redistribution.

FEMA P695 5: Nonlinear Model Development

5-25






Chapter 6

Nonlinear Analysis

This chapter describes nonlinear analysis procedures for collapse assessment
of a proposed seismic-force-resisting system. It defines the set of input
ground motions, and specifies how nonlinear static analyses and nonlinear
dynamic analyses are conducted on index archetype models developed in
Chapter 5. Nonlinear analyses are used to define the median collapse
capacity and other parameters that are needed for performance evaluation in
Chapter 7.

6.1 Nonlinear Analysis Procedures

Nonlinear analysis for collapse assessment follows the process outlined in

Figure 6-1.
Develop Chapter 5: Nonlinear Model
Models Development

Chapter 6: Nonlinear
Analysis

Perform Nonlinear
Static Analyses

{

Perform Nonlinear
Dynamic Analyses

Calculate:
- Period-Based Ductility
= Median Collapse Intensity
- Collapse Margin Ratio

Analyze Models

Chapter 7: Performance
Evaluation

Figure 6-1 Process for performing nonlinear analyses for collapse
assessment.
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Nonlinear static (pushover) and dynamic (response history) analyses of all
index archetype models are performed to obtain statistics for system
overstrength, period elongation, and collapse capacity. Nonlinear static
analyses are performed first, to help validate the model and to provide
statistical data on system overstrength, €2, and period-based ductility, z.
Nonlinear dynamic analyses are then performed to assess median collapse
capacities, §CT , and collapse margin ratios, CMR. Median collapse capacity
is defined as the ground motion intensity where half of the ground motions in
the record set cause collapse of an index archetype model.

In all cases, modeling parameters, including the seismic mass and imposed
gravity loads, should represent the median values of the structure and its
components. The gravity loads for analysis are different from design gravity
loads, and are given by the following load combination:

1.05D + 0.25L (6-1)

where D is the nominal dead load of the structure and the superimposed dead
load, and L is the nominal live load. Load factors in Equation 6-1 are based
on expected values (equivalent to median values for normally distributed
random variables) reported in a study on the development of a predecessor
document to ASCE/SEI 7-05 (Ellingwood et al., 1980). The nominal live
load in Equation 6-1 can be reduced by reduction factors based on influence
area (subject to the limitations in ASCE/SEI 7-05), but should not be reduced
by additional reduction factors.

As described in Chapter 5, index archetype models should account for all
seismic mass and P-delta effects associated with gravity loads that are
stabilized by the seismic-force-resisting system. This includes gravity loads
that are directly tributary to the components of the seismic-force-resisting
system, as well as gravity loads that rely on the seismic-force-resisting
system for lateral stability. Models should also account, either directly or
indirectly, for stiffness and strength degradation leading to the onset of
collapse along with energy dissipated by the building.

6.1.1 Nonlinear Analysis Software

Software for nonlinear analysis can be of any type that is: (1) capable of
static pushover and dynamic response history analyses; and (2) capable of
capturing strength and stiffness degradation in structural components at large
deformations. A significant computational challenge is to accurately capture
the negative post-peak response, sometimes referred to as strain-softening
response, in component backbone curves. Strain-softening response leads to
the need for robust iterative numerical solution strategies to minimize errors
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and achieve convergence at large inelastic deformations. Problems with
strain-softening response have the potential for non-unique solutions and
damage localization that is sensitive to numerical issues. While most modern
analysis software can overcome these issues, care must be taken to
investigate the sensitivity of the solution to modeling parameters and
numerical aspects of the computational solution algorithms.

6.2 Input Ground Motions

Nonlinear dynamic response of index archetypes is evaluated for a set of pre-
defined ground motions that are systematically scaled to increasing
intensities until median collapse is established. The ratio between median
collapse intensity, §CT , and Maximum Considered Earthquake (MCE)
ground motion intensity, Syr, is defined as the collapse margin ratio, CMR,
which is the primary parameter used to characterize the collapse safety of the
structure.

6.2.1 MCE Ground Motion Intensity

Collapse performance is evaluated relative to ground motion intensity
associated with the MCE, as defined in ASCE/SEI 7-05, and related to the
seismic criteria used for design of index archetypes in Chapter 5.

As described in Chapter 5, the Methodology defines DE and MCE ground
motion intensities for three ranges of spectral acceleration associated with
Seismic Design Categories B, C and D. Table 6-1 summarizes MCE spectral
acceleration for maximum and minimum ground motions for these Seismic
Design Categories, and Figure 6-1 shows MCE response spectra for the
corresponding ground motion intensities.

Table 6-1  Summary of Maximum Considered Earthquake Spectral
Accelerations And Transition Periods Used for Collapse
Evaluation of Seismic Design Category D, C, and B Structure
Archetypes, Respectively

Maximum Considered Transition

Seismic Design Category Earthquake Period

Maximum Minimum | S, (8) Sur (8 T, (sec.)

C D 0.75 0.30 0.4
B C 0.50 0.20 0.4
0.25 0.10 0.4
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Figure 6-2 MCE response spectra required for collapse evaluation of index
archetypes designed for Seismic Design Category (SDC) B, C,
and D.

MCE ground motion intensity, Sy, is defined for short-period archetypes
(T<Tyas:

Smr = Sws (6-2)
and for long-period archetypes (T > Ts) as:

S

SMT = _'\I_/Il (6-3)
where values of Sy; and Sy are given in Table 6-1, and T is the fundamental
period of an index archetype as defined in Equation 5-5.

6.2.2 Ground Motion Record Sets

The Methodology provides two sets of ground motion records for collapse
assessment using nonlinear dynamic analysis, referred to as the Far-Field
record set and the Near-Field record set. The Far-Field record set includes
twenty-two component pairs of horizontal ground motions from sites located
greater than or equal to 10 km from fault rupture. The Near-Field record set
includes twenty-eight component pairs of horizontal ground motions
recorded at sites less than 10 km from fault rupture. The record sets do not
include the vertical component of ground motion since this direction of
earthquake shaking is not considered of primary importance for collapse
evaluation, and is not required by the Methodology for nonlinear dynamic
analysis.
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The ground motion record sets each include a sufficient number of records to
permit evaluation of record-to-record (RTR) variability and calculation of
median collapse intensity, §CT. Explicit calculation of record-to-record
variability, however, is not required for collapse evaluation of index
archetypes. Instead, an estimate of record-to-record variability, based on
previous research and developmental studies, is built into the process for
calculating total system collapse uncertainty in Chapter 7. The record sets,
along with selection criteria and background information on their selection,
are provided in Appendix A.

The Methodology specifies use of the Far-Field record set for collapse
evaluation of index archetypes designed for Seismic Design Category (SDC)
B, C or D criteria (i.e., structures at sites that are located away from active
faults). The Near-Field record set is provided as supplemental information,
and is used in special studies of Appendix A to evaluate potential differences
in the CMR for SDC E structures. Figure 6-3 shows the 44 individual
response spectra (i.e., 22 records, 2 components each) of the Far-Field record
set, the median response spectrum, and spectra representing one standard
deviation and two-standard deviations above the median.
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Period (seconds)
Figure 6-3 Far-Field record set response spectra.

Both ground motion record sets include strong-motion records (i.e., records
with PGA > 0.2 g and PGV > 15 cm/sec) from all large-magnitude (M > 6.5)
events in the Pacific Earthquake Engineering Research Center (PEER) Next-
Generation Attenuation (NGA) database (PEER, 2006a). Large-magnitude
events dominate collapse risk and generally have longer durations of shaking,
which is important for collapse evaluation of nonlinear degrading models.
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The sets include records from soft rock and stiff soil sites (predominantly
Site Class C and D conditions), and from shallow crustal sources
(predominantly strike-slip and thrust mechanisms). To avoid event bias, no
more than two of the strongest records are taken from each earthquake.

The primary function of the Far-Field record set is to provide a fully-defined
set of records for use in a consistent manner to evaluate collapse across all
applicable Seismic Design Categories, located in any seismic region, and
founded on any soil site classification. Actual earthquake records are used,
in contrast with artificial or synthetic records, recognizing that regional
variation of ground motions would not be addressed. In the United States,
strong-motion records date back to the 1933 Long Beach Earthquake, with
only a few records obtained from each event until the 1971 San Fernando
Earthquake. Large magnitude events are rare, and few existing earthquake
ground motion records are strong enough to collapse a large percentage of
modern, code-compliant buildings.

Even with many instruments, existing strong motion instrumentation
networks (e.g., Taiwan and California) provide coverage for only a small
fraction of all regions of high seismicity. Considering the size of the earth
and period of geologic time, the available sample of strong motion records
from large-magnitude earthquakes is still quite limited, and potentially biased
by records from more recent, relatively well-recorded events. Due to the
limited number of very large earthquakes, and the frequency ranges of
ground motion recording devices, the ground motion record sets are
primarily intended for buildings with natural (first-mode) periods less than or
equal to 4 seconds. Thus, the record set is not necessarily appropriate for tall
buildings with long fundamental periods of vibration greater than 4 seconds.

6.2.3 Ground Motion Record Scaling

Ground motion records are scaled to represent a specific intensity (e.g., the
collapse intensity of the index archetypes of interest). Record scaling
involves two steps. First, individual records in each set are “normalized” by
their respective peak ground velocities, as described in Appendix A. This
step is intended to remove unwarranted variability between records due to
inherent differences in event magnitude, distance to source, source type and
site conditions, without eliminating overall record-to-record variability.
Second, normalized ground motions are collectively scaled (or “anchored”)
to a specific ground motion intensity such that the median spectral
acceleration of the record set matches the spectral acceleration at the
fundamental period, T, of the index archetype that is being analyzed.
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The first step was performed as part of the ground motion development
process, so the record sets contained in Appendix A already reflect this
normalization. The second step is performed as part of the nonlinear
dynamic analysis procedure. This two-step scaling process parallels the
ground motion scaling requirements of Section 16.1.3.2 of ASCE/SEI 7-05.
Figure 6-4 shows the median spectrum of the Far-Field record set anchored
to maximum and minimum MCE response spectra of Seismic Design
Categories B, C and D, at a period of 1 second.
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Figure 6-4 Median spectrum of the Far-Field record set anchored to
maximum and minimum MCE response spectra of Seismic
Design Categories B, C and D, at a period of 1 second.

6.3 Nonlinear Static (Pushover) Analyses

Nonlinear static (pushover) analyses are conducted under the factored gravity
load combination of Equation 6-1 and static lateral forces. In general,
pushover analysis should be performed following the nonlinear static
procedure (NSP) of Section 3.3.3 of ASCE/SEI 41-06.

The vertical distribution of the lateral force, F,, at each story level, x, should
be in proportion to the fundamental mode shape of the index archetype
model:

Fx oC mx ¢1,x (6'4)

where myis the mass at level x; and ¢, « is the ordinate of the fundamental
mode at level x.
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Figure 6-5 shows an idealized pushover curve and definitions of the
maximum base shear capacity, Vimax and the ultimate displacement, 8. Vimax iS
taken as the maximum base shear strength at any point on the pushover
curve, and & is taken as the roof displacement at the point of 20% strength
10ss (0.8Vax)-

A
Base
Shear
VmaX / — |
0.8Vimax [----F (D !
| |
! |
1 1
| |
Vo|-{ |
1 1
| |
| |
d/,eff 5u
Roof Displacement
Figure 6-5 Idealized nonlinear static pushover curve

A nonlinear static pushover analysis is used to quantify Vi and &, which
are then used to compute archetype overstrength, £2, and period-based
ductility, 4. In order to quantify these values, the lateral loads are applied
monotonically until a loss of 20% of the base shear capacity (0.8Vpax) iS
achieved.

The overstrength factor for a given index archetype model, «2, is defined as
the ratio of the maximum base shear resistance, Vma, t0 the design base
shear, V:

V

max 6'5
v (6-5)

0=

The period-based ductility for a given index archetype model, s, is defined
as the ratio of ultimate roof drift displacement, &, (defined as shown in
Figure 6-5) to the effective yield roof drift displacement & e :

5, _
5 (6-6)

y eff

Hr =
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The effective yield roof drift displacement is as given by the formula:

vV
8y =Co Liﬂz} (max(T, T,))? (6-7)

where C, relates fundamental-mode (SDOF) displacement to roof
displacement, Vi, /W is the maximum base shear normalized by building
weight, g is the gravity constant, T is the fundamental period (C,T,, defined
by Equation 5-5), and T, is the fundamental period of the archetype model
computed using eigenvalue analysis.

The coefficient C, is based on Equation C3-4 of ASCE/SEI 41-06, as
follows:

N
Z mx ¢1,x

Co=thr v (6-8)
2,y

where my is the mass at level x; and ¢  (¢#1,) is the ordinate of the
fundamental mode at level x (roof), and N is the number of levels.
Additional background on period-based ductility is included in Appendix B.

Since pushover analyses are intended to verify the models and provide a
conservative bound on the system overstrength factor, checks for non-
simulated collapse modes are not incorporated directly. Non-simulated
collapse modes should be considered when evaluating ultimate roof drift
displacement, &,.

Where three-dimensional analyses are used, separate nonlinear static
analyses should be performed to evaluate overstrength and ultimate roof drift
displacement independently along the two principle axes of the index
archetype model. The resulting values for overstrength and ultimate roof
drift displacement are then calculated by averaging the values from each of
the principle loading directions.

6.4 Nonlinear Dynamic (Response History) Analyses

Nonlinear dynamic (response history) analyses are conducted under the
factored gravity load combination of Equation 6-1 and input ground motions
from the Far-Field record set in Appendix A. Nonlinear dynamic analyses
are used to establish the median collapse capacity, §CT , and collapse margin
ratio, CMR, for each of the index archetype models. Ground motion
intensity, Sr, is defined based on the median spectral intensity of the Far-
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Field record set, measured at the fundamental period of the structure (C,Ta,
defined by Equation 5-5). Determination of the collapse margin ratio for
each index archetype model is expected to require approximately 200
nonlinear response history analyses (approximately 5 analyses of varying
intensity for each component of the 22 pairs of earthquake ground motion
records).

The following sections present background on the collapse assessment
methodology followed by specific guidelines for conducting nonlinear
dynamic analyses to calculate the collapse parameters, §CT and CMR, for
index archetype models.

6.4.1 Background on Assessment of Collapse Capacity

The median collapse intensity can be visualized through the concept of
incremental dynamic analysis (IDA) (Vamvatsikos and Cornell, 2002), in
which individual ground motions are scaled to increasing intensities until the
structure reaches a collapse point. Results from a set of an incremental
dynamic analyses are illustrated in Figure 6-6, where each point in the figure
corresponds to the results of one nonlinear dynamic analysis of one index
archetype model subjected to one ground motion record that is scaled to one
intensity level.

8

CMR=28/1.1=25

[l

Il

0.15

Maximum Story Drift Ratio

Figure 6-6 Incremental dynamic analysis response plot of spectral
acceleration versus maximum story drift ratio.

In Figure 6-6, the results of each analysis are plotted in terms of the spectral
intensity of the ground motion (on the vertical axis) versus maximum story
drift ratio recorded in the analysis (on the horizontal axis). Each line in
Figure 6-6 connects results for a given ground motion scaled to increasing

6-10

6: Nonlinear Analysis FEMA P695



spectral intensities. Differences between the lines reflect differences in the
response of the same index archetype model when subjected to different
ground motions with different frequency characteristics. Collapse under
each ground motion is judged to occur either directly from dynamic analysis
results as evidenced by excessive lateral displacements (lateral dynamic
instability) or assessed indirectly through non-simulated component limit
state criteria. In Figure 6-6, the median collapse capacity of §CT =2.8gis
defined as the spectral intensity when half of the ground motions cause the
structure to collapse.

Using collapse data from IDA results, a collapse fragility curve can be
defined through a cumulative distribution function (CDF), which relates the
ground motion intensity to the probability of collapse (Ibarra et al., 2002).
Figure 6-7 shows an example of a cumulative distribution plot obtained by
fitting a lognormal distribution through the collapse data points from Figure
6-6.
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0.6 1 4
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0.1 1 , 8.=280
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Spectral Acceleration, St
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0 1

Figure 6-7 Collapse fragility curve, or cumulative distribution function.

The lognormal collapse fragility is defined by two parameters, which are the
median collapse intensity, §CT , and the standard deviation of the natural
logarithm, frrr. The median collapse capacity (§CT = 2.8g in the figure)
corresponds to a 50% probability of collapse. The slope of the lognormal
distribution is measured by frrr, and reflects the dispersion in results due to
record-to-record (RTR) variability (uncertainty). In this Methodology only
the median collapse intensity, §CT , is calculated, and record-to-record
variability, frr, is set to a fixed value (i.e., frrr = 0.4 for systems with
period-based ductility > 3).

Values of record-to-record variability are fixed for several reasons. First,
previous studies have shown that the record-to-record variability is fairly
constant for different structural models and record sets. Second, more
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precise calculation of record-to-record variability would not significantly
affect calculation of the CMR when combined with other sources of collapse
uncertainty. Finally, record-to-record variability is fixed because accurate
calculation of fkrr would require collapse data from a larger number of
ground motions than is necessary to calculate an accurate median collapse
intensity, §CT .

6.4.2 Calculation of Median Collapse Capacity and CMR

While the IDA concept is useful for illustrating the collapse assessment
procedure, the Methodology only requires identification of the median
collapse intensity, §CT , which can be calculated with fewer nonlinear
analyses than would otherwise be necessary for developing the full IDA
curve. Referring to Figure 6-6, §CT can be obtained by scaling all the records
in the Far-Field record set to the MCE intensity, Syr, and then increasing the
intensity until just over one-half of the scaled ground motion records cause
collapse. The lowest intensity at which one-half of the records cause
collapse is the median collapse intensity, §CT . Judicious selection of
earthquake intensities close to and approaching the median collapse intensity
leads to a significant reduction in the number of analyses that are required.
As a result, nonlinear response history analyses for median collapse
assessment are computationally much less involved than the full IDA
approach. While the full IDA curve is not required, a sufficient number of
response points should be plotted at increasing intensities to help validate the
accuracy in calculating the median collapse intensity.

The MCE intensity is obtained from the response spectrum of MCE ground
motions at the fundamental period, T. In Figure 6-6, the MCE intensity, Sy,
is 1.1 g, taken directly from the response spectrum for SDC Dy in Figure
6-4. The ratio between the median collapse intensity and the MCE intensity
is the collapse margin ratio, CMR, which is the primary parameter used to
characterize the collapse safety of the structure.

Ser
Sy

CMR = (6-9)

6.4.3 Ground Motion Record Intensity and Scaling

In the Methodology, ground motion intensities are defined in terms of the
median spectral intensity of the Far-Field record set, rather than the spectral
intensity of each individual record. Conceptually, this envisions the Far-
Field record set as representative of a suite of records from a characteristic
earthquake in which spectral intensities of individual records will exhibit
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dispersion about the median value of the set. Thus, the median collapse
capacity of the structure is equal to the median capacity of the Far-Field
record set at the point where half of the records in the set cause collapse of
the index archetype model.

The spectral scaling intensity for the ground motion records is determined
based on the median spectral acceleration of the Far-Field record set at the
fundamental period, T, of the building. For purposes of scaling the spectra
and calculating the corresponding MCE hazard spectra, the value of
fundamental period is the same as that required for archetype design (C,Ts,
defined by Equation 5-5). The spectral acceleration of the record set at the
specified period is St, and the intensity at the collapse point for each record is
Scr (i.e., St of the average spectra corresponding to the point when the
specified record triggers collapse). The median collapse intensity for the
entire record set (the median of 44 records) is §CT . The spectral acceleration
of the MCE hazard, Sy, is given in Table 6-1.

6.4.4 Energy Dissipation and Viscous Damping

To the extent that index archetype models are accurately calibrated for the
loading histories encountered in the dynamic analysis, most of the structural
damping will be modeled directly in the analysis through hysteretic response
of the structural components. Thus, assumed viscous damping for nonlinear
collapse analyses should be less than would typically be used in linear
dynamic analyses. Depending on the type and characteristics of the
nonlinear model, additional viscous damping may be used to simulate the
portion of energy dissipation arising from both structural and nonstructural
components (e.g., cladding, partitions) that is not otherwise incorporated in
the model. When used, viscous damping should be consistent with the
inherent damping in the structure that is not already captured by the
nonlinear hysteretic response that is directly simulated in the model.

For nonlinear dynamic analyses, equivalent viscous damping is typically
assumed to be in the range of 2% to 5% of critical damping for the first few
vibration modes that tend to dominate the response. Care should be taken to
ensure that added viscous damping does not increase beyond acceptable
levels as the model yields. The appropriate amount of damping, and
strategies to incorporate it in the assessment, should be confirmed with the
peer review panel.

FEMA P695 6: Nonlinear Analysis

6-13



6.4.5 G@Guidelines for CMR Calculation using Three-
Dimensional Nonlinear Dynamic Analyses

For two-dimensional analyses, all forty-four ground motion records (twenty-
two pairs) are applied as independent events to calculate the median collapse
intensity, §CT , for each index archetype model. For three-dimensional
analyses, the twenty-two record pairs are applied twice to each model, once
with the ground motion records oriented along one principal direction, and
then again with the records rotated 90 degrees.

Because ground motions records are applied in pairs in three-dimensional
nonlinear dynamic analyses, collapse behavior of each index archetype
model resulting from each ground motion component is coupled.
Notwithstanding other variations between the two-dimensional and three-
dimensional analyses, studies have shown that the median collapse intensity
resulting from three-dimensional analyses is on average about 20% less than
the median collapse intensity resulting from two-dimensional analyses.
Thus, the application of pairs of ground motion records in three-dimensional
analyses introduces a conservative bias as compared to results from two-
dimensional analyses.

To achieve parity with the two-dimensional analyses, an adjustment should
be made when calculating the collapse margin ratio using three-dimensional
analyses. The CMR calculated based on median collapse intensity, §CT ,
obtained from three-dimensional analyses should be multiplied by a factor of
1.2. This multiplier is applied in addition to the spectral shape factor, SSF,
which is used to calculate the adjusted collapse margin ratio, ACMR, as part
of the performance evaluation in Chapter 7.

6.4.6 Summary of Procedure for Nonlinear Dynamic Analysis

Nonlinear dynamic analysis of each index archetype model includes the
following steps:

1. Using the normalized Far-Field earthquake record set in Appendix A,
scale all records to an initial scale factor. A suggested initial scale factor
is St = 1.3Syur,, which can be adjusted up or down based on the results of
initial analyses.

2. Perform nonlinear response history analyses on each index archetype
model using all twenty-two pairs of records in the Far-Field record set.
For two-dimensional analyses, models should be analyzed separately for
each ground motion component in each pair, for a total of forty-four
analyses. For three-dimensional analyses, the twenty-two record pairs
should be applied twice to each model, once with the ground motion
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records oriented along one principal direction, and then again with the
records rotated 90 degrees. Process results to check for simulated
collapse (lateral dynamic instability or excessive lateral deformations
signaling a sidesway collapse mechanism) or non-simulated collapse
(demands that exceed certain component limit state criteria applied
external to the analysis).

3. Based on results from the first set of analyses, adjust the ground motion
scale factor, and perform additional analyses until collapse is detected for
twenty-two of the forty-four ground motions. The median collapse
intensity, §CT , should be taken as the collapse spectral intensity, Sr,
observed for the set of analyses where twenty-two records caused
collapse. To reduced the number of analyses, the median collapse
intensity, §CT , can be conservatively estimated from the collapse
spectral intensity, St, observed for any set of analyses where less than
twenty-two records cause collapse. This may expedite the assessment
for index archetype designs whose actual median collapse intensity
(based on 22 records) exceeds the acceptance criteria by a significant
margin.

Other strategies can be used for systematically scaling the records to
determine the median collapse capacity. The most straightforward approach
is to systematically scale up the entire record set, in specified increments,
until collapse is detected for twenty-two of the records (or record pairs).

6.5 Documentation of Analysis Results

Nonlinear analysis results serve as the basis for performance evaluation in
Chapter 7, and are subject to review by the peer review panel. As a
minimum, information on model development, and data from nonlinear static
and dynamic analyses, should be documented in accordance with this
section.

6.5.1 Documentation of Nonlinear Models

The following information should be reported on the development of the
nonlinear index archetype models:

e Description of index archetype models, including graphical
representations of idealized models showing support and loading
conditions and member types

e Summary of modeling parameters and substantiating test data
including material strengths and stress-strain properties, component
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and connection strengths and deformation capacities, gravity loads
and masses, and damping parameters

e Summary of criteria and substantiating test data for non-simulated
collapse modes

e General documentation of analysis software

6.5.2 Data from Nonlinear Static Analyses

The following information should be reported from nonlinear static
(pushover) and eigenvalue analyses of each index archetype model:

e Fundamental period of vibration, T, model period of vibration, T,, and
design base shear, V

o Distribution of lateral (pushover) loads
e Plot of base shear versus roof drift
o Fully yielded strength, Vnax, and static overstrength factor €2 = V.V

e The effective yield, &, , ultimate roof displacements, &, and period-
based ductility,

e Story drift ratios at the design base shear, the maximum load V., and
0.8Vmax (Used to gage system behavior)

6.5.3 Data from Nonlinear Dynamic Analyses

The following information should be reported from nonlinear dynamic
(response history) analyses of each index archetype model:

¢ MCE ground motion intensity (MCE spectral acceleration), Syr, and the
period used to calculate this value

e Median collapse intensity, §CT , and collapse margin ratio, CMR

o Data used to compute the median collapse capacity, S.; , along with the
response parameter used to identify the collapse condition (e.g.,
maximum story drift ratio for simulated collapse, and limit-state criteria
for non-simulated collapse). Accompanying notes, plots, or narratives
describing the governing mode(s) of failure

o Representative plots of hysteresis curves for selected structural
components up to the collapse point
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Chapter 7

Performance Evaluation

This chapter describes the process for evaluating the performance of a
proposed seismic-force-resisting system, assessing the acceptability of a trial
value of the response modification coefficient, R, and determining
appropriate values of the system overstrength factor, (2, and the deflection
amplification factor, C.

Performance evaluation is based on the results of nonlinear static and
dynamic analyses conducted in accordance with Chapter 6. It requires
judgment in interpreting analytical results, assessing uncertainty, and
rounding of values for design. Performance evaluation, and selection of
appropriate seismic performance factors, requires the concurrence of the peer
review panel.

7.1 Overview of the Performance Evaluation Process

The performance evaluation process utilizes results from nonlinear static
(pushover) analyses to determine an appropriate value of the system
overstrength factor, €2, and results from nonlinear static and nonlinear
dynamic (response history) analyses to evaluate the acceptability of a trial
value of the response modification coefficient, R. The deflection
amplification factor, Cg, is derived from an acceptable value of R, with
consideration of the effective damping of the system of interest.

The trial value of the response modification coefficient, R, used to design
index archetypes, is evaluated in terms of the acceptability of the collapse
margin ratio. Acceptability is measured by comparing the collapse margin
ratio, after adjustment for the effects of spectral shape, to acceptable values
that depend on the quality of the information used to define the system, total
system uncertainty, and established limits on collapse probability.

Performance evaluation follows the process outlined in Figure 7-1, and
includes the following steps:

e Obtain calculated values of system overstrength, £2, period-based
ductility, 4, and collapse margin ratio, CMR, for each index archetype,
from results of nonlinear analyses (Chapter 6).
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Figure 7-1 Process for performance evaluation

Calculate the adjusted collapse margin ratio, ACMR, for each archetype
using the spectral shape factor, SSF, which depends on the fundamental
period, T, and period-based ductility, 7, as provided in Section 7.2.

Calculate total system collapse uncertainty, Sror, based on the quality
ratings of design requirements and test data (Chapter 3), and the quality
rating of index archetype models (Chapter 5), as provided in Section 7.3.

7-2

7: Performance Evaluation FEMA P695



e Determine acceptable values of adjusted collapse margin ratio, ACMR 19,
and ACMRyqq, respectively, based on total collapse system uncertainty,
Bror, as provided in Section 7.4.

o Evaluate the adjusted collapse margin ratio, ACMR, for each archetype
and average values of ACMR for each archetype performance group
relative to acceptable values as provided in Section 7.5.

o Evaluate the system overstrength factor, £, as provided in Section 7.6.

o Evaluate the displacement amplification factor, Cq, as provided in
Section 7.7.

If the evaluation of ACMR finds trial values of seismic performance factors
to be unacceptable, then the system should be redefined and reanalyzed, as
needed, and then re-evaluated by repeating performance evaluation process.
Systems could be redefined by adjusting the design requirements (Chapter 3),
re-characterizing behavior (Chapter 4), or redesigning with new trial values
of seismic performance factors (Chapter 5). In general, it is expected that
more than one iteration of the evaluation process will be required to
determine optimal (and acceptable) values of the seismic performance factors
for the system of interest.

7.1.1 Performance Group Evaluation Criteria

In Chapter 4, index archetype configurations are assembled into performance
groups that reflect major differences in configuration, design and seismic
load intensity and structural period. The binning of index archetype
configurations provides the basis for statistical assessment of minimum and
average properties of seismic performance factors.

In general, trial values of seismic performance factors are evaluated for each
performance group. Results within each performance group are averaged to
determine the value for the group, which is the primary basis for judging
acceptability of each trial value. The trial value of the response modification
factor, R, must be found acceptable for all performance groups. The system
overstrength factor, £, is based on the largest average value of overstrength,
€, for all performance groups (subject to certain limits). The deflection
amplification factor, Cg, is derived from the acceptable value of R and
consideration of the effective damping of the system.

The governing performance group for the response modification factor, R, is
the one with the smallest average value of ACMR. The governing
performance group for the overstrength factor, €, is the one with the largest
average value of ©. Itis likely that the response modification factor, R, and
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the system overstrength factor, £, will be governed by different
performance groups.

Results are also evaluated to identify potential outliers within each
performance group (i.e., individual index archetypes that perform
significantly worse than the average performance of the group). Outliers can
be accommodated by adopting more conservative values of seismic
performance factors, or they can be eliminated from the archetype design
space by revising the design requirements (e.g., implementation of height
limits or other restrictions on use). Revision of seismic performance factors
or design requirements will necessitate re-design and re-analysis of index
archetypes, and re-evaluation of system performance.

It is not required that all index archetype configurations be used for
evaluation, if it can be shown by selective analysis that certain design
combinations (configurations) are not critical and do not control the
performance evaluation. Caution should be exercised in removing non-
critical index archetype configurations from a governing performance group
since their removal could adversely affect the average value of the group
used in the evaluation.

7.1.2 Acceptable Probability of Collapse

The fundamental premise of the performance evaluation process is that an
acceptably low, yet reasonable, probability of collapse can be established as a
criterion for assessing the collapse performance of a proposed system.

In this Methodology, it is suggested that the probability of collapse due to
Maximum Considered Earthquake (MCE) ground motions be limited to 10%.
Each performance group is required to meet this collapse probability limit,
on average, recognizing that some individual archetypes could have collapse
probabilities that exceed this value. A limit of twice that value, or 20%, is
suggested as a criterion for evaluating the acceptability of potential “outliers”
within a performance group.

It should be noted that these limits were selected based on judgment. Within
the performance evaluation process, these values could be adjusted to reflect
different values of acceptable probabilities of collapse that are deemed
appropriate by governing jurisdictions, or other authorities employing this
Methodology to establish seismic design requirements and seismic
performance factors for a proposed system.
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7.2 Adjusted Collapse Margin Ratio

Collapse capacity, and the calculation of collapse margin ratio, can be
significantly influenced by the frequency content (spectral shape) of the
ground motion record set. To account for the effects of spectral shape, the
collapse margin ratio, CMR, is modified to obtain an adjusted collapse
margin ratio, ACMR, for each index archetype, i:

ACMR; = SSF, xCMR, (7-1)

This adjustment is in addition to the adjustment of the CMR made to account
for three-dimensional nonlinear dynamic analysis effects specified in Chapter
6.

7.2.1 Effect of Spectral Shape on Collapse Margin

Baker and Cornell (2006) have shown that rare ground motions in the
Western United States, such as those corresponding to the MCE, have a
distinctive spectral shape that differs from the shape of the design spectrum
used for structural design in ASCE/SEI 7-05. In essence, the shape of the
spectrum of rare ground motions is peaked at the period of interest, and drops
off more rapidly (and has less energy) at periods that are longer or shorter
than the period of interest. Where ground motion intensities are defined
based on the spectral acceleration at the first-mode period of a structure, and
where structures have sufficient ductility to inelastically soften into longer
periods of vibration, this peaked spectral shape, and more rapid drop at other
periods, causes rare records to be less damaging than would otherwise be
expected based on the shape of the standard design spectrum.

The most direct approach to account for spectral shape would be to select a
unique set of ground motions that have the appropriate shape for each site,
hazard level, and structural period of interest. This, however, is not feasible
in a generalized procedure for assessing the collapse performance of a class
of structures, with a range of possible configurations, located in different
geographic regions, with different soil site classifications. To remove this
conservative bias, simplified spectral shape factors, SSF, which depend on
fundamental period and period-based ductility, are used to adjust collapse
margin ratios. Background and development of spectral shape factors are
described in Appendix B.

7.2.2 Spectral Shape Factors

Spectral shape factors, SSF, are a function of the fundamental period, T, the
period-based ductility, s, and the applicable Seismic Design Category.

FEMA P695 7: Performance Evaluation

7-5



Table 7-1a and Table 7-1b provide values of SSF for use in adjusting the
collapse margin ratio, CMR.

Table 7-1a  Spectral Shape Factor (SSF) for Archetypes Designed for SDC B,
SDC C, or SDC D,

Period-Based Ductility, p,

<05 1.00 1.02 1.04 1.06 1.08 1.09 1.12 1.14
0.6 1.00 1.02 1.05 1.07 1.09 111 1.13 1.16
0.7 1.00 1.03 1.06 1.08 1.10 1.12 1.15 1.18
0.8 1.00 1.03 1.06 1.08 111 1.14 1.17 1.20
0.9 1.00 1.03 1.07 1.09 1.13 1.15 1.19 1.22
1.0 1.00 1.04 1.08 1.10 1.14 1.17 1.21 1.25
11 1.00 1.04 1.08 1.11 1.15 1.18 1.23 1.27
1.2 1.00 1.04 1.09 1.12 1.17 1.20 1.25 1.30
13 1.00 1.05 1.10 1.13 1.18 1.22 1.27 1.32
1.4 1.00 1.05 1.10 1.14 1.19 1.23 1.30 1.35

>15 1.00 1.05 111 1.15 1.21 1.25 1.32 1.37

Table 7-1b  Spectral Shape Factor (SSF) for Archetypes Designed using SDC

max

Period-Based Ductility, g

<05 1.00 1.05 11 1.13 1.18 1.22 1.28 1.33
0.6 1.00 1.05 111 1.14 1.2 1.24 13 1.36
0.7 1.00 1.06 111 1.15 1.21 1.25 1.32 1.38
0.8 1.00 1.06 1.12 1.16 1.22 1.27 1.35 1.41
0.9 1.00 1.06 1.13 1.17 1.24 1.29 1.37 1.44
1.0 1.00 1.07 1.13 1.18 1.25 1.31 1.39 1.46
11 1.00 1.07 1.14 1.19 1.27 1.32 1.41 1.49
1.2 1.00 1.07 1.15 1.2 1.28 1.34 1.44 1.52
1.3 1.00 1.08 1.16 121 1.29 1.36 1.46 1.55
1.4 1.00 1.08 1.16 1.22 1.31 1.38 1.49 1.58

>15 1.00 1.08 1.17 1.23 1.32 14 151 161

Since spectral shape factors are considerably different between SDC Dy« and
other Seismic Design Categories, the governing performance group for the
adjusted collapse margin ratio, ACMR, may not be the same as the governing
performance group for the collapse margin ratio, CMR, before adjustment.
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7.3 Total System Collapse Uncertainty

Many sources of uncertainty contribute to variability in collapse capacity.
Larger variability in the overall collapse prediction will necessitate larger
collapse margins in order to limit the collapse probability to an acceptable
level at the MCE intensity. It is important to evaluate all significant sources
of uncertainty in collapse response, and to incorporate their effects in the
collapse assessment process.

7.3.1 Sources of Uncertainty

The following sources of uncertainty are considered in the collapse
assessment process:

e Record-to-Record Uncertainty (RTR). Record-to-record uncertainty is
due to variability in the response of index archetypes to different ground
motion records. Record-to-record variability is evident in incremental
dynamic response plots (as shown in Figure 6-5). Variability in response
is due to the combined effects of: (1) variations in frequency content and
dynamic characteristics of the various records; and (2) variability in the
hazard characterization as reflected in the Far-Field ground motion
record set. Values of record-to-record variability, Sk, ranging from
0.35 to 0.45 are fairly consistent among various building types (Haselton,
2006; Ibarra and Krawinkler, 2005a and 2005b; Zareian et al., 2006;
Zareian, 2006). Based on available research and studies of example
archetype evaluations using the Far-Field ground motion record set in
Appendix A, a fixed value of frrr = 0.40 is assumed in the performance
evaluation of systems with significant period elongation (i.e., period-
based ductility, 4 > 3). Most systems, even those with limited ductile
capacity, have significant period elongation before collapse, and are
appropriately evaluated using this value.

Studies in Appendix A also found that record-to-record variability can be
significantly less than fkrr = 0.40 for systems that have little, or no,
period elongation (e.g., systems with very limited ductility and certain
base-isolated systems). For these systems, values of record-to-record
variability can be reduced as follows:

Prir =0.1+0.14; <0.40 (7-2)

where Srrr must be greater than or equal to 0.20.

o Design Requirements Uncertainty (DR). Design requirements
uncertainty is related to the completeness and robustness of the design
requirements, and the extent to which they provide safeguards against
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unanticipated failure modes. Design requirements-related uncertainty is
quantified in terms of the quality of design requirements, rated in
accordance with the requirements in Chapter 3.

o Test Data Uncertainty (TD). Test data uncertainty is related to the
completeness and robustness of the test data used to define the system.
Uncertainty in test data is closely associated with, but distinct from,
modeling-related uncertainty. Test data-related uncertainty is quantified
in terms of the quality of test data, rated in accordance with the
requirements in Chapter 3.

e Modeling Uncertainty (MDL). Modeling uncertainty is related to how
well index archetype models represent the full range of structural
response characteristics and associated design parameters of the
archetype design space, and how well the analysis models capture
structural collapse behavior through direct simulation or non-simulated
component checks. Modeling-related uncertainty is quantified in terms
of the quality of index archetype models, rated in accordance with the
requirements in Chapter 5.

7.3.2 Combining Uncertainties in Collapse Evaluation

The total uncertainty is obtained by combining RTR, DR, TD, and MDL
uncertainties. Formally, the collapse fragility of each index archetype is
defined by the random variable, Scr, assumed to be equal to the product of
the median value of the collapse ground motion intensity, §CT , as calculated
by nonlinear dynamic analysis, and the random variable, Aror:

Ser = éCT Aror (7-3)

where Aror is assumed to be lognormally distributed with a median value of
unity and a lognormal standard deviation of Sror. The lognormal random
variable, Aror, is defined as the product of four component random variables
as:

/’i’TOT = /1RTR ﬂ*DR /’i’TDﬂ“MDL (7-4)

where Arr, AmpL, Apr @nd Arp are assumed to be independent and
lognormally distributed with median values of unity, and lognormal standard
deviation parameters, Srr, for, fro, and fupl, respectively. Since the four
component random variables are assumed to be statistically independent, the
lognormal standard deviation parameter, Sror, describing total collapse
uncertainty, is given by:

7-8
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:BTOT = \/ﬂSTR + ﬁéR + ﬂTZD + ﬂI\ZIIDL (7-5)

Where:  fror = total system collapse uncertainty (0.275 - 0.950)
Lrr = record-to-record collapse uncertainty (0.20 - 0.40)
Por = design requirements-related collapse uncertainty
(0.10 - 0.50)
Pro = test data-related collapse uncertainty (0.10 — 0.50)
PuwoL = modeling-related collapse uncertainty (0.10 — 0.50).

The performance evaluation process does not require explicit calculation of
the lognormal distribution given by Equation 7-3 and Equation 7-4.
Acceptance criteria, however, are based on the composite uncertainty, Sror,
developed on the basis of Equation 7-5.

7.3.3 Effect of Uncertainty on Collapse Margin

Uncertainty influences the shape of a collapse fragility curve plotted from
incremental dynamic analysis results. Figure 7-2 shows two collapse
fragility curves reflecting two different levels of uncertainty. The dashed
curve “a” reflects a s = 0.4, and the solid curve “b” reflects a Sror = 0.65.
As indicated in the figure, additional uncertainty has the effect of flattening
the curve. While the median collapse intensity, §CT , is unchanged,
additional uncertainty causes a large increase in the probability of collapse at
the MCE intensity, Syr.
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Figure 7-2 Collapse fragility curves considering (a) ground motion record-
to-record uncertainty, (b) modifications for total uncertainty.

Changes in the probability of collapse at the MCE intensity will affect the
collapse margin ratio, CMR. Figure 7-3 shows collapse fragility curves for
two hypothetical seismic-force-resisting systems that have different levels of
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collapse uncertainty. In this example, both systems have been designed for
the same seismic response coefficient, Cs, and happen to have the same
median collapse intensity, ém . System No. 1, however, has a larger
uncertainty and a “flatter” collapse fragility curve. To achieve the same 10%
probability of collapse for MCE ground motions, a larger collapse margin
ratio is required for System No. 1 than is required for System No. 2 (i.e.,
CMR; > CMRy). Thus, System No. 1 would have to be designed using a
smaller response modification coefficient, R, than System No. 2.

Figure 7-4 shows collapse fragility curves for another set of hypothetical
seismic-force-resisting systems with different levels of collapse uncertainty.
As in Figure 7-3, both systems are designed for the same seismic response
coefficient, Cs, but in this case, the two systems are also designed for the
same response modification coefficient, R. The difference in uncertainty,
however, requires different collapse margin ratios to achieve the same
median probability of collapse. In order to utilize the same response
modification coefficient, R, System No. 1, with larger uncertainty and flatter
collapse fragility, is required to have a larger collapse margin ratio than
System No. 3 (i.e., CMR; > CMRy).
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Figure 7-3 lllustration of fragility curves and collapse margin ratios for two

hypothetical seismic-force-resisting systems — same median
collapse level.
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Figure 7-4 lllustration of fragility curves and collapse margin ratios for two

hypothetical seismic-force-resisting systems — same R factor.
7.3.4 Total System Collapse Uncertainty

Total system collapse uncertainty is calculated based on Equation 7-5, and is
a function of record-to-record (RTR) uncertainty, design requirements-related
(DR) uncertainty, test data-related (TD) uncertainty, and modeling (MDL)
uncertainty.

Quality ratings for design requirements, test data, and nonlinear models are
translated into quantitative values of uncertainty based on the following
scale: (A) Superior, 5= 0.10; (B) Good, #= 0.20; (C) Fair, = 0.35; and (D)
Poor, #=0.50. A broad range of subjective values of uncertainty are
associated with the four quality ratings (Superior, Good, Fair and Poor) to
reward “higher quality” systems that have more robust design requirements,
more comprehensive test data, and more reliable nonlinear analysis models
with lower values of total system collapse uncertainty.

Record-to-record uncertainty and, hence, total system collapse uncertainty,
depends on period-based ductility. While subjective in nature, uncertainty
values associated with quality ratings, when combined with record-to-record
uncertainty, yield reasonable values of total system collapse uncertainty.
Resulting values range from fror = 0.275 for the most certain of systems (all
Superior quality ratings and fkr = 0.2), to SBror = 0.950 for the least certain
of systems (all Poor quality ratings and frrr = 0.4).
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Values of total system collapse uncertainty, Sror, for index archetype models
with a period-based ductility, ¢ > 3 are provided in Table 7-2a through
Table 7-2d, based on record-to-record uncertainty, frrr = 0.4. Each of these
four tables is specific to a different model quality rating of (A) Superior, (B)
Good, (C) Fair, or (D) Poor. Values in each table are based on Equation 7-5
and the applicable combination of quality ratings for test data and design
requirements.

Table 7-2a  Total System Collapse Uncertainty (5,,;) for Model Quality (A)
Superior and Period-Based Ductility, > 3

Quality of Design Requirements

Quality of Test Data

(A) Superior 0.425 0.475 0.550 0.650
(B) Good 0.475 0.500 0.575 0.675
(C) Fair 0.550 0.575 0.650 0.725
(D) Poor 0.650 0.675 0.725 0.825

Table 7-2b  Total System Collapse Uncertainty (5,,;) for Model Quality (B)
Good and Period-Based Ductility, 4 > 3

Quality of Design Requirements

Quality of Test Data

(A) Superior 0.475 0.500 0.575 0.675
(B) Good 0.500 0.525 0.600 0.700
(O) Fair 0.575 0.600 0.675 0.750
(D) Poor 0.675 0.700 0.750 0.825

Table 7-2c  Total System Collapse Uncertainty (5,,;) for Model Quality (C)
Fair and Period-Based Ductility, z; > 3

Quality of Design Requirements

Quality of Test Data
(A) Superior | (B) Good (D) Poor

(A) Superior 0.550 0.575 0.650 0.725
(B) Good 0.575 0.600 0.675 0.750
(C) Fair 0.650 0.675 0.725 0.800
(D) Poor 0.725 0.750 0.800 0.875
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Table 7-2d Total System Collapse Uncertainty (5,,;) for Model Quality (D)
Poor and Period-Based Ductility, x> 3

Quality of Design Requirements
Quality of Test Data

(A) Superior 0.650 0.675 0.725 0.825
(B) Good 0.675 0.700 0.750 0.825
(C) Fair 0.725 0.750 0.800 0.875
(D) Poor 0.825 0.825 0.875 0.950

In general, most archetypes are expected to have a period-based ductility of
4> 3, and Tables 7-2a through 7-2d will be used for collapse performance
evaluation of most systems. For index archetype models that have a period-
based ductility of 4 < 3, tables have not been provided. Values of record-to-
record uncertainty, frrr, Should be calculated using Equation 7-2, and total
collapse system uncertainty, fror, should be calculated using Equation 7-5,
rounded to the nearest 0.025. Values of design requirements uncertainty,
Por, test data uncertainty, Srp, and model uncertainty, SupL, should be based
on their respective quality ratings.

7.4 Acceptable Values of Adjusted Collapse Margin
Ratio

Acceptable values of adjusted collapse margin ratio are based on total system
collapse uncertainty, Sror, and established values of acceptable probabilities
of collapse. They are based on the assumption that the distribution of
collapse level spectral intensities is lognormal, with a median value, ém , and
a lognormal standard deviation equal to the total system collapse uncertainty,

Pror-

Table 7-3 provides acceptable values of adjusted collapse margin ratio,
ACMR 09, and ACMR,e,, based on total system collapse uncertainty and
values of acceptable collapse probability, taken as 10% and 20%,
respectively. Other values of collapse probability ranging from 5% - 25%
are shown for comparison and reference. Lower values of acceptable
collapse probability and higher levels of collapse uncertainty result in higher
required values of adjusted collapse margin ratio.
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Table 7-3

Acceptable Values of Adjusted Collapse Margin Ratio (ACMR,,,

and ACMR,,,)
Total System Collapse Probability
Uﬁzgﬁg's:ty (ACjAgZ(: o) (AgA(’)’ZZO%)
0.275 1.57 1.42 1.33 1.26 1.20
0.300 1.64 1.47 1.36 1.29 1.22
0.325 1.71 1.52 1.40 1.31 1.25
0.350 1.78 1.57 1.44 1.34 1.27
0.375 1.85 1.62 1.48 1.37 1.29
0.400 1.93 1.67 1.51 1.40 1.31
0.425 2.01 1.72 1.55 1.43 1.33
0.450 2.10 1.78 1.59 1.46 1.35
0.475 2.18 1.84 1.64 1.49 1.38
0.500 2.28 1.90 1.68 1.52 1.40
0.525 2.37 1.96 1.72 1.56 1.42
0.550 2.47 2.02 1.77 1.59 1.45
0.575 2.57 2.09 1.81 1.62 1.47
0.600 2.68 2.16 1.86 1.66 1.50
0.625 2.80 2.23 1.91 1.69 1.52
0.650 2.91 2.30 1.96 1.73 1.55
0.675 3.04 2.38 2.01 1.76 1.58
0.700 3.16 2.45 2.07 1.80 1.60
0.725 3.30 2.53 2.12 1.84 1.63
0.750 3.43 2.61 2.18 1.88 1.66
0.775 3.58 2.70 2.23 1.92 1.69
0.800 3.73 2.79 2.29 1.96 1.72
0.825 3.88 2.88 2.35 2.00 1.74
0.850 4.05 2.97 2.41 2.04 1.77
0.875 4.22 3.07 2.48 2.09 1.80
0.900 4.39 3.17 2.54 2.13 1.83
0.925 4.58 3.27 2.61 2.18 1.87
0.950 4.77 3.38 2.68 2.22 1.90
7-14 7: Performance Evaluation FEMA P695



7.5 Evaluation of the Response Modification
Coefficient, R

Acceptable performance is defined by the following two basic collapse
prevention objectives:

e The probability of collapse for MCE ground motions is approximately
10%, or less, on average across a performance group.

e The probability of collapse for MCE ground motions is approximately
20%, or less, for each index archetype within a performance group.

Acceptable performance is achieved when, for each performance group,
adjusted collapse margin ratios, ACMR, for each index archetype meet the
following two criteria:

o the average value of adjusted collapse margin ratio for each performance
group exceeds ACMR gy

ACMR; > ACMR10% (7-6)

¢ individual values of adjusted collapse margin ratio for each index
archetype within a performance group exceeds ACMRqq:

ACMR. > ACMR20% (7-7)

7.6 Evaluation of the Overstrength Factor, (2,

The average value of archetype overstrength, £, is calculated for each
performance group. The value of the system overstrength factor, (2, for use
in design should not be taken as less than the largest average value of
calculated archetype overstrength, €2, from any performance group. The
system overstrength factor, (2, should be conservatively increased to
account for variation in overstrength results of individual index archetypes,
and judgmentally rounded to half unit intervals (e.g., 1.5, 2.0, 2.5, and 3.0).

The system overstrength factor, (2, need not exceed 1.5 times the response
modification coefficient, R. A practical limit on the value of £, is about 3.0,
consistent with the largest value of this factor specified in Table 12.2-1 of
ASCE/SEI 7-05 for all current approved seismic-force-resisting systems.

Example applications (Chapter 9) show that values of archetype
overstrength, £2, can be as large as 2= 6.0 for certain configurations, and are
highly variable. Limiting system overstrength to (% = 3.0, as specified in
ASCE/SEI 7-05, was considered necessary for practical design
considerations.

FEMA P695 7: Performance Evaluation

7-15



7.7 Evaluation of the Deflection Amplification
Factor, C,

The deflection amplification factor, Cy, is based on the acceptable value of
the response modification factor, R, reduced by the damping factor, B,
corresponding to the inherent damping of the system of interest:

R

C = — 7'8
d B, (7-8)
where:  C4 = deflection amplification factor
R = system response modification factor
B, = numerical coefficient as set forth in Table 18.6-1 of

ASCE/SEI 7-05 for effective damping, £, and period, T

component of effective damping of the structure due to the
inherent dissipation of energy by elements of the structure,
at or just below the effective yield displacement of the
seismic-force-resisting system, Section 18.6.2.1 of
ASCE/SEI 7-05.

B

In general, inherent damping may be assumed to be 5 percent of critical, and
a corresponding value of the damping coefficient, B, = 1.0 (Table 18.6-1,
ASCE/SEI 7-05). Thus, for most systems the value of C4 will be equal to the
value of R.

Equating the deflection amplification factor, Cg, to the R factor is based on
the “Newmark rule,” which assumes that inelastic displacement is
approximately equal to elastic displacement (at the roof). This is consistent
with research findings for systems with nominal (5% of critical) damping and
fundamental periods greater than the transition period, Ts. It is recognized
that for short-period systems (T < T) inelastic displacement generally
exceeds elastic displacement, but it was not considered appropriate to base
the deflection amplification factor on response of short-period systems,
unless the systems are displacement sensitive. Short-period, displacement
sensitive systems should incorporate the consequences of these larger
inelastic displacements.
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Chapter 8

Documentation and Peer
Review

This chapter describes documentation and peer review requirements for a
proposed seismic-force-resisting system. It identifies recommended
qualifications, expertise, and responsibilities for personnel involved with the
development and review of a proposed system. It lists information that
should be included in a report documenting the development of a system, and
discusses requirements for review at each step of the developmental process.

8.1 Recommended Qualifications, Expertise and
Responsibilities for a System Development Team

In order to collect the necessary data and apply the procedures of this
Methodology, a system development team will need to have certain
qualifications, experience, and expertise. These include the ability to:

(1) adequately test materials, components and assemblies; (2) develop
comprehensive design and construction requirements; (3) develop archetype
designs; and (4) analyze archetype models.

A development team is responsible for following the procedures of this
Methodology in determining seismic performance factors for a proposed
system, defining the limits under which a system will be applicable,
documenting results, and obtaining approval of the peer review panel.

8.1.1 System Sponsor

The system sponsor is a person or organization that has conceived a new
seismic-force-resisting system and will benefit from its use. The system
sponsor is responsible for assembling a development team, selecting an
independent peer review panel, and submitting a proposed system for
approval and use.

8.1.2 Testing Qualifications, Expertise and Responsibilities

The testing laboratories engaged in the development of a proposed system
must have the capability to perform material, component, connection,
assembly, and system tests necessary for quantifying the material and
behavioral properties of the system. Testing laboratories used to conduct the
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experimental investigation program should comply with national or
international accreditation criteria, such as ISO/IEC 17025, General
Requirements for the Competence of Testing and Calibration Laboratories
(ISO/IEC, 2005). Testing laboratories that are not accredited may still be
used for an experimental investigation program, subject to the approval of
the peer review panel.

Testing facility staff should have the necessary expertise to establish and
execute an experimental program, conduct the tests, and mine existing
research from other relevant available test data.

8.1.3 Engineering and Construction Qualifications, Expertise
and Responsibilities

Member(s) of a development team must have sufficient experience and
expertise to develop comprehensive design and construction requirements,
and to perform trial system designs. This should include familiarity with
seismic design requirements specified in ASCE/SEI 7, and material-specific
reference standards for design and detailing requirements for other similar
systems. To be viable for use, a proposed system must be feasible to
construct. Familiarity with proposed construction techniques, or established
construction techniques for other similar systems is needed.

8.1.4 Analytical Qualifications, Expertise and
Responsibilities

Member(s) of a development team must have sufficient experience and
expertise to interpret test data and develop sophisticated nonlinear models
capable of simulating the potential failure modes and collapse behaviors of a
proposed system. This should include knowledge and experience in the
analytical approaches specified in the Methodology, knowledge of material,
component, connection, and overall system performance, and experience
with analysis software capable of simulating system response.

8.2 Documentation of System Development and
Results

The results of system development efforts must be thoroughly documented at
each step of the process for: (1) review and approval by the peer review
panel; (2) review and approval by an authority having jurisdiction over its
eventual use; and (3) use in design and construction.

Documentation of the development of seismic performance factors for a
proposed system should include, but is not necessarily limited to, the
following:

8-2
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e Description of the intended system applications and expected
performance

e Limitations on system use
e Typical horizontal and vertical geometric configurations

e Clear and complete design requirements and specifications for the
system, providing enough information to quantify strength limit states,
proportion and detail components, analyze predicted response, and
confirm satisfactory behavior

e Summary of test data and other supporting evidence from an
experimental investigation program validating material properties and
component behavior, calibrating nonlinear analysis models, and
establishing performance acceptance criteria

e Description of index archetype configurations and extent of archetype
design space

o |dentification of performance groups, applicable Seismic Design
Categories, and gravity load intensities

o |dealized model configurations, nonlinear modeling parameters,
documentation of analysis software, and information used in model
calibration

o  Criteria for non-simulated collapse modes

e Summary of nonlinear model results, demand parameters, and response
guantities

e Quality ratings for design requirements, test data, and nonlinear models

e Summary of performance evaluation results, derived quantities, and
acceptance criteria

e Proposed seismic performance factors (R, £2,, and Cy)

8.3 Peer Review Panel

Implementation of this Methodology involves much uncertainty, judgment
and potential for variation. Deciding on an appropriate level of detail to
adequately characterize performance of a proposed system should be
performed at each step in the process in collaboration with an independent
peer review panel.

It is recommended that a peer review panel consisting of knowledgeable
experts be retained for this purpose. The peer review panel should be
familiar with the procedures of this Methodology, should have sufficient
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knowledge to render an informed opinion on the developmental process, and
should include expertise in each of the following areas:

e Material, component, and assembly testing
e Engineering design and construction

e Nonlinear collapse simulation

Members of the peer review panel must be qualified to critically evaluate the
development of the proposed system including testing, design, and analysis.
If a unique computer code is developed by the development team, the peer
review panel should be capable of performing independent analyses of the
proposed system using other analysis platforms.

8.3.1 Peer Review Panel Selection

It is envisioned that the cost of the peer review panel will be borne by the
system sponsor. As such, it is expected that members of the peer review
panel could be selected by the system sponsor. An alternative arrangement
could be made in which the system sponsor submits funding to the authority
having jurisdiction, which then uses the funding to implement an
independent peer review process. Such an arrangement would be similar to
the outside plan check process currently used in some building departments.

It is intended that the peer review panel be an independent set of reviewers
who will advise and guide the development team at each step in the process.
It is recommended that other stakeholders, including authorities with
jurisdiction over the eventual use of the system in design and construction,
be consulted in the selection of peer review panel members, and in the
deliberation on their findings.

8.3.2 Peer Review Roles and Responsibilities

The peer review panel is responsible for reviewing and commenting on the
approach taken by the development team including the extent of the
experimental program, testing procedures, design requirements, development
of structural system archetypes, analytical approaches, extent of the nonlinear
analysis investigation, and the final selection of the proposed seismic
performance factors.

The peer review panel is responsible for reporting their opinion on the work
performed by the developmental team, their findings, recommendations, and
conclusions. All documentation from the peer review panel should be made
available for review by the authority having jurisdiction over approval of the
proposed system.
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If there are any areas where concurrence between the peer review panel and
the development team was not reached, or where the peer review panel was
not satisfied with the approach or extent of the work performed, this
information should be made available as part of the peer review
documentation, and reflected in the total uncertainty used in calculating the
system acceptance criteria, and in determining the final values of proposed
seismic performance factors.

8.4  Submittal

It is expected that a system sponsor will wish to submit a proposed system to
an authority for approval and use. For national building codes and standards,
one such authority is the National Institute of Building Science’s Building
Seismic Safety Council (BSSC) Provisions Update Committee (PUC), which
has jurisdiction over the FEMA’s National Earthquake Hazards Reduction
Program (NEHRP) Recommended Provisions for Seismic Regulations for
New Buildings and Other Structures (NEHRP Recommended Provisions).
BSSC’s PUC, along with its technical subcommittees, is a nationally
recognized leader in reviewing and endorsing new seismic force-resisting
systems for ultimate inclusion in national building codes and standards.

In some cases, a proposed system could be submitted to the ASCE/SEI 7
standard development committee, but this committee would normally only
accept systems similar to systems that are already listed in the standard.
Systems can also be submitted directly to model building codes through the
code change process.

Another approach is to promote a new system through a relevant material
standard organization, such as the American Concrete Institute (ACI),
American Institute of Steel Construction (AISC), American Iron and Steel
Institute (AISI), or the American Forest & Paper Association (AF&PA).
Approval through one of these organizations, however, will still require
adoption by national building codes or standards before use.

If a proposed system is intended for a single project application, then
documentation should be submitted, along with drawings and calculations for
the single application, to the authority having jurisdiction over the site where
the system is being proposed for use.
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Chapter 9

Example Applications

This chapter presents examples illustrating the application of the
Methodology to reinforced concrete special moment frame, reinforced
concrete ordinary moment frame, and wood light-frame shear wall seismic-
force-resisting systems.

9.1 General

In the following sections three seismic-force-resisting systems are evaluated
using the methods outlined Chapters 3 through 7. The examples span
different system types, design requirements, test data, archetype models, and
analysis software. Models include both simulated and non-simulated
collapse modes. Each system is currently contained in Table 12.2-1 of
ASCE/SEI 7-05, and the examples utilize design requirements and test data
currently available for these approved systems. For new (proposed) systems,
design requirements will generally not exist, and would need to be
developed.

These examples illustrate the application of the Methodology, and one
example illustrates the process of iteratively modifying the system design
requirements so that the proposed structural system meets the prescribed
collapse performance objectives of the Methodology. These examples also
demonstrate consistency between the acceptance criteria of the Methodology
and the inherent safety against collapse intended by current seismic codes.

These examples were completed in parallel with the development of the
Methodology. As such, they are consistent with the procedures contained
herein, but are not necessarily in complete compliance with every
requirement. Where they occur, deviations are noted, and explanations are
provided as to how the example could be completed in accordance with the
Methodology.

In contrast to the process for developing structural system archetypes in
Chapter 4, these examples begin with the development of a representative
index archetype model, which is used as a basis for generating a set of
archetypical configurations that do not attempt to rigorously interrogate the
limits of what is permitted within the governing design requirements. As
such, they do not necessarily include archetypes that bound the full extent of
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the design space. Additionally, the archetype designs used in these examples
do not account for potential overstrength caused by wind load requirements.

While representative examples from current code-approved systems have
been selected for developmental studies, the results are not intended to
propose specific changes to current building code requirements for any
currently approved system.

9.2 Example Application - Reinforced Concrete
Special Moment Frame Sysiem

9.2.1 Introduction

In this example, a reinforced concrete special moment frame system, as
defined by ACI 318-05 Building Code Requirements for Structural Concrete
(ACI, 2005), is considered as if it were a new system proposed for inclusion
in ASCE/SEI 7-05.

9.2.2 Overview and Approach

In this example, detailing requirements of ACI 318-05 are assumed to be
given. The system design requirements of ASCE/SEI 7-05 are used as the
framework, and seismic performance factors (SPFs) are determined by
iteration until the acceptance criteria of the Methodology are met. Seismic
performance factors under consideration in this example include the R factor,
C4 factor, and Q, factor.

All pertinent design requirements of ASCE/SEI 7-05, including drift limits
and minimum base shear requirements are assumed to apply initially. In the
Methodology, the user has full flexibility to define and modify any aspect of
the proposed system design requirements, as long as modifications are tested
within the index archetype configurations. This includes the R factor,
stiffness requirements, detailing requirements, capacity design requirements,
minimum base shear requirements, height limits, drift limits, and any other
requirements that control the design of the structural system.

The iterative assessment process begins with initial assumptions of R = 8,
Cq= 5.5, story drift limits of 2%, and minimum design base shear
requirements consistent with ASCE/SEI 7-05. Overstrength, £y, is not
assumed initially, but is determined from the computed lateral overstrength

1 C4 = 55 is used in this example, based on the value specified for reinforced
concrete special moment frames in ASCE/SEI 7-05. In actual applications of the
Methodology, C4 = R should be used unless Cq4 < R can be substantiated in
accordance with the criteria of Section 7.7.
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of the archetype designs. A set of structural system archetypes are developed
for reinforced concrete special moment frame buildings, nonlinear models
are developed to simulate structural collapse, models are analyzed to predict
the collapse capacities of each design, and the adjusted collapse margin ratios
are evaluated and compared to acceptance criteria.

After completing an assessment using the initial set of SPFs, certain
archetypes (taller building configurations) did not meet the acceptance
criteria, and were found to have inadequate collapse safety. Aspects of the
structural design requirements were modified, and the system was reassessed
and found to pass the acceptance criteria.

This example has been adapted from collaborative research on the
development of structural archetypes for reinforced concrete special moment
frames, calibration of nonlinear element models for collapse simulation,
simulation of structural response to collapse, spectral shape considerations,
and treatment of uncertainties (Haselton and Deierlein, 2007).

9.2.3 Structural System Information

Design Requirements

This example utilizes ACI 318-05 design requirements in place of the
requirements that would be developed for a newly proposed system. For the
purpose of assessing uncertainty according to Section 3.4, ACI 318-05
design requirements are categorized as (A) Superior since they represent
many years of development and include lessons learned from a number of
major earthquakes.

In the process of completing the assessment of the class of reinforced
concrete special moment frame buildings, it was found that often seemingly
subtle design requirements have important effects on the design and resulting
structural performance; the various design requirements often interact and
affect the design and performance differently than one might expect.
Therefore, for newly proposed systems, it is important that the set of design
requirements is well developed and clearly specified, and that the
requirements are applied in their totality when designing the archetype
structures.

Test Data

This example assessment relies on existing published test data in place of test
data that would be developed for a newly proposed system. Specifically,
column tests reported in Pacific Earthquake Engineering Research Center’s
Structural Performance Database developed by Berry, Parrish, and Eberhard
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(PEER, 2006b; Berry et al., 2004) are utilized. To develop element models,
the data are utilized from cyclic and monotonic tests of 255 rectangular
columns failing in flexure and flexure-shear.

The quality of the test data is an important consideration when quantifying
the uncertainty in the overall collapse assessment process. The test data used
in this example cover a wide range of column design configurations and
contain both monotonic and cyclic loading protocols. Even so, many of the
loading protocols are not continued to deformations large enough to observe
loss of strength, and it is difficult to use such data to calibrate models for
structural collapse assessment. These test data also do not include beam
elements with attached slabs. Additionally, data include no systematic test
series that both (1) subject similar specimens to different loading protocols
(e.g., monotonic and cyclic) and (2) continue the loading to deformations
large enough for the capping behavior to be observed. Lastly, only column
element tests were utilized when used to calibrate the element model, while
sub-assemblage tests and full-scale tests were not used. Based on the
guidelines of Section 3.6 and considering the above observations, this test
data set is categorized as (B) Good.

9.2.4 Identification of Reinforced Concrete Special Moment
Frame Archetype Configurations

Figure 9-1 shows the two-dimensional three-bay multi-story frame that is
considered an appropriate index archetype model for reinforced concrete
frame buildings. This archetype model includes joint panel elements, beam
and column elements, elastic foundation springs, and a leaning column to
account for the P-delta effect from loads on the gravity system. This two-
dimensional model, not accounting for torsional effects, is considered
acceptable because most reinforced concrete special moment frame buildings
that are regular in plan will not be highly sensitive to torsional effects, and
the goal is to verify the performance of a full class of buildings, rather than
one specific building with a unique torsional issue. This index archetype
model was used as a basis for postulating the index archetype configurations
covering the archetype design space for reinforced concrete special moment
frame buildings. Appendix C provides more background on the development
of this archetype configuration and model.
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Figure 9-1 Index archetype model for moment frame buildings (after

Haselton and Deierlein, 2007, Chapter 6).

Using the above index archetype model, a set of structural archetype designs
are developed to represent the archetype design space, following the design
configuration and performance group requirements of Chapter 4. Chapter 4
specifies consideration of up to 16 archetype performance groups for a
structural system whose performance can be adequately evaluated using two
basic configurations, as shown in Table 9-1. Two basic configurations are
considered in the example evaluation of the reinforced concrete special
moment frame system, archetypes with 20-foot and 30-foot bay widths,
respectively. While two configurations are sufficient to illustrate the
Methodology, additional configurations would likely be required to fully
investigate performance of the reinforced concrete special moment frame
system.

High and low gravity load intensities are represented by space frame and
perimeter frame systems, respectively. For the archetypes used in this
example, the ratio of gravity load tributary area to lateral load tributary area
is typically six times larger for space frame systems.
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Table 9-1

Performance Group Summary

Grouping Criteria

Performance Groups for Evaluation of Reinforced Concrete
Special Moment Frame Archetypes

- Number of
Group No. BaSl.C Design Load Level peno(.j Archetypes
Config Domain
PG-1 Short 241"

Hich SDC D,
PG-2 8 Long 4
p— (Space <h 0
- ort
Frame) SDC D, -
PG-4 20-foot Long !
PG-5 Bay Width Short 2+1°
Low SDC D,
PG-6 \ Long 4
v (Perimeter <h 0
7 ort
Frame) SDC D,
PG-8 Long 3?
PG-9 Short 0
Hich SDC D, 3
PG-10 8 Long 1°
PG-11 i sh
- ort
Frame) SDCD,,, 0
PC-12 30-foot Long
PG-13 Bay Width Short 0
LOW SDC Dmax 3
PG-14 \ Long !
. (Perimeter Short
Frame) SDCD,,, 0
PG-16 Long

1. Example includes only two archetypes for each short-period performance group
(PG-1 and PG-5); full implementation of the Methodology requires a total of 3
(2+1) archetypes in each performance group.

2. Example evaluates a selected number of low seismic (SDC D,,;,) archetypes to

determine that high seismic (SDC D,,,,) archetypes control the R factor.

3. Example evaluates two 30-foot bay width archetypes to determine that 30-foot
bay width archetypes do not control performance.

Archetypes are designed within a range of building heights (six heights
between 1-story and 20-stories, as expected for reinforced concrete frame
buildings with no walls), and then separated into the short-period and long-
period performance groups. At a minimum, three buildings are needed for
each performance group, so if 16 complete performance groups were
evaluated, then at least 48 archetypes would need to be designed and
assessed. Instead of designing and assessing all 48 buildings, initial pilot
studies were used to find the more critical design cases: in this case, high-
seismic (SDC D) designs with 20-foot bay spacing. By utilizing these pilot
studies and then focusing on the critical design cases, it was possible to
reduce the number of required archetypes from 48 to 18 (for a complete
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exercise of the Methodology, a few additional archetypes would be needed,
as described below). Appendix C provides a more detailed discussion on the
development of structural system archetypes for the reinforced concrete
special moment frame system.

Table 9-1 shows archetypes used in assessing the reinforced concrete special
moment frame structural system, and provides the rationale for why each
archetype was chosen. As indicated in the table, full implementation of the
Methodology would require two additional three-story buildings to be added
to PG-1 and PG-5 to meet the required minimum three archetypes per group.

The approach utilized here, focusing on the critical design cases, is not
required in the Methodology. The benefit of this approach is that it can
significantly reduce the number of required archetype designs (this example
needed only 20, instead of 48 archetypes) and allow a wider range of design
conditions to be considered in the assessment. When this approach is
utilized, the peer review panel should closely review choice of critical design
cases.

Table 9-2 shows the properties for each of the archetype designs used in this
evaluation. Seismic demands are represented by the maximum and minimum
seismic criteria of Seismic Design Category (SDC) D, in accordance with
Section 5.2.1: Sps=1.0 g and Sp; = 0.60 g for SDC Dpax and Sps= 0.50 g
and Sp; = 0.20 g for SDC Dyin2. The space frame buildings are denoted by
“S” and the perimeter frame buildings are denoted by “P.” The computed
value of the fundamental period, T, in Table 9-2, is based on Equation 5-5.

Each archetype was fully designed in accordance with the governing design
requirements. Additional information on index archetype designs is provided
in Appendix C. Figure 9-2 shows example design documentation for the
four-story, SDC Dnax design with 30-foot bay width of Archetype ID 1010.
This archetype will be used throughout this illustrative assessment, to clearly
show how the Methodology should be applied in assessing each archetype
design.

2 In this example, archetypes designed for low seismic (SDC Dy,) loads, assumed
Sp; = 0.167 g based on interim criteria, which differs slightly from the Sp; =0.20 g
required by the Methodology.
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Table 9-2  Reinforced Concrete Special Moment Frame Archetype
Structural Design Properties

Key Archetype Design Parameters

Archetype | No. of

Framin
ID Stories (Gravit§ N
Loads) (g
2069 1 P Dyray 8 0.26 0.71 0.125 1.50
2064 2 P Dyray 8 0.45 0.66 0.125 1.50
- 3 P Dyray 8 0.63 - 0.119 1.43

1003 4 P Dinax 8 0.81 1.12 0.092 1.11
1011 8 P Dinax 8 1.49 1.71 0.050 0.60
5013 12 P Dina 8 2.13 2.01 0.035 0.42
5020 20 P Dinax 8 3.36 2.63 0.022 0.27

, 20' Bay Width Configuration)

2061 1 S D 8 0.26 0.42 0.125 1.50
1001 2 S D 8 0.45 0.63 0.125 1.50
- 3 S D 8 0.63 - 0.119 1.43

1008 4 S Dinax 8 0.81 0.94 0.092 1.11
1012 8 S Dinax 8 1.49 1.80 0.050 0.60
5014 12 S Dinax 8 2.13 2.14 0.035 0.42
5021 20 S Dinax 8 3.36 2.36 0.022 0.27
Selected Archetypes - Performance Group Nos. PG-4 and PG-8 (20' Bay Width)
6011 8 P Diin 8 1.60 3.00 0.013 0.15
6013 12 P Diin 8 2.28 3.35 0.010 0.10
6020 20 P Diin 8 3.60 4.08 0.010 0.065
6021 20 S D 8 3.60 4.03 0.010 0.065

min

PG-10 and PG-14 (30' Bay Width)
1009 4 P-30 Dinax 8 1.03 1.16 0.092 1.03

1010 4 S-30 Dinax 8 1.03 0.86 0.092 1.03
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Figure 9-2 Design documentation for a four-story space frame archetype

with 30-foot bay spacing (Archetype ID 1010) (after Haselton
and Deijerlein 2007, Chapter 6). The notation used in this
figure is defined in the list of symbols at the end of the

document.
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9.2.5 Nonlinear Model Development

This section summarizes explicit modeling of structural collapse. A more
complete discussion on nonlinear modeling of reinforced concrete special
moment frame systems is provided in Appendices D and E.

Index Archetype Models

System-level modeling uses the three-bay multi-story frame configuration
shown in Figure 9-1. This model consists of elastic joint elements, plastic
hinge reinforced concrete beam and column elements, a leaning column to
account for P-delta effects, and elastic foundation springs to account for
foundation and soil flexibility.

Nonlinear Beam-Column Element Models

Even though many reinforced concrete element models exist, most cannot be
used to simulate structural collapse. Recent research by Ibarra, Medina, and
Krawinkler (2005) has resulted in an element model that is capable of
capturing the severe deterioration that precipitates sideway collapse
(Appendix E). Figure 9-3 shows the tri-linear monotonic backbone curve
and associated hysteretic behavior of this model. This model includes
important aspects, such as the “capping point,” where monotonic strength
loss begins, and the post-capping negative stiffness. These features enable
modeling of the strain-softening behavior associated with concrete crushing,
rebar buckling and fracture, or bond failure. In general, accurate simulation
of sidesway structural collapse requires modeling this post-capping behavior.

Researchers have also used a variety of other methods to simulate cyclic
response of reinforced concrete beam-columns, including creating fiber
models that can capture cracking behavior and the spread of plasticity
throughout the element (e.g., Filippou, 1999). The decision to use a lumped-
plasticity approach was based on the observation that currently available
fiber element models are not capable of simulating the strain-softening
associated with rebar buckling, and thus cannot reliably simulate collapse of
flexurally dominated reinforced concrete frames. Research is ongoing, and
this modeling limitation may be overcome in the near future. In future
applications of this Methodology, the choice of element model should be
carefully evaluated for any given structural system, with consideration of
available simulation technologies and their capabilities for simulating
structural collapse.

9-10
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Figure 9-3 Monotonic and cyclic behavior of component model used in
this study (after Haselton and Deierlein 2007, Chapter 4).

Figure 9-4 shows an example of the experimental and calibrated response of
a reinforced concrete column specimen. Appendix E presents a detailed
discussion of how this element model was calibrated using cyclic and
monotonic tests of 255 rectangular reinforced concrete elements. Such
calibration needs to be completed carefully, in order to avoid errors in the
collapse capacity prediction. Often various deterioration modes are
improperly mixed together in the calibration process, such as cyclic strength
deterioration versus in-cycle strength loss, and this can lead to substantial
errors in collapse predictions.

The calibration results for the 255 tests (Appendix E) were subsequently used

to create empirical equations to predict the element model parameters (as
shown in Figure 9-3), based on the element design information such as axial
load ratio and confinement ratio. These equations were used to predict the
modeling parameters for the archetype designs used in this example. For
illustration, Figure 9-5 shows the predicted modeling parameters for each
element of Archetype ID 1010 which is a four-story SDC D« design with
30-foot bay width.
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Figure 9-5 Structural modeling documentation for a four-story space frame

archetype with 30-foot bay spacing (Archetype 1D 1010) (after
Haselton and Deierlein, 2007, Chapter 6).

Uncertainty due to Model Quality

For the purpose of assessing uncertainty, this modeling is rated as (B) Good,
according to the guidelines of Section 5.7. Reinforced concrete special
moment frame buildings are controlled by many detailing and capacity
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design requirements, which limit possible failure modes. The primary
expected failure mode is flexural hinging leading to sidesway collapse, which
the modeling approach can simulate reasonably well by capturing post-peak
degrading response under both monotonic and cyclic loading. The modeling
approach is able to directly simulate structural response up to collapse by
simulating all expected modes of damage that could lead to collapse, and is
well calibrated to large amounts of data. Even so, this model is not given the
(A) Superior rating because there is still room for improvement in the model:
the model was calibrated using column data and is not well-calibrated to
beam-slabs, and the model does not capture axial-flexural interaction in
columns. Additionally, for a complete assessment, the archetype design
space would likely need to be expanded to include a wider range of basic
configurations beyond 20-foot and 30-foot bay spacings.

9.2.6 Nonlinear Structural Analysis

The structural analysis software selected for completing this example is the
Open Systems for Earthquake Engineering Simulation (OpenSees, 2006),
which was developed by the Pacific Earthquake Engineering Research
(PEER) Center. This software includes the modeling aspects required for
collapse simulation of reinforced concrete special moment frame buildings,
such as the Ibarra et al. element model, joint models, a large deformation
geometric transformation, and several numerical algorithms for solving the
systems of equations associated with nonlinear dynamic and static analyses.

Nonlinear static (pushover) analysis is performed in accordance with Section
6.3%, in order to compute the system overstrength factor, £, and period-
based ductility, 4, and to help verify the structural model. Figure 9-6 shows
an example of the pushover curve and story drift distributions for Archetype
ID 1010.

For the reinforced concrete special moment frame archetype, yielding occurs
at story drift ratio 0.005 and the effective yield roof displacement, &, is
computed according to Equation 6-7 as 0.0042h,. A maximum strength,
Vmax, OF 635 Kips is reached and followed by the onset of negative stiffness
which occurs at a story drift ratio of 0.040 and a roof displacement of
0.035h,. This is then followed with 20% strength loss at &, = 0.056h,. Using
these values, the overstrength factor of Archetype ID 1010 can be computed
as Q = 635k/193k = 3.3, and the period-based ductility, which will be used

® In this example, pushover analysis is based on the lateral load pattern prescribed by
Equation 12.8-13 of ASCE/SEI 7-05.
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later to adjust the CMR according to Section 7.2, can be computed as ur= 4,
18, et = 0.056h,/0.0042h, = 13.2.

To compute the collapse capacity for each archetype design, the incremental
dynamic analysis (IDA) approach is used (Section 6.4), with the Far-Field
ground motion set and ground motion scaling method presented in Section
6.2.3 (and Appendix A). Note that Section 6.4 does not require a full IDA
(as is shown in Figure 9-7) but only a simplified version, which has the goal
of quantifying the median collapse capacity of each archetype model.
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igure 9- a) Monotonic static pushover, an eak story drift ratios a
Figure 9-6 (@) Monot tatic push d (b) peak story drift ratios at

three deformation levels during pushover for Archetype 1D
1010. The pushover is based on the building code specified
lateral load distribution (ASCE, 2005) (after Haselton and
Deierlein, 2007, Chapter 6).

Figure 9-7 illustrates how the IDA method is used to compute the collapse
capacity of Archetype ID 1010. For each of the 44 ground motions of the
Far-Field Set the spectral acceleration at collapse (Scr) is computed. Next
the median collapse level (§CT) is computed to be 2.58 g. The collapse
margin ratio (CMR), defined as the ratio of §CT to the Maximum Considered
Earthquake (MCE) ground motion demand (Sur), is 2.50 for Archetype ID
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1010. Although a full IDA was utilized in this example, it is not required to
guantify CMR, as discussed in Section 6.4.2.

In this example, it is assumed that reinforced concrete special moment frame
buildings collapse in a sideway mechanism, which can be directly simulated
using the structural analysis model. This assertion is made due to the many
detailing, continuity, and capacity design provisions preventing other
collapse modes (Appendix D). For structural systems where some collapse
modes are not simulated by the structural model, these additional modes
must be accounted for using component limit state checks for non-simulated
collapse modes (Section 5.5).

7
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Figure 9-7 Incremental dynamic analysis to collapse, showing the
Maximum Considered Earthquake ground motion intensity

(), median collapse capacity intensity (S, ), and collapse
margin ratio (CMR) for Archetype ID 1010.

Table 9-3 summarizes the results of pushover and IDA analyses. These IDA
results show that the average CMR is 1.34 and 1.26 for perimeter frame
performance groups and is 2.01 and 1.56 for the space frame performance
groups. These values have not yet been adjusted for the beneficial effects of
spectral shape (Section 7.2). Allowable CMR values and acceptance criteria
are discussed later.

In addition, these results verify that the buildings designed in low-seismic
regions have higher CMRs (i.e., lower collapse risk) than those designed in
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high-seismic regions. Compared to a building with 20-foot bay width,
buildings with 30-foot bay width tend to have slightly higher CMR, due to
gravity load effects causing some increases in overstrength, and due to joint
shear provisions making columns slightly larger and more ductile.
Therefore, the remaining assessment focuses on 12 more critical archetype
buildings which are designed for high-seismic sites (SDC D) and with 20-
foot bay width. This approach substantially reduces the number of required
structural designs and analyses.

Table 9-3  Summary of Collapse Results for Reinforced Concrete Special

Moment Frame Archetype Designs

Design Configuration Pushover and IDA Results

Framing L
(Gravity Seslgglc Static 22 S’“(T gn SC(T [)”
Loads) 8 g

Performance Group No. PG-5 (Short Period, 20' Bay Width Configuration)

Archetype
ID No. of

N O

2069 1

1.6

1.5

1.77

1.18

2064 2

1.8

1.5

2.25

1.50

nfiguration)

2061 1

4.0

1.5

1003 4 p Do 1.6 1.11 1.79 1.61
1011 8 p Dy 1.6 0.6 0.76 1.25
5013 12 P Do 1.7 0.42 0.51 1.22
5020 20 P Do 2.6 0.27 0.22 0.82

Mean of Performance Group: 1.9 NA NA 1.23

eriod, 20' Bay Width Configuration)

2.94

1.96

1001 2

3.5

1.5

3.09

2.06

nfiguration)

1008 4 S Do 2.7 1.11 1.97 1.78
1012 8 S Do 2.3 0.60 0.98 1.63
5014 12 S Do 2.8 0.42 0.67 1.59
5021 20 S Do 3.5 0.27 0.34 1.25

Mean of Performance Group: 2.8 NA NA 1.56

Selected Archetypes - Performance Group Nos. PG-4 and PG-8 (20' Bay Width)
6011 8 P Dunin 1.8 0.15 0.32 2.12
6013 12 p Dunin 1.8 0.1 0.21 2.00
6020 20 p Dunin 1.8 0.07 0.11 1.73
6021 20 S Dunin 3.4 0.07 0.24 3.70
Selected Archetypes - Performance Group Nos. PG-10 and PG-14 (30' Bay Width)
1009 4 P-30 Dinax 1.6 1.04 2.05 1.98
1010 4 $-30 D 3.3 1.04 2.58 2.50
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9.2.7 Performance Evaluation

The previous section discussed how to simulate structural collapse, compute
median collapse level, §CT , and compute the collapse margin ratio, CMR.
However, CMR does not account for the unique spectral shape of rare ground
motions. Chapter 7 discusses spectral shape and how it affects the predicted
collapse capacity, and provides simplified spectral shape factors, SSFs, that
are used to adjust the median collapse level ,§CT , to account for spectral
shape effects. Table 9-4 and Table 9-5 (taken from Chapter 7) show these
factors for Seismic Design Categories B, C, and Dyi, and SDC Dax,
respectively. The values in these tables depend on the fundamental period, T,
period-based ductility, s, and the seismic design category. The tables show
that the SSF values range from 1.0 to 1.37 for Seismic Design Categories B,
C, and Dy, and from 1.00 to 1.61 for SDC Dppax.

The adjusted collapse margin ratio, ACMR, is computed by multiplying SSF
(from Table 9-4 or Table 9-5) and CMR (from Table 9-3). Later, Table 9-8
will show this margin adjustment for the reinforced concrete special moment
frame archetypes, and the resulting ACMR values.

Table 9-4  Spectral Shape Factor (SSF) for Archetypes Designed for Seismic
Design Categories B, C, or D, Seismic Criteria (from Table 7-
1a)

Period-Based Ductility M

=05 1.00 1.02 1.04 1.06 1.08 1.09 1.14
0.6 1.00 1.02 1.05 1.07 1.09 1.1 1.13 1.16
0.7 1.00 1.03 1.06 1.08 1.10 1.12 1.15 1.18
0.8 1.00 1.03 1.06 1.08 1.1 1.14 1.17 1.20

0.9 1.00 1.03 1.07 1.09 1.13 1.15 1.19 1.22
1.0 1.00 1.04 1.08 1.10 1.14 1.17 1.21 1.25
1.1 1.00 1.04 1.08 1.1 1.15 1.18 1.23 1.27

1.2 1.00 1.04 1.09 1.12 1.17 1.20 1.25 1.30
1.3 1.00 1.05 1.10 113 1.18 1.22 1.27 1.32
1.4 1.00 1.05 1.10 1.14 1.19 1.23 1.30 1.35
>1.5 1.00 1.05 1.1 1.15 1.21 1.25 1.32 1.37
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Table 9-5  Spectral Shape Factor (SSF) for Archetypes Designed using
Seismic Design Category D,,,, Seismic Criteria (from Table 7-1b)

Period-Based Ductility, ur

---n

<05 | 1.00 1.05 1.13 1.18 1.22 1.28 1.33

0.6 1.00 1.05 111 1.14 1.2 1.24 1.3 1.36
0.7 1.00 1.06 111 1.15 1.21 1.25 1.32 1.38
0.8 1.00 1.06 1.12 1.16 1.22 1.27 1.35 1.41
0.9 1.00 1.06 1.13 1.17 1.24 1.29 1.37 1.44
1.0 1.00 1.07 1.13 1.18 1.25 131 1.39 1.46

11 1.00 1.07 1.14 1.19 1.27 1.32 1.41 1.49

1.2 1.00 1.07 1.15 1.2 1.28 1.34 1.44 1.52

1.3 1.00 1.08 1.16 121 1.29 1.36 1.46 1.55

1.4 1.00 1.08 1.16 1.22 131 1.38 1.49 1.58

215 1.00 1.08 1.17 1.23 1.32 14 151 1.61

In addition to quantifying the ACMR by Equation 7-1, the composite
uncertainty, Sror, in collapse capacity is also needed. Table 9-6 (from Table
7-2b) shows composite uncertainties, which account for the variability
between ground motion records of a given intensity (defined as a constant
Prrr = 0.40 for systems with ur >3), the uncertainty in the nonlinear structural
modeling ((B) Good), the quality of data used to calibrate the element models
((B) Good), and the quality of the structural system design requirements ((A)
Superior). For this example assessment, the composite uncertainty is fror =
0.500 and is shown in bold.

Table 9-6  Total System Collapse Uncertainty (S, for Model Quality (B)
Good and Period-Based Ductility, x4 > 3 (from Table 7-2b)

Quality of Design Requirements
Quality of Test Data

(A) Superior (B) Good (C) Fair ( or
(A) Superior 0.475 0.500 0.575 0.675
(B) Good h 0.525 0.600 0.700
(O Fair 0.575 0.600 0.675 0.750
(D) Poor 0.675 0.700 0.750 0.825

The acceptable collapse margin ratio is determined from the composite
uncertainty and the acceptable conditional probability of collapse under the
MCE ground motions. Chapter 7 defines the collapse performance
objectives as: (1) a conditional collapse probability of 20% for each
archetype building, and (2) a conditional collapse probability of 10% for
each performance group. Table 9-7 (from Table 7-3) shows values of
acceptable ACMR computed assuming a lognormal distribution of collapse
capacity. Based on fror = 0.500, the acceptable ACMR g, Value is 1.52 for
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each individual archetype and the acceptable ACMR 4y, value is 1.90 for the
average of each performance group.

Table 9-7  Acceptable Values of Adjusted Collapse Margin Ratio (ACMR;
and ACMR,,,) (from Table 7-3)

Total System Collapse Probability
(ACMR,,) (ACMR,,)
0.400 1.93 1.67 1.51 1.40 1.31
0.425 2.01 1.72 1.55 1.43 1.33
0.450 2.10 1.78 1.59 1.46 1.35
0.475 2.18 1.84 1.64 1.49 1.38
0.500 1.90 1.52 1.40
0.525 2.37 1.96 1.72 1.56 1.42
0.550 2.47 2.02 1.77 1.59 1.45
0.575 2.57 2.09 1.81 1.62 1.47
0.600 2.68 2.16 1.86 1.66 1.50

Table 9-8 presents the final results and acceptance criteria for each of the 18
archetype designs. This shows the collapse margin ratio (CMR) computed
directly from IDA, the SSF, and the final adjusted collapse margin ratio
(ACMR). The acceptable margins are then shown, and each archetype is
shown to either pass or fail the acceptance criteria.

The results in Table 9-8 show that high-seismic archetypes (SDC Dpax
designs) have lower ACMR values (as compared to SDC D, designs) and
control the collapse performance. Additionally, the 20-foot bay width
designs have slightly lower ACMR values. Therefore, this example focuses
on the performance groups containing archetypes designed for high seismic
(SDC Dmax) With 20-foot bay widths (PG-1, PG-3, PG-5, and PG-6). Based
on the results shown in Table 9-8, the perimeter frame performance groups
are more critical than the space frame performance groups, so PG-5 or PG-6
will govern the response modification factor, R.
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Table 9-8  Summary of Final Collapse Margins and Comparison to
Acceptance Criteria for Reinforced Concrete Special Moment
Frame Archetypes

Computed Overstrength and Collapse Acceptance

Design Configuration Margin Parameters Check

Static Accept| Pass/

. PG-5 (Short Period, 20' Bay Width Configuration)

2069 1 P Dy 16 | 118 | 140 | 133 | 1.57 | 1.52 | Pass
2064 2 P Do 1.8 | 150 | 19.6 | 133 | 2.00 | 1.52 | Pass
- 3 P D | 1.7* - - — |23 | - -

Mean of Performance Group: 1.7 | 1.34 | 16.8 | 1.33 | 1.90* | 1.90 Pass
Configuration)

1003 4 p Dy 16 | 161 | 109 | 141 | 227 | 152 | Pass

1011 8 p Dy 16 | 125 | 98 | 161 | 201 | 152 | Pass

5013 12 P Do 17 | 122 | 74 [158 | 193 | 152 | Pass

5020 20 P Dinax 2.6 0.82 4.1 1.40 1.15 1.52 Fail

Mean of Performance Group: 1.9 1.23 | 8.1 1.50 | 1.84 1.90 Fail
mance Group No. PG-1 (Sho Configuration)

2061 1 S Dy 40 | 196 | 161 [ 133 | 261 | 152 | Pass
10071 2 S Do 35 | 206 | 140 | 133 | 274 | 152 | Pass
-- 3 S Dinax 3.1 -- -- -- 2.63* - --

Mean of Performance Group: 3.5 2,01 | 15.0 | 1.33 | 2.66* | 1.90 Pass

Performance Group No. P ong Period, 20' Ba dth Configuratio

1008 4 S Do 27 | 178 | 113 | 141 | 251 | 152 | Pass

1012 8 S Dinax 2.3 1.63 7.5 1.58 2.58 1.52 Pass

5014 12 S Dinax 2.8 1.59 8.6 1.61 2.56 1.52 Pass

5021 20 S Dinax 3.5 1.25 4.4 1.42 1.78 1.52 Pass

Mean of Performance Group: 2.8 156 | 8.0 | 1.51 | 2.36 1.90 | Pass
Selected Archetypes - Performance Group Nos. PG-4 and PG-8 (20' Bay Width)

6011 8 P Diin 1.8 2.12 3.0 1.21 2.56 1.52 Pass

6013 12 P Diin 1.8 2.00 3.7 1.24 2.47 1.52 Pass

6020 | 20 P Dy 18 | 173 | 28 | 120 2.08 | 1.52 | Pass

6021 20 S Dy 34 | 370 | 33 | 1.22] 451 | 152 | Pass
Selected Archetypes - Performance Group Nos. and PG-14 (30' Bay Width

1009 4 P-30 Dinax 1.6 1.98 | 134 | 1.41 2.79 1.52 Pass

1010 4 S-30 Dinax 3.3 250 | 13.2 | 1.41 3.53 1.52 Pass

1. For completeness, the reinforced concrete special moment frame example assumes values of
static overstrength and ACMR of missing 3-story archetypes (based on the average of
respective 2-and 4-story values).

The overstrength factor, £, will likely not be governed by the same
performance group that governs the response modification factor, R. Table
9-8 shows that the space frame performance groups have higher overstrength,
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£, values than perimeter frame groups, short-period space frames have
higher overstrength values than long-period space frames, and the four-story
30-foot bay width design has a higher overstrength than 20-foot bay width
designs (e.g., Archetype ID 1010 versus 1008). This suggests that either PG-
9 or PG-11 (defined in Table 9-1) would govern the overstrength factor, (.,
but the archetypes in these performance groups were not designed and
assessed in this example application.

The results for the two performance groups that may govern the response
modification factor (PG-5 or PG-6), show that the majority of archetype
buildings have acceptable ACMR, but a trend is evident: for space and
perimeter frame buildings taller than four-stories, the ACMR decreases
substantially with increased building height. This causes the 20-story
perimeter frame archetype to have an unacceptable ACMR and causes the
average ACMR of the long period perimeter frame performance group (PG-6)
to also be unacceptable.

As currently defined’ the “newly proposed” reinforced concrete special
moment frame system does not meet the collapse performance objectives of
this Methodology, and needs adjusted design requirements in order to meet
the acceptance criteria. One simple alternative would be to limit the
proposed system to a maximum height of 12-stories (or 160 feet), or to
require a space frame system for buildings taller than 160 feet. This solution
is not ideal, so the next section looks more closely at other possible solutions.

9.2.8 Iteration: Adjustment of Design Requirements to Meet
Performance Goals

The reinforced concrete special moment frame system did not meet the
performance criteria with the initial set of design requirements. For the
initially assessed designs, the ACI 318-05 design requirements were used
along with R = 8, C4=5.5, a story drift limit of 2%, and minimum design
base shear requirements of ASCE/SEI 7-05. These requirements must now
be modified in some way that will improve the reinforced concrete special
moment frame collapse performance and cause the system to meet the
performance criteria of Section 7.4.

According to Table 9-8, the adjusted collapse margin ratio (ACMR) decreases
with increasing height. Haselton and Deierlein (2007) showed that this type
of poor performance is caused by the damage localizing more for taller
moment frames since damage localization is driven primarily by higher P-
delta effects as the building height increases. In order to ensure better
collapse performance in taller reinforced concrete frame buildings, this issue
could be addressed in various ways. More conservative strong-column-
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weak-beam ratios, i.e., larger than 1.2, could be developed for taller
buildings, to spread more uniformly over the height of the building. Instead,
strength requirements could also be increased for taller buildings, by using a
period-dependent R factor. Krawinkler and Zareian (2007) illustrate how the
R factor would need to change, as a function of building period, in order to
create uniform collapse probabilities for moment frame buildings of varying
height (more strength required for longer period frame buildings).

In this example, another simple approach is attempted and the minimum
design base shear is increased to solve this problem. This solution is not the
most direct way to solve the specifically identified problems of damage
localization and P-delta for taller moment-resisting frame buildings, but it is
a simple solution that works. Specifically, the ASCE/SEI 7-05 minimum
base shear requirement, C; = 0.01 (ASCE, 2006a, Equation 12.8-5) is
replaced by Equation 9.5.5.2.1-3 of ASCE 7-02 (ASCE, 2002). The ASCE
7-02 equation is shown here as Equation 9-1.

C, >0.044S (9-1)

This change to the design requirements impacts only the design of the 12-
and 20-story archetypes in SDC D and the design of the 8-, 12-, and 20-
story archetypes in SDC Dy;n.

Table 9-9 shows the design information for the redesigned buildings. A
comparison to Table 9-2 shows that the design base shear coefficient (V/W)
increased from 0.022 to 0.044 for the 20-story archetype in SDC Dy« and
increased from 0.010 to 0.017 for the 20-story archetype in SDC Dyi. The
base shear coefficient also increased, to a lesser extent, for the other
buildings shown in Table 9-9. The minimum base shear requirement is
governing the design of the taller frames.

The building designs were revised and the collapse assessments were
completed for the revised designs. Table 9-10 shows the updated collapse
performance results, with the italic lines showing the designs that were
affected by the change to the minimum base shear requirement. This shows
that each archetype building meets the performance requirement of ACMR >
1.52 (i.e., 20% conditional collapse probability) and the average ACMR >
1.90 for each performance group (i.e., 10% conditional collapse probability).
This shows that after modifying the minimum design base shear requirement,
the “newly proposed” reinforced concrete special moment frame system
attains the required collapse performance and could be added as a “new
system” in the building code provisions.
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Table 9-9  Structural Design Properties for Reinforced Concrete Special
Moment Frame Archetypes Redesigned Considering a Minimum
Base Shear Requirement

Key Archetype Design Parameters

No. of

. Framing Seismic Design Criteria
Stories

(Gravity

Load)

Re-Designed Archetypes - Performance Group No. PG-6 (Long Period, 20' Bay Width)

1013 12 p Do 6.4 2.13 2.01 0.044 0.42

1020 20 P D

max 4.1 3.36 2.63 0.044 0.27
Re-Designed Ar
1014 12 S Dinax 6.4 2.13 2.14 0.044 0.42

1021 20 S Do 4.1 3.36 2.36 0.044 0.27

0. PG-4, PG-8 (Long Period, 20' Bays)

4011 8 P (D 5.8 1.6 3.00 0.017 0.15
4013 12 P (D 6.6 2.28 3.35 0.017 0.10
4020 20 P Diin 4.2 3.6 4.08 0.017 0.065
4021 20 S Diin 8.0 3.6 4.03 0.017 0.065

1. Effective value of R due to limits on the seismic coefficient, Cs.

Notice that the short-period perimeter frame high-seismic performance group
(PG-5) is now the governing group that controls the value of the response
modification factor, R. It is common that short-period structures have higher
strength demands than moderate period structures, and therefore can control
the collapse performance assessment; this has been documented in many
research publications, starting with Newmark and Hall (1973).

Table 9-10 shows that building archetypes were only assessed up to a height
of 20 stories. Taller buildings were not assessed because of the limitations of
the ground motion record set, which is applicable only to buildings with
elastic fundamental periods below 4.0 seconds (Chapter 6). Even so, Table
9-10 shows a trend that the collapse safety increases with building height.

As long as this trend is observed for buildings with fundamental periods
below 4.0 seconds, and the peer review committee believes that the trend is
stable and defensible, then a height limit would not need to be imposed for
this reinforced concrete special moment frame system.
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Table 9-10 Summary of Final Collapse Margins and Comparison to
Acceptance Criteria for Archetypes Redesigned with an Updated
Minimum Base Shear Requirement

Computed Overstrength and Collapse Acceptance
Margin Parameters Check

Framing .
No. of .0 Static Accept.

Performance Group No. PG-5 (Short Period, 20' Bay Width Configuration)

Design Configuration

2069 1 P Do 16 | 118 | 140 | 133 | 157 | 1.52 | Pass
2064 2 P Doy 1.8 | 150 | 19.6 | 133 | 2.00 | 1.52 | Pass
- 3 P Do | 1.7* - - — | 2.13% - -

Mean of Performance Group: 1.7 | 1.34 | 16.8 | 1.33 | 1.90* | 1.90 Pass
Configuration)

1003 4 P Do 16 | 1.61 | 109 [ 141 | 227 | 152 | Pass

1011 8 P D iax 1.6 1.25 9.8 1.61 2.01 1.52 Pass

1013 12 P D ax 1.7 1.45 11.4 | 1.61 2.33 1.52 Pass

1020 20 P D 16 | 166 | 56 | 149 | 247 | 152 | Pass

Mean of Performance Group: 1.6 149 | 94 | 1.53 | 2.27 1.90 Pass
G-1 (Sho Configuration)

2061 1 S Doy 40 | 196 | 16.1 | 1.33 | 2.61 | 1.52 | Pass
1001 2 S Dy 35 | 206 | 140 | 1.33 | 274 | 152 | Pass
- 3 S Do | 3.1 - - — | 2.63* - -

Mean of Performance Group: 3.5 2.01 | 15.0 | 1.33 | 2.66* | 1.90 Pass
Perfo e oup No. P ong Period, 20'B d ontig 0

1008 4 S Do 27 | 178 | 113 | 141 | 251 | 152 | Pass

1012 8 S D ax 2.3 1.63 7.5 1.58 | 2.58 1.52 Pass

1014 12 S D 21 | 159 | 77 | 160 | 254 | 1.52 | Pass

1021 20 N D max 2.0 1.98 5.7 1.50 | 2.96 1.52 Pass

Mean of Performance Group: 2.3 1.75 | 8.1 1.52 | 2.65 1.90 Pass

Selected Archetypes - Performance Group Nos. PG-4

4011 8 p Do 18 | 193 | 36 | 123 | 238 | 1.52 | Pass
4013 12 P Dy 18 | 229 | 43 | 126 | 289 | 1.52 | Pass
4020 | 20 P Do 1.8 | 236 | 39 | 1.24 | 294 | 152 | Pass
4021 20 s Do 28 | 387 | 38 | 1.24 | 481 | 152 | Pass

Selected Archetypes - Performance Group Nos. and PG-14 (30' Bay Width
1009 4 P-30 D max 1.6 1.98 134 | 1.41 2.79 1.52 Pass
1010 4 S-30 (D 3.3 2.5 13.2 | 1.41 3.53 1.52 Pass

_

. For completeness, the reinforced concrete special moment frame example assumes values of
static overstrength and ACMR of missing 3-story archetypes (based on the average of respective 2-
and 4-story values).
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9.2.9 Evaluation of Q,Using Final Set of Archetype Designs

At this point, the overstrength, €, value can be established for use in the
proposed design provisions. Chapter 7 specifies that the £, value should not
be taken as less than the largest average value of overstrength, Q, from any
performance group, and should be conservatively increased to account for
variations in individual £ values. The final ©, value should be rounded to
the nearest 0.5, and limited to a maximum value of 3.0.

Section 9.2.7 explained that the governing performance group for the
overstrength factor, €2, will either be PG-9 or PG-11 (as defined in Table 9-
1). This portion of this example is not entirely complete, because the
archetypes in these performance groups were not designed and assessed.
Even so, the results from other performance groups are used to determine the
appropriate overstrength factor, (2.

The average Q values for the high-seismic 20-foot bay width performance
groups are 1.7 and 1.6 for the perimeter frame performance groups (PG-5
and PG-6) and 3.8 and 2.3 for the space frame performance groups (PG-1
and PG-3). Even though all performance groups were not completed, these
results are enough to show that the upper-bound value of Q,= 3.0 is
warranted, due to the average Q value of 3.8 observed for PG-1.

9.2.10 Summary Observations

This example shows that current seismic provisions for reinforced concrete
special moment frame systems in ACI 318-05 and ASCE/SEI 7-05 provide
an acceptable level of collapse safety in SDC D, with an important
modification of imposing the minimum base shear requirement from the
ASCE 7-02 provisions. In addition, it demonstrates that the Methodology is
reasonably well calibrated because recent building code design provisions
lead to acceptable collapse safety, as defined by the Methodology (Section
7.4). This example also illustrates how the Methodology could be used as a
tool for testing possible changes to building code requirements and
evaluating code change proposals.

9.3 Example Application - Reinforced Concrete
Ordinary Moment Frame Sysiem

9.3.1 Introduction

In this example, a reinforced concrete ordinary moment frame system, as
defined by ACI 318-05 and ASCE/SEI 7-05, is evaluated as if it were a new
system proposed for inclusion in ASCE/SEI 7-05.
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This example illustrates the Methodology for limited ductility systems,
which are only permitted in lower seismic design categories, are typical of
construction in the Central and Eastern United States, and are designed for a
much lower ratio of lateral to gravity loads. Since these systems lack the
capacity design and ductile detailing provisions of special moment frames,
reinforced concrete ordinary moment frame systems are susceptible to
additional modes of damage, such as shear failure in columns, leading to
rapid strength and stiffness deterioration. Because there are many possible
failure modes in reinforced concrete ordinary moment frame systems, this
example incorporates limit state checks for collapse modes that are not
simulated directly in nonlinear analysis.

9.3.2 Overview and Approach

The structural system for this example is defined by the design and detailing
provisions of ASCE/SEI 7-05 and ACI 318-05, and is evaluated using the
methods of Chapters 3 through 7. A set of structural system archetypes are
developed for reinforced concrete ordinary moment frame buildings,
nonlinear models are developed to simulate structural collapse, models are
analyzed to predict the collapse capacities of each archetype, and adjusted
collapse margin ratios are evaluated and compared to acceptance criteria.

This example has been adapted from collaborative research on the
development of structural archetypes for reinforced concrete ordinary
moment frames, calibration of nonlinear element models for collapse
simulation, simulation of structural response to collapse, and treatment of
uncertainties (Liel and Deierlein, 2008).

9.3.3 Structural System Information

Design Requirements

This example utilizes ACI 318-05 design requirements, which are extremely
detailed and represent years of accumulated research and building code
development. For the purpose of assessing composite uncertainty, the design
requirements are categorized as (A) Superior to reflect the high degree of
confidence in the design equations for reinforced concrete ordinary moment
frames. This rating is in agreement with the reinforced concrete special
moment frame example.

Test Data

The element models used in this study are the same as those in the reinforced
concrete special moment frame study and based on published test data from
the Pacific Earthquake Engineering Research Center’s Structural
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Performance Database (PEER, 2006b, Berry et al., 2004). Although
extensive data is available for reinforced concrete elements, there are still
limitations as discussed in Section 9.2.3. Accordingly, for the purpose of
assessing the total uncertainty, the test data is categorized as (B) Good, in
agreement with the reinforced concrete special moment frame example.

Seismic Design Criteria

Reinforced concrete ordinary moment frames are permitted only in Seismic
Design Categories B and below. Following the requirements of Section
4.2.1, the highest allowable SDC is the focus of the performance evaluation.
Accordingly, reinforced concrete ordinary moment frames are evaluated at
the lower limit of SDC B, where Sp; = 0.067 g and Sps = 0.167 g (Bmin), and
the upper limit of SDC B, where Sp; = 0.133 g and Sps = 0.339 (Bmax). A
subset of archetype models is also evaluated at the limits of SDC C, where
reinforced concrete ordinary moment frames are not permitted, to illustrate
how the Methodology can be used to evaluate current code limits.

9.3.4 Identification of Reinforced Concrete Ordinary Moment
Frame Archetype Configurations

Figure 9-8 shows the two-dimensional three-bay multi-story frame that is
considered an appropriate index archetype model for reinforced concrete
ordinary moment frame buildings. This is the same general archetype model
that was used to evaluate the reinforced concrete special moment frame
system, and includes joint panel elements, beam and column elements, elastic
foundation springs, and a leaning column to account for P-delta effects due to
the seismic mass on the gravity system.
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c beam '
column '
[—1 it i r‘] _______ _’
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% umn jor v (P-A)
T foundati ) column
oundation
- <\ L 3 N T\ T
bay size ‘
Figure 9-8 Index archetype model for reinforced concrete ordinary

moment frames.

Using the above index archetype model, a set of structural archetype designs
are developed to represent the archetype design space, following the design
configuration and performance group requirements of Chapter 4. Since this
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example is intended primarily to demonstrate that the Methodology is
applicable to reinforced concrete ordinary moment frame systems, a partial
group of archetypes is considered and it is recognized that this partial group
does not interrogate all basic design configurations that would be permitted
by the code. Therefore, a complete FEMA P695 assessment of the
reinforced concrete ordinary moment frame system would include a wider
range of design configurations, in addition to the subset of archetypes
evaluated here.

Table 9-11 shows how archetypes are organized into performance groups,
according to the requirements of Section 4.3. These groups represent the two
basic configurations considered in this example, the range of allowable
gravity loads and design ground motion intensities, and the building period
range (short- and long-period systems).

Table 9-11 Performance Groups for Evaluation of Reinforced Concrete
Ordinary Moment Frames

Performance Group Summary

Grouping Criteria

i Number of
Design Load Level Perio d Archetypes
Domain

PG-1 Short
Hich SDC B«
PG-2 '8 Long
PG-3 (Space Sh
- ort
Frame) SDCB,.
PG-4 20-foot Long o
PG-5 Bay Width Short
L SDC B«
PG-6 ow Long
= (Perimeter p
-7 ort
Frame) SDCB, .
PG-8 Long
PG-9 Short 0?
. SDC B,
PG-10 High Long 4
PG-11 bpace Sh 0?
- ort
Frame) SDCB, .
PG-12 30-foot Long 4
PG-13 | Bay Width Short 0’
L SDC B,
PG-14 ow Long 4
Py (Perimeter p ¥
- ort
Frame) SDCB,,,
PG-16 Long 4

1. Performance of reinforced concrete ordinary moment frame archetypes with 20-foot beam
span not evaluated, because 30-foot spans judged to be representative for reinforced concrete
ordinary moment frames.

2. No short-period reinforced concrete ordinary moment frame archetypes are considered in
this example; for a complete reinforced concrete ordinary moment frame assessment, a 1-
story would need to be investigated.
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Table 9-11 shows that only four performance groups are utilized in this
example, accounting for the variations in seismic design level and gravity
load level. For reinforced concrete ordinary moment frame buildings, the
bay width is not varied, and the rationale for this is explained below. Since
reinforced concrete ordinary moment frames tend to be flexible systems, all
designs fall into the long-period performance groups. For a full application
of the Methodology, at least one one-story building would need to be
evaluated in each of the short-period performance groups (PG-9, PG-11, PG-
13, and PG-15).

Space frames, which are typical for OMF designs are “high gravity” systems.

“Low gravity” systems could represent either perimeter frames of a flat plate
system, or the perimeter framing of a one-way joist system. Figure 9-9 and
Figure 9-10 show the layout of the archetype space and perimeter frame
systems. Buildings have a bay spacing of 30-feet and cover a range of
building heights (2-, 4-, 8-, or 12-stories). The bay spacing is different from
the default of 20-feet used in the special moment frame example, to better
reflect the typical configurations of gravity-dominated reinforced concrete
ordinary moment frame designs. For space-frames, a transverse span of 35
feet was used to maximize the gravity load contribution, whereas a smaller
transverse span of 30 feet was used for the lightly loaded perimeter-frames.

Archetype 3-Bay Model

\ Tributary Area for Lateral Mass &
T Gravity Mass

ﬁﬁﬁﬁﬁﬁﬁ T -

= & & =
w < < < Wi
— ) ) -

Figure 9-9 High gravity (space frame) layout.
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Figure 9-10 Low gravity (perimeter frame) layout. Interior (gravity) columns

are not shown for clarity.

Table 9-12 summarizes the design properties of the reinforced concrete
ordinary moment frame archetype designs needed to evaluate SDC B,
including the design base shear and code-calculated structural period. Each
of the archetypes was fully designed in accordance with the governing design
requirements (ASCE/SEI 7-05 and ACI 318-05). Additional information on
archetype designs is provided in Appendix C.

The design documentation provided is consistent with that provided for the
special moment frame models and an example for Archetype ID 9203 is
shown in Figure 9-11. Similar documentation has been maintained for all
other archetype designs.
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Table 9-12 Reinforced Concrete Ordinary Moment Frame Archetype Design
Properties, SDC B

Key Archetype Design Parameters

No. of
Stories

Framing Seismic Design Criteria

(Gravity
Loads)

Performance Group No. PG-16 (Long Period)

9101 2 P Bmin 3 0.55 1.56 0.041 0.18
9103 4 P Biin 3 0.99 2.81 0.023 0.10
9105 8 P Biin 3 181 4.58 0.012 0.06
9107 12 P Bmin 3 2.59 5.80 0.010 0.04

9102 2 S Bmin 3 0.55 0.85 0.041 0.18
9104 4 S Bmin 3 0.99 1.49 0.023 0.10
9106 8 S Bmin 3 1.81 2.53 0.012 0.06
9108 12 S Bmin 3 2.59 2.85 0.010 0.04
9201 2 P Bmax 3 0.51 1.23 0.087 0.39
9203 4 P Bmax 3 0.93 1.93 0.048 0.22
9205 8 P Bmax 3 1.70 3.39 0.026 0.12
9207 12 P Bmax 3 2.44 4.43 0.018 0.08

9202 2 S Bmax 3 0.51 0.81 0.087 0.39
9204 4 S Bmax 3 0.93 1.36 0.048 0.22
9206 8 S Bmax 3 1.70 2.35 0.026 0.12
9208 12 S Bmax 3 2.44 2.85 0.018 0.08
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Figure 9-11 Design documentation for a 4-story reinforced concrete

ordinary moment frame archetype with perimeter frame.
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9.3.5 Nonlinear Model Development

The nonlinear models of reinforced concrete ordinary moment frames are
similar to those developed in the reinforced concrete special moment frame
system example; model development was discussed in Section 9.2.5 and is
also discussed in more exhaustive detail in Appendix E. For illustration,
Figure 9-12 shows the predicted modeling parameters for each element of
Archetype ID 9203. As expected, reinforced concrete beams and columns in
these structures have substantially less ductility than their special moment
frame counterparts, as reflected in the deformation capacity (@cappi and Gpc)
and cyclic deterioration parameters (1). As with the special moment frame
example, these models were implemented in the OpenSees software
platform, developed by the Pacific Earthquake Engineering Research Center
(OpenSees, 2006).

Shear failure and subsequent loss of gravity-load bearing capacity in columns
is not explicitly included in the analysis models, but according to
requirements of Section 5.5, it is incorporated through post-processing as a
non-simulated failure mode. Shear-induced axial failure of columns is
difficult to simulate using available technologies and test data, and is
accounted for in post-processing for this reason; however, if possible, it
would be better to incorporate this failure mode directly into the nonlinear
structural simulation.
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Figure 9-12 Structural modeling documentation for a 4-story reinforced
concrete ordinary moment frame archetype (Archetype 1D
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9.3.6 Nonlinear Structural Analysis

Static Pushover Analysis

To compute the system overstrength, €, of each archetype design, a
monotonic static pushover analysis is utilized with the lateral load pattern
prescribed in ASCE/SEI 7-05. Figure 9-13 illustrates results of static
pushover analysis for Archetype ID 9203. For this reinforced concrete
ordinary moment frame archetype, the effective yield roof displacement, &
, iIs computed according to Equation 6-7 as 0.0047h;. The capping
displacement (the onset of negative stiffness) occurs at roof displacement of
about 0.0125h, and the displacement at 20% strength loss is &, = 0.018h,.
The period-based ductility (which will later be used to adjust the CMR
according to Section 7.2), can be computed as ur = &,/ der = 3.8. These
structures have substantially less ductility than their reinforced concrete
special moment frame counterparts (e.g., Figure 9-13 compared to Figure 9-
6).

Vinax= 470 kips

V = 300 kips

Figure 9-13 Monotonic static pushover for reinforced concrete ordinary
moment frame archetype (Archetype ID 9203).

Results from pushover analysis are tabulated below in Table 9-13 for all
performance groups in SDC B. Pertinent results include computed static
overstrength (£2) and period-based ductility (ur = 8,/ &err). When non-
simulated collapse modes are considered in the collapse assessment, &,
should account for the occurrence of the non-simulated collapse mode.

Nonlinear Dynamic Analysis and Simulation

The collapse capacity for each archetype design is computed according to
Section 6.4, using the incremental dynamic analysis (IDA) approach.
Ground motions (the Far-Field record set) and scaling procedures are based
on requirements of Sections 6.2.2 and 6.2.3, respectively. Figure 9-14
illustrates how the IDA method is used to compute the sidesway collapse
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margin ratio of Archetype ID 9203. It should be noted that a full IDA is not
required to quantify CMR, as discussed in Section 6.4.2.

1.4

Sr(Ty)
[d]

Scr=0.51g
E CMRSS =2.36

. Sut = 0229
o 1 1
[¢] 0.02 0.04 0.06
Maximum Interstory Drift Ratio
Figure 9-14 Incremental dynamic analysis to collapse showing the Maximum

Considered Earthquake ground motion intensity (S,,;), median
collapse capacity intensity (S5), and sidesway collapse margin
ratio (CMRy,) for Archetype 1D 9203.

Table 9-13 summarizes the IDA results for the selected 16 archetype designs.
These results reflect only the sidesway collapse mechanism, which is directly
simulated in the structural analysis model. The subscript “SS” denotes
consideration of sidesway collapse only and not the non-simulated collapse
modes. As such, CMRs; is not used for system evaluation, but is presented
here for illustrative purposes only.

Non-Simulated Collapse Modes

In this example, only sidesway collapse mechanisms based on strength and
stiffness degradation due to flexure and flexure-shear are simulated directly in
the analysis. Nonlinear models do not predict the occurrence of column shear
failure and subsequent rapid deterioration and loss of gravity-load bearing
capacity, which may occur because reinforced concrete ordinary moment
frame columns have light transverse reinforcement and are not subject to
capacity design requirements. A detailed discussion of possible failure modes
in reinforced concrete moment frames is included in Appendix D.

To account for failure modes not directly included in analysis modes,
according to Section 5.5, further post-processing of the nonlinear dynamic
results is required. Results of static pushover analysis also require post-
processing so that the computed period-based ductility, ur, (which is used to
compute the SSF) accounts for non-simulated failure modes. The ultimate
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roof displacement, 6, should be based on the roof displacement
corresponding to a 20% loss of base shear or the occurrence of the non-
simulated collapse mode, whichever occurs at a smaller displacement.

Table 9-13 Summary of Pushover Analysis and IDA Sidesway Collapse
Results for Reinforced Concrete Ordinary Moment Frame
Archetype Designs, SDC B

Design Configuration Pushover and IDA Results

Archetype Framing
te] . .
ID SNt((:;izi (Gravity Seismic Static 2 [JT1 Sc(r [)T]
Loads) g

Performance Group No. PG-16 (Long Period)

9101 2 P By 2.0 3.7 0.91 4.99
9103 4 P Binin 1.8 3.0 0.33 3.30
9105 8 P By 2.6 3.1 0.18 3.31
9107 12 P B 2.3 2.5 0.14 3.68

Mean of Performance Group: 2.2 3.1 NA 3.82

Performance Group No. PG-12 (Long Period)

9102 2 S Binin 6.6 3.0 1.40 7.69
9104 4 S Binin 5.3 2.1 0.68 6.70
9106 8 S By 6.0 3.0 0.39 7.05
9108 12 S By 6.0 4.2 0.35 9.07

Mean of Performance Group: 6.0 3.1 NA 7.63

Performance Group No. PG-14 (Long Period)

9201 2 P B nax 1.6 3.5 1.07 2.72
9203 4 P Binax 1.6 3.8 0.51 2.36
9205 8 P By 1.5 2.8 0.25 2.11
9207 12 P By 1.7 3.0 0.18 2.22

Mean of Performance Group: 1.6 3.3 NA 2.36
9202 2 S Binax 2.9 3.3 1.36 3.47
9204 4 S Binax 3.0 2.3 0.83 3.87
9206 8 S By 3.1 3.0 0.41 3.49
9208 12 S By 3.8 5.8 0.38 4.65

Mean of Performance Group: 3.2 3.6 NA 3.87

1. Due to time constraints, []; values do not account for non-simulated collapse modes,
Even so, these must be included when computing period-based ductility.

Fragility functions (adopted from Aslani, 2005) are introduced to determine
the drift at which the column loses its ability to carry gravity loads following
shear failure. To determine if the shear-induced axial failure mode has
occurred, the column drift level (demand) is extracted from the analysis data
and compared to the median drift level associated with column axial failure
from the fragility functions (capacity). If the median drift level has been
exceeded in any column, the non-simulated collapse mode is assumed to
have occurred. This approach is likely conservative because is assumes that
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when the non-simulated collapse limit is exceeded in one element, it triggers
collapse of the entire building. In many cases, gravity loads can be
redistributed to nearby elements, and the axial failure of a single column will
not cause complete collapse of an entire structure. However, because the
structural simulation model cannot represent system behavior and
redistribution after the vertical collapse of a column, this is taken as the non-
simulated collapse state.

Using the approach to non-simulated collapse modes in Section 5.5, the
collapse fragility is adjusted, increasing the probability of collapse to include
both the simulated and non-simulated failure modes. This change reduces
the collapse margin ratio. This reduction is more significant in space frame
structures that have higher column axial loads. The effect of non-simulated
failure modes on the computed collapse margin ratios for the 16 archetype
structures is shown in Table 9-14.

Table 9-14 Effect of Non-Simulated Collapse Modes on Computed Collapse
Margin Ratios for Reinforced Concrete Ordinary Moment Frame
Archetypes, SDC B

Design Configuration Collapse Margin Ratios
Arcf:gtype No. _of [(:éarg]\;ns Seismic Scr [T] CMRes CMRon. Percent
Stories Loads) (9) simulated Decrease

Performance Group No. PG-16 (Long Period, 30’ Bay Width)
9101 2 P Bmin 0.91 4.99 4.96 0.6%
9103 4 P Bmin 0.33 3.30 3.08 6.7%
9105 8 P Bmin 0.18 3.31 2.57 22.3%
9107 12 P Bmin 0.14 3.68 2.96 19.5%
Mean of Performance Group: NA 3.82 3.39 11.2%

No. PG-12 (Long Period, 30’ Bay Width)
9102 2 S Bumin 1.40 7.69 3.98 48.2%
9104 4 S Bumin 0.68 6.70 2.79 58.4%
9106 8 S Bmin 0.39 7.05 4.36 38.2%
9108 12 S Bmin 0.35 9.07 4.19 53.8%
Mean of Performance Group: NA 7.63 3.83 49.8%

No. PG-14 (Long Period, 30’ Bay

9201 2 P Brmax 1.07 2.72 2.04 25.0%
9203 4 P Brmax 0.51 2.36 1.99 15.6%
9205 8 P Brmax 0.25 2.11 1.68 20.5%
9207 12 P Brmax 0.18 2.22 1.93 13.4%
Mean of Performance Group: NA 2.36 1.91 18.9%

Performance Group No. PG-10 (Long Period, 30’ Bay Width)
9202 2 S Brmax 1.36 3.47 1.79 48.5%
9204 4 S Brmax 0.83 3.87 2.08 46.3%
9206 8 S Brmax 0.41 3.49 248 28.9%
9208 12 S Brmax 0.38 4.65 1.95 58.0%
Mean of Performance Group: NA 3.87 2.08 46.4%
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9.3.7 Performance Evaluation for SDC B

The collapse margin ratio is adjusted according to Section 7.2 to account for
the proper spectral shape of rare ground motions through the spectral shape
factor, SSF. According to Table 9-4 (from Section 7.2.2), the spectral shape
factor is computed based on the SDC, the period-based ductility, 1, and the
structural periods, T and Ty; these parameter values are documented in Table
9-12 and later in Table 9-15. These structures have an average period-based
ductility, g, of 3.2, resulting in an average SSF of 1.17, as shown below in
Table 9-15. Since the ordinary moment frame archetypes are designed for
SDC B, where the benefit of spectral shape is more limited, and they have
limited deformation capacity, the SSF values are smaller than for the special
moment frame example.

To assess the ordinary moment frame system, the composite uncertainty,
Pror, in collapse capacity is needed. As described above, the quality of test
data is rated (B) Good and the quality of structural system design
requirements is rated (A) Superior. According to Section 5.7, the uncertainty
in the archetype model is based on (1) the completeness of the set of index
archetypes and (2) how well the structural collapse behavior is captured
either by direct simulation or use of non-simulated component checks.
Regarding the completeness of the set of archetypes, it has already been
stated that this example is a partial example, and the archetype set is not
complete; however, for the purpose of quantifying model uncertainty in this
example, it is assumed that the set of archetypes is complete. Regarding the
collapse modeling, although the component model is calibrated to columns
that fail in flexure-shear, the structural simulation model may lose some
fidelity after the occurrence of shear failure, because shear failure is not
directly predicted. Based on this rationale, the archetype model quality is
rated as (C) Fair. Based on these individual values for the ordinary moment
frame example, the composite uncertainty determined to be fror = 0.575,
according to Section 7.3.4.

The acceptable collapse margin ratio is determined from the composite
uncertainty and the acceptable conditional probability of collapse under the
MCE ground motions. Chapter 7 defines the collapse performance
objectives as: (1) a conditional collapse probability of 20% for each
archetype building, and (2) a conditional collapse probability of 10% for
each performance group. For the reinforced concrete ordinary moment frame
systems with a composite uncertainty of 0.575, this corresponds to a required
ACMR,q, 0f 1.62 for each archetype building, with a required average
ACMR o9, Of 2.09 for each performance group. These values are taken from
Table 7-3 (also shown in Table 9-7).
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Table 9-15 presents the final results and acceptance criteria for the 16
reinforced concrete ordinary moment frame archetypes in SDC B. As shown
in Table 9-15, the reinforced concrete ordinary moment frame structural
system passes for each of the two performance groups in both Byax and Buin.
Although the average ACMR is close to the limit for PG-14, in some cases
the ACMRs are considerably above the required values. The large ACMRs
tend to occur for structures with substantial overstrength, which resulted
from the dominance of gravity loading in the design, especially where
seismic design forces are low compared to gravity loading (e.g., spaceframes
in SDC Bin)-

Table 9-15 Summary of Collapse Margins and Comparison to Acceptance
Criteria for Reinforced Concrete Ordinary Moment Frame
Archetypes, SDC B

Computed Overstrength and Acceptance

Design Configuration Collapse Margin Parameters Check

' Framing )
No. of . Static f Accept| Pass/
Stories (ggég)y o heme

Performance Group No. PG-16 (Long Period)

9101 2 P B 20 | 496 | 3.7 | 1.09 | 5.40 | 1.62 | Pass
9103 4 P B 1.8 | 3.08 | 3.0 | 112 | 344 | 1.62 | Pass
9105 8 P B 26 | 257 | 3.1 | 121 | 310 | 1.62 | Pass
9107 12 P Bruin 23 | 296 | 25 | 118 | 3.50 | 1.62 | Pass
Mean of Performance Group: 2.2 3.39 | 3.1 1.15 | 3.86 2.09 | Pass
Performance Group No. PG-12 (Long Period)
9102 2 S Bmin 6.6 3.98 3.0 1.08 | 4.29 1.62 | Pass
9104 4 S Bmin 5.3 2.79 2.1 1.09 | 3.03 1.62 | Pass
9106 8 S Bmin 6.0 4.36 3.0 1.21 5.26 1.62 | Pass
9108 12 S Bmin 6.0 4.19 4.2 1.37 | 5.75 1.62 | Pass
Mean of Performance Group: 6.0 3.83 3.1 1.19 | 4.58 2.09 | Pass
Performance Group No. PG-14 (Long Period)
9201 2 P B nax 1.6 2.04 3.5 1.09 2.21 1.62 Pass
9203 4 P Binax 1.6 1.99 3.8 1.13 2.24 1.62 Pass
9205 8 P Binax 1.5 1.68 2.8 1.20 2.01 1.62 Pass
9207 12 P B nax 1.7 1.93 3.0 1.21 2.33 1.62 Pass
Mean of Performance Group: 1.6 1.91 3.3 | 1.15 | 2.20 2.09 | Pass
Perfo e Group No. PG-10 (Long Period
9202 2 S B 29 | 179 | 33 | 1.08 | 194 | 1.62 | Pass
9204 4 S B 30 | 208 | 23 | 1.0 | 228 | 1.62 | Pass
9206 8 S B 3.1 248 | 3.0 | 1.21 | 299 | 1.62 | Pass
9208 12 S B 38 | 195 | 5.8 | 131 | 256 | 1.62 | Pass
Mean of Performance Group: 3.2 208 | 3.6 | 1.17 | 2.44 2.09 | Pass

1. Due to time constraints, [J; values do not account for non-simulated collapse modes.
Even so, these must be included when computing period-based ductility.
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9.3.8 Performance Evaluation for SDC C

A smaller subset of archetypes was utilized to assess whether reinforced
concrete ordinary moment frame buildings designed in SDC C would meet
the collapse safety criteria of Section 7.4. The archetype designs and results
for Brax are used in this assessment, since By is identical to Cpin. In
addition, we consider four additional archetype reinforced concrete ordinary
moment frames, designed for Cpax, as shown in Table 9-16. These four
designs compose two partial performance groups for SDC Cy.x; complete
performance groups would include at least three designs in each group.

Seismic performance is assessed using the same procedure as described for
the evaluation of reinforced concrete ordinary moment frames in SDC B.
Table 9-17 shows the computed overstrength, €2, and period-based ductility,
ut, factors from static pushover analysis. The computed collapse margin
ratios, showing only the results that include non-simulated failure modes, are
also reported in Table 9-17. This table also compares the adjusted collapse
margin ratios to the acceptance criteria.

Table 9-16 Reinforced Concrete Ordinary Moment Frame Archetype Design
Properties for SDC C Seismic Criteria

Key Archetype Design Parameters

Archetype | No. of

Framin ismi i iteri
D Stories 8 Seismic Design Criteria

(Gravity

SDC C,,;, Performance Group (Long Period) - PG-14

9201 2 P Conin 3 0.51 1.23 0.087 0.39
9203 4 P Conin 3 0.93 1.93 0.048 0.22
9205 8 P Conin 3 1.70 3.39 0.026 0.12
9207 12 P Conin 3 2.44 443 0.018 0.08

SDC C,;, Performance Group (Long Period) - PG-10

9202 2 S Conin 3 0.51 0.81 0.087 0.39
9204 4 s Conin 3 0.93 1.36 0.048 0.22
9206 8 S Conin 3 1.70 2.35 0.026 0.12
9208 12 S Conin 3 2.44 2.85 0.018 0.08

SDC C,,,, Performance Group (Long Period)
9303 4 P Crnax 3 0.87 1.51 0.077 0.34

9307 12 P Cinax 3 2.29 3.72 0.029 0.13
SDC C,,, Performance Group (Long Period)
9304 4 S Conx 3 0.87 1.30 0.077 0.34

9308 12 S Cinax 3 2.29 2.57 0.029 0.13
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Table 9-17 Summary of Pushover Results, Collapse Margins, and
Comparison to Acceptance Criteria for Reinforced Concrete
Ordinary Moment Frame Archetypes, SDC C

Computed Overstrength and Collapse Acceptance

Design Configuration Margin Parameters Check

Framing .
(Gravity| SDC St?;'c CMR | ' | SSF | ACMR :Cg:f:;'
Loads)

SDC C,,;, Performance Group (Long Period) - PG-14

9201 2 P Crrin 16 | 204 | 35 | 109 221 | 1.62 Pass
9203 4 P Ciin 1.6 1.99 3.8 113 2.24 1.62 Pass
9205 8 P Ciin 1.5 1.68 2.8 1.20 | 2.01 1.62 Pass
9207 12 P Coin 1.7 | 193 | 3.0 | 1.21 | 233 | 1.62 Pass

Mean of Performance Group: 1.6 1.91 3.3 | 1.15 | 2.20 2.09 Pass

C,nin Performance

9202 2 S Cin 2.9 1.79 3.3 1.08 1.94 1.62 Pass
9204 4 S Ciin 3.0 2.08 2.3 1.09 | 2.28 1.62 Pass
9206 8 S Cinin 3.1 2.48 3.0 1.21 2.99 1.62 Pass
9208 | 12 S Con 38 | 195 | 5.8 [ 131 ] 256 | 1.62 Pass

Mean of Performance Group: 3.2 208 | 3.6 | 1.17 | 2.44 2.09 Pass

SDC C,,. Performa
9303 4 P Conax 15 | 155 | 36 | 114 | 1.76 | 1.62

9307 12 P Crnax 1.4 1.03 2.1 1.16 1.19 1.62

Mean of Performance Group: 1.5 129 | 29 | 1.15 | 1.48 2.09

SDC C,,., Performa
9304 4 S Cons 21 | 197 | 33 | 113 ] 223 | 1.62 Pass
9308 12 S Crnax 2.7 1.58 4.7 1.27 2.01 1.62 Pass
Mean of Performance Group: 2.4 1.78 | 4.0 | 1.20 | 2.12 2.09 Fail

1. Due to time constraints, []; values do not account for non-simulated collapse modes.
Even so, these must be included when computing period-based ductility.

As shown in Table 9-17, archetype structures with a perimeter configuration
fail the acceptance criteria for Cps« Seismic criteria for both the average
ACMR of the long-period performance group, as well as individual
Archetype ID 9307 (i.e., taller archetype). These results indicate that the
Methodology would not allow the use of reinforced concrete ordinary
moment frames from SDC C, consistent with current Code restrictions. In
order to be permitted in SDC C a lower R factor or other changes in design
requirements would be necessary.

9.3.9 Evaluation of 2,Using Set of Archetype Designs

Development of the overstrength factor, €,, is based on SDC B archetype
designs, since this is the highest SDC that is currently allowed for this
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system. If the system were being approved for use in SDC C, then the SDC
C archetypes would instead be used for establishing Q..

The first step is to compute the overstrength values (£2) for each individual
archetype building. There is a relatively wide range of overstrength observed
for the set of archetype designs (2 ranges from 1.5 to 6.6, as reported in
Table 9-17). The PG-14 archetypes (SDC Bnax, perimeter frame) that govern
the R factor have computed 2 values ranging from 1.5 to 1.7, with an average
of 1.6. The PG-10 archetypes (SDC Bnax, Space frame) have higher
computed overstrength values, between 2.9 and 3.8, with an average of 3.2.
The PG-12 archetypes (SDC Bnin, space frame) have the largest overstrength
values, ranging up to 6.6, with an average of 6.0. Due to the average values
being greater than 3.0 for one or more of the performance groups, the upper-
bound value of £, = 3.0 is recommended for reinforced concrete ordinary
moment frames, based on the requirements of Section 7.6.

9.3.10 Summary Observations

This example shows that current seismic provisions for reinforced concrete
ordinary moment frame systems provide an acceptable level of collapse
safety for SDC B, but not for SDC C. These results are consistent with the
provisions for use of reinforced concrete ordinary moment frame in
ASCE/SEI 7-05. Levels of collapse safety observed for reinforced concrete
ordinary moment frames in SDC B, are comparable to those for reinforced
concrete special moment frames in SDC Dpay, and in B, these systems have
a large margin against collapse. Note that in some cases the collapse safety
of actual reinforced concrete ordinary moment frame buildings may be
higher than calculated in this example, particularly when there are a large
number of gravity-designed columns which increase structural strength and
stiffness. Even so, for the purpose of establishing seismic design
requirements according to this Methodology, Chapter 4 requires that only
elements that are designed as part of the seismic-force-resisting system, and
are accordingly governed by seismic design requirements, be included in this
assessment.

To account for non-simulated failure modes as described in Section 5.5,
component limit state checks are incorporated through post-processing of
dynamic analysis results. In some cases, incorporation of the non-simulated
failure modes significantly affects the collapse margin ratio, demonstrating
the importance of carefully considering and including all critical failure
modes either explicitly in the simulation models or in non-simulated limit
state checks. Use of non-simulated failure modes to account for collapse due
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to column loss of gravity-load bearing capacity may be conservative, because
it does not allow for load redistribution.

9.4 Example Application - Wood Light-Frame System
9.4.1 Iniroduction

In this example, a wood light-frame system with structural panel sheathing is
considered as if it were a new system proposed for inclusion in ASCE/SEI
7-05.

9.4.2 Overview and Approach

Wood light-frame system design requirements of ASCE/SEI 7-05 are used as
the framework. A set of structural archetypes are developed for wood light-
frame buildings, nonlinear models are developed to simulate structural
collapse, models are analyzed to predict the collapse capacities of each
design, and the adjusted collapse margin ratio, ACMR, is evaluated and
compared to acceptance criteria.

Seismic performance factors (SPFs) are determined by iteration until the
acceptance criteria of the Methodology are met. This example begins with
an initial value of R = 6 and checks if such designs pass the acceptance
criteria of Section 7.4. This value is different from the current value of R =
6.5 for wood light-frame shear wall systems with wood structural panel
sheathing in ASCE/SEI 7-05. It has been rounded to the nearest whole
number for simplicity, and because developmental studies have shown that
there is no discernable difference in collapse performance of structures
design for fractional R factors (e.g., R = 6 versus R = 6.5). The Q, factor is
not assumed initially, but is determined from the actual overstrength factors,
Q, calculated for the archetype designs.

9.4.3 Structural System Information

Design Requirements

This example utilizes design requirements for engineered wood light-frame
buildings included in ASCE/SEI 7-05, in place of the requirements that
would need to be developed for a newly proposed system. For the purpose of
assessing uncertainty, the ASCE/SEI 7-05 design requirements are
categorized as (A) Superior since they represent many years of development,
include lessons learned from a number of major earthquakes, and consider
recent results obtained from large research programs on wood light-frame
systems, such as the FEMA-funded CUREE-Caltech Woodframe Project and
the NSF/NEES-funded NEESWood Project.

FEMA P695 9: Example Applications

9-43



Test Data

This example relies on existing published sheathing-to-framing connection
test data and wood shear wall assembly test data. Specifically, this example
relies on information developed during the CUREE-Caltech Woodframe
Project (Fonseca et al., 2002; Folz and Filiatrault, 2001), the NEESWood
Project (Ekiert and Hong, 2006), the CoLA wood shear wall test program
(CoLA, 2001), and data provided directly by the wood industry (Line et al.,
2008).

The quality of the test data is an important consideration when quantifying
the uncertainty in the overall collapse assessment process. Cyclic test data
were provided by the wood industry for each of the archetypes used later in
this example. In addition, more data were used by the authors to calibrate
and validate the numerical model; these include monotonic and cyclic tests
which cover a wide range of wood sheathing types and thicknesses (e.g.,
oriented strand board and plywood), framing grades, species, and connector
types (e.g., common vs. box nails). All loading protocols were continued to
deformations large enough for the capping strength to be observed, which
allows better calibration of models for structural collapse assessment.
Nevertheless, some uncertainties still exist with these test data sets including:
(1) premature failures in some of the CUREE data set caused by specimens
with smaller connector edge distances than specified; (2) the use of the
Sequential Phased Displacement, SPD, loading protocol in the CoLA tests
that tends to cause premature specimen failure by connectors fatigue, which
is seldom observed after real earthquakes; (3) the inherent large variability
associated with the material properties of wood; and (4) a lack of duplicate
tests of the same specimen. Therefore, for the purpose of assessing
uncertainty, this test data set is categorized as (B) Good.

9.4.4 Identification of Wood Light-Frame Archetype
Configurations

The archetypes are established according to the requirements of Chapter 4,
and separated into performance groups according to Section 7.4. The first
step in archetype development is to establish the possible building design
configurations. Figure 9-15 shows the two different building configurations
that are assumed to be representative for the purpose of defining the two-
dimensional archetypes for wood light-frame shear wall systems with wood
structural panel sheathing. The first configuration is representative of
residential buildings, while the second configuration is associated with
office, retail, educational, and warehouse/light-manufacturing buildings.

9-44

9: Example Applications FEMA P695



10'-0"
WALL
CLEAR
HEIGHT

Residential building dimensions

10-0"
WALL
CLEAR
HEIGHT

Commercial/educational building dimensions

Figure 9-15 Building configurations considered for the definitions of wood
light-frame archetype buildings.

Table 9-18 lists the range of design parameters considered for the
development of the two-dimensional archetype wall models. According to
Section 5.3, two-dimensional archetype wall models, not accounting for
torsional effects, are considered acceptable because the intended use of the
Methodology is to verify the performance of a full class of buildings, rather
than one specific building with a unique torsional issue. According to the
requirements of Section 4.2.3, nonstructural wall finishes, such as stucco and
gypsum wallboard, were not considered in the modeling of the archetypes.
These finishes are excluded because they are not defined as part of the lateral
structural system, and therefore are not governed by the seismic design
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provisions. Depending on their type, wall finishes may greatly influence the
seismic response of wood buildings. The Methodology would allow such
elements to be included in the structural model, if one defines them as part of
the lateral structural system, and design provisions are included to govern
their design.

Table 9-18 Range of Variables Considered for the Definition of Wood Light-
Frame Archetype Buildings

Variable Range

Number of stories Tto5
Seismic Design Categories (SDC) D, and D,
Story height 10 ft
Interior and exterior nonstructural wall finishes Not considered
Wood shear wall pier aspect ratios High/Low

Following the guidelines of Section 4.3, low aspect ratio (1:1 to 1.43:1) and
high aspect ratio (2.70:1 to 3.33:1) walls were used as the two basic
configurations in the archetype designs. This was done to evaluate the
influence of the aspect ratio strength adjustment factor contained in
ASCE/SEI 7-05, which effectively increases the strength of high aspect ratio
wood shear walls.

Table 9-19 shows the performance groups (PG) used to evaluate the wood
light-frame buildings, consistent with the requirements of Section 4.3.1. To
represent these ranges of design parameters, 48 archetypes could have been
used to evaluate the system (three designs for each of the 16 performance
groups shown in Table 9-19). However, Table 9-19 shows that 16
archetypes were found to be sufficient. The notes in the table explain why
these specific archetypes were selected, including the rationale for why these
16 can be used in place of the full set of 48. These 16 wood archetypes were
divided among five performance groups: (1) three low aspect ratio wall
short-period archetypes designed for SDC Dy (PG-1); (2) five SDC Dyax -
high aspect ratio wall short-period archetypes in SDC Dy« (PG-9); (3) one
low aspect ratio shear wall long-period archetype designed for SDC Dyin
(PG-4); and (4) seven SDC D, - high aspect ratio shear wall systems, which
are divided into four short-period buildings (PG-11) and three long-period
buildings (PG-12). Itis believed that this ensemble of 16 archetypes covers
the current design space for wood light-frame buildings fairly well, but
additional configurations would be required for a complete application of the
Methodology. Appendix C provides detailed descriptions of the 16
archetype models developed for wood light-frame buildings.
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Table 9-19 Performance Groups Used in the Evaluation of Wood Light-
Frame Buildings

Performance Group Summary

Grouping Criteria

- Number of
Group No. Basi.c Design Load Level Periot.i Archetypes
Config, Domain

PG-1 Short 3
SDC D,
PG-2 High Long 0'
PG-3 (Nominal) Short 0
PG4 Low Wall SDC Dy Long 12
. Aspect Sh
- . ort
Ratio SDC D,
PG-6 Low Long 0
PG-7 (NA) Short
SDC D,
PG-8 Long
PG-9 Short 5
SDC D,
PG-10 High Long 0
PG-11 High (Nominal) Short 4
Wal SDC D,
PG-12 a Long 3
Aspect
PG-13 Ratio SDC D, Short
PG-14 Low ] Long 0
- (NA)
PG-15 SDC Dmm Short
PG-16 Long

1. No long-period SDC D,,,, wood-frame archetypes, because representative
designs never exceed T = 0.6 s.

2. Only one archetype in low-aspect/SDC D,;,/long-period performance group,
because only one representative design exceeds T = 0.4 s.

3. No archetypes because light wood-frame archetype design and performance not
influenced significantly by gravity loads (i.e., nominal gravity loads used for all

designs).

Table 9-20 reports the properties of each of these 16 archetypes. Seismic
demands are based on the ground motion intensities of Seismic Design
Category D. The archetypes are designed for maximum and minimum
seismic criteria of Section 5.2.1: Sps= 1.0 g and Sp; = 0.6 g for SDC Dy,
and Sps = 0.50 g and Sp; = 0.20 g for SDC Dyir*. The MCE ground motion
spectral response accelerations, Syr, shown in Table 9-20 are based on Table
6-1. In accordance with Section 5.2.4, the periods reported in Table 9-20 are
the fundamental period of the archetypes based on Section 12.8.2 of
ASCE/SEI 7-05 (T = C_T,) with a lower bound limit of 0.25 sec.

* In this example, archetypes designed for low seismic (SDC Dy,,) loads, are based
on Sps = 0.38 g and Sp; = 0.167 g, based on interim criteria which differ slightly
from the final values required by the Methodology.
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Table 9-20 Wood Light-Frame Archetype Structural Design Properties

Key Archetype Design Parameters

No. of S . __—
Stgri(;s Building Seismic Design Criteria

Configurati

Performance Group No. PG-1 (Short Period, Low Aspect Ratio)

1 1 Commercial Low Dinax 0.25 0.40 0.167 1.50
5 2 Commercial Low Dinax 0.26 0.46 0.167 1.50
9 3 Commercial Low Dinax 0.36 0.58 0.167 1.50
Performance Group No. PG-9 (Short Period, High Aspect Ratio)
2 1 1&2 Family High Dinax 0.25 0.29 0.167 1.50
6 2 1&2 Family High Dinax 0.26 0.37 0.167 1.50
10 3 Multi-Family High Do 0.36 0.44 0.167 1.50
13 4 Multi-Family High Dinax 0.45 0.53 0.167 1.50
15 5 Multi-Family High Dinax 0.53 0.62 0.167 1.50

Partial Performance Group No. PG-4 (Long Period, Low Aspect Ratio)

Performance Group No. PG-11 (Short Period, High Aspect Ratio)

3 1 Commercial High Dinin 0.25 0.50 0.063 0.75
4 1 1&2 Family High Din 0.25 0.41 0.063 0.75
7 2 Commercial High Dinin 0.30 0.61 0.063 0.75
8 2 1&2 Family High Dy, 0.30 0.62 0.063 0.75

Performance Group No. PG-12 (Long Period, High Aspect Ratio)

12 3 Multi-Family | High Dy 0.41 0.69 0.063 0.75
14 4 Multi-Family | High Dy 0.51 0.81 0.063 0.75
16 5 Multi-Family High Dunin 0.60 0.91 0.063 0.75

9.4.5 Nonlinear Model Development

Structural modeling of the wood light-frame archetypes is based on a
“pancake” approach (Isoda et al., 2001). This system-level modeling
approach is capable of simulating the three-dimensional seismic response of
a wood light-frame building through a degenerated two-dimensional planar
analysis. The computer program SAWS: Seismic Analysis of Woodframe
Structures, developed within the CUREE-Caltech Woodframe Project (Folz
and Filiatrault, 2004a, b), was used to analyze the wood light-frame
archetype models. Because this example does not involve any buildings with
torsional irregularities, only a two-dimensional model is utilized by fixing the
rotational degree-of-freedom in the SAWS model.

In the SAWS model, the building structure is composed of rigid horizontal
diaphragms and nonlinear lateral load resisting shear wall elements. The
pinched, strength and stiffness degrading hysteretic behavior of each wood
shear wall in the building is characterized using an associated numerical
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model (Folz and Filiatrault, 2001) that predicts the load-displacement
response of the full wall assemblies under general quasi-static cyclic loading,
based on sheathing-to-framing connection cyclic test data. Alternatively,
cyclic test results from full-scale walls can also be used directly to
characterize their hysteretic response. In the SAWS model, the hysteretic
behavior of each wall panel is represented by an equivalent nonlinear shear
spring element. As shown in Figure 9-16, the hysteretic behavior of this
shear spring includes pinching, as well as stiffness and strength degradation,
and is governed by 10 different physically identifiable parameters (Folz and
Filiatrault 20044, b). The predictive capabilities of the SAWS program have
been demonstrated by comparing its predictions with the results of shake
table tests performed on full-scale wood light-frame buildings (Folz and
Filiatrault, 2004b; White and Ventura, 2007).

Force, F

F{I 7

r, K
F, 1 4™ Displacement. A

T
Aun
1 Amax = I;'Aun

=

A,

(Fy + 1Ky A) -[1 - exp(- KyAF)]. 0<A<A,
F =
F,+1,K,(A-A), A=A,

Kp = Ky [(Fy/Ko)/A

[+
|118KI

Figure 9-16 Hysteretic model of shear spring element included in SAWS
program (after Folz and Filiatrault, 20044, b).

Table 9-21 shows the sheathing-to-framing connector hysteretic parameters
used to construct the equivalent nonlinear shear spring elements of each of
the walls contained in the archetype models. The hysteretic model used for
these sheathing-to-framing connectors is the same model used for the entire
wall panel assemblies, which is shown in Figure 9-16. Figure 9-17 shows the
monotonic backbone curves of 8’ x 8’ shear wall specimens generated using
the hysteretic parameters for 8d common nail on 7/16” OSB sheathing shown
in Table 9-21, compared with average test data provided by the wood
industry (Line et al., 2008). This wood industry data is based on the cyclic
envelope averaged from two identical test specimens. Very good agreement
is observed between the numerical predictions and the test data shown here,
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which typically continues up to displacements near the onset of strength loss.
The capping displacement and the post-capping behavior of the analytical
model are based on additional cyclic test data that is not shown here, which
was continued to larger displacements to exhibit strength deterioration.

Table 9-21  Sheathing-to-Framing Connector Hysteretic Parameters Used to
Construct Shear Elements for Wood Light-Frame Archetype
Models

Connector K

0
Type (Ibs/in)

7/16" OSB - 8&d

. 6,643 |0.026 | -0.039 | 1.0 0.008 | 228 32 0.51 0.7 1.2
common nails

19/32" Plywood -

. 7,777 | 0.031] -0.056 | 1.1 {0.007 | 235 39 0.49 | 0.6 1.2
10d common nails

18000 -
Numerical Model
16000 1 _ _ _ Test Data 8d at 2"
14000 -
s 8d at 3"
5 12000 - a
?
o 10000 - 8d at 4"
4
8000 -
8d at 6"
6000 - = —
~
4000 - =
2000 -
0 T T T T T 1
0.0 0.5 1.0 15 2.0 2.5 3.0
Deflection (in.)
Figure 9-17 Comparison of monotonic backbone curves of 8" x 8’ shear wall

specimens generated using the hysteretic parameters for 8d
common nail on 7/16” OSB sheathing shown in Table 9-21 with
average cyclic envelope test data provided by the wood industry
(Line et al.,2008).

Uncertainty due to Model Quality

For the purpose of assessing model uncertainty, according to Section 5.7, the
archetype designs are assumed to be well representative of the archetype
design space, even though a complete assessment may include more basic
structural configurations. The structural modeling approach for the wood
light-frame archetypes captures the primary shear deterioration modes of the
shear walls that precipitate sidesway collapse. However, not all behavioral
aspects are captured by this system-level modeling, such as axial-flexural
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interaction effects of the wall elements, the uplift of narrow wall ends, and
the slippage of sill and top plates. These effects are secondary for walls with
low aspect ratios, which deform mainly in a shear mode, but are important
for archetypes incorporating walls with high aspect ratios. Therefore, the
structural model for the archetypes incorporating low-aspect ratio walls is
rated as (B) Good, while the same structural model for the archetypes
incorporating high-aspect ratio walls is rated as (D) Poor.

9.4.6 Nonlinear Structural Analyses

To compute the system overstrength, Q, and to help verify the structural
model, monotonic static pushover analysis is used with an inverted-triangular
lateral load pattern; this approach differs slightly from the final requirements
of Section 6.3. Figure 9-18 shows an example of the pushover curve for the
two-story Archetype ID 5. For the wood light-frame archetype, the design
LRFD seismic coefficient is V/W = 0.167. Capping (the onset of negative
stiffness) occurs for a seismic coefficient of 0.417 and at a roof drift ratio of
0.0229. Therefore, Q is calculated to be 2.49 for this archetype model

0.5 [ | |
: Chpping VW = 0,417
€ 04 == me= =y fipiT s [ mapeie e s &
2 |
AQ |
% 03 -—--F——mmm - - 9= ===
O
bt |
o 1 (N . SR SO | O . SO
A : l
© I Design LRFD VW = 0.167 |
B 0 T s s it Bt
| | |
| | |
0.0 T .
0 1 2 3 4
Roof Drift Ratio (%)
Figure 9-18 Monotonic static pushover curve and computation of 2 for two-

story wood light-frame archetype (Archetype ID 5).

Following Section 6.4, to compute the collapse capacity of each wood light-
frame archetype design, the incremental dynamic analysis (IDA) approach is
used with the Far-Field record set and ground motion scaling method
specified in Section 6.2. The intensity of the ground motion causing collapse
of the wood light-frame archetype models is defined as the point on the
intensity-drift IDA plot having a nearly horizontal slope but without
exceeding a peak story drift of 7% in any wall of a model. This collapse
story drift limit was selected based on recent collapse shake table testing
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conducted on full-scale two-story wood buildings in Japan (Isoda et al.,
2007). The resulting collapse capacities should not be highly sensitive to this
choice of 7% drift, since the IDA curves are relatively flat at such large drifts
(see Figure 9-19 below).

Figure 9-19 and Figure 9-20 illustrate how the IDA method is used to
compute the collapse margin ratio, CMR, for the two-story Archetype ID 5.
The spectral acceleration at collapse is computed for each of the 44 ground
motions of the Far-Field Set, as shown in Figure 9-19. The collapse fragility
curve can then be constructed from the IDA plots, as shown in Figure 9-20.
The collapse level earthquake spectral acceleration (spectral acceleration
causing collapse in 50% of the analyses) is Scr(T = 0.26 sec) = 2.23 g for this
example. The collapse margin ratio, CMR, of 1.49 is then computed as the
ratio of Scr and the MCE spectral acceleration value at T = 0.26 sec, which is
Swr =1.50 g for this building and SDC.

It should be noted that a full IDA is not required to quantify CMR, as
discussed in Section 6.4.2.
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%30 e
o t J Ve ——= S§(T=0265)=223g =]
@20 F . Bt =t —— T3
-g : "- - - - > e . - -
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Maximum Story Drift Ratio (%)
Figure 9-19 Results of incremental dynamic analysis to collapse for the two-

story wood light-frame archetype (Archetype ID 5).
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Figure 9-20 Collapse fragility curve for the two-story wood light-frame
archetype (Archetype ID 5).

Static pushover analyses were conducted and the IDA method was applied to
each of the 16 wood light-frame archetype designs, and Table 9-22
summarizes the results of these analyses. These IDA results indicate that the
average collapse margin ratio is 1.43 for the SDC D, Short period — low
aspect ratio archetypes (PG-1), 1.90 for the SDC Dy, short period — high
aspect ratio archetypes (PG-9), 2.64 for the SDC Dy, long period — low
aspect ratio archetypes (partial PG-4), 2.57 for the SDC Dy;,, short period —
high aspect ratio archetypes (PG-11) and 2.82 for the SDC Dy, long period
—high aspect ratio archetypes (PG-12). These margin values, however, have
not yet been adjusted for the beneficial effects of spectral shape (according to
Section 7.2). Allowable collapse margins and acceptance criteria are
discussed later.

The results shown in Table 9-22 show that the wood light-frame archetypes
designed for minimum seismic criteria (SDC Dpn) have higher collapse
margin ratios (lower collapse risk) compared with the archetypes designed
for maximum seismic criteria (SDC D). Itis believed that this result
originates from the longer vibration periods of archetypes designed for lower
levels of seismic load, since the longer periods reduce seismic demands.
Also, archetypes incorporating walls with high aspect ratios have higher
collapse margin ratios than archetypes with low aspect ratio walls. This is
the result of the ASCE/SEI 7-05 strength reduction factor applied to walls
with high aspect ratios, which cause an increase in required number of nails
to reach a given design strength. This increased nailing density causes an
increase in the shear capacity of the walls with high aspect ratios, but the
model does not account for the associated increase in flexural deformations.
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Table 9-22 Summary of Collapse Results for Wood Light-Frame Archetype

Designs
Design Configuration Pushover and IDA Results
Archetype
ID No. of Building Static SyrlT] S Tl
Stories Configuration o (g (g
Performance Group No. PG-1 (Short Period, Low Aspect Ratio)
1 1 Commercial Low 2.0 1.50 2.01 1.34
5 2 Commercial Low 2.5 1.50 2.23 1.49
9 3 Commercial Low 2.0 1.50 2.18 1.45
Mean of Performance Group: 2.2 NA NA 1.43
Performance Group No. PG-9 (Short Period, High Aspect Ratio)
2 1 1&2 Family High 4.1 1.50 2.90 1.94
6 2 1&2 Family High 3.8 1.50 3.20 2.14
10 3 Multi-Family | High 3.7 150 | 2.87 1.91
13 4 Muilti-Family High 2.9 1.50 2.60 1.73
15 5 Muilti-Family High 2.6 1.50 2.67 1.78
Mean of Performance Group: 3.4 NA NA 1.90

Partial Performance Group No. PG-4 (Long Period, Low Aspect Ratio)

Performance Group No. PG-11 (Short Period, High Aspect Ratio)

3 1 Commercial High 3.6 0.75 1.71 2.28
4 1 1&2 Family High 5.4 0.75 2.09 2.78
7 2 Commercial High 4.0 0.75 1.95 2.60
8 2 1&2 Family High 3.5 0.75 1.95 2.60

Mean of Performance Group: 4.1 NA NA 2.57

Performance Group No. PG-12 (Long Period, High Aspect Ratio)

12 3 Multi-Family | High 4.0 0.75 234 3.12
14 4 Multi-Family | High 3.4 0.75 2.09 2.78
16 5 Multi-Family High 3.3 0.75 1.92 2.56

Mean of Performance Group: 3.6 NA NA 2.82

9.4.7 Performance Evaluation

Collapse margin ratios computed above do not account for the unique
spectral shape of rare ground motions. According to Section 7.2, spectral
shape adjustment factors, SSF, must be applied to the CMR results to account
for spectral shape effects. In accordance with Section 7.2.2, the SSF can be
computed for each archetype based on the SDC and the archetypes’ period-
based ductility, 7, obtained from the pushover curve. Figure 9-21 shows an
example of calculating ur from the pushover curve for the two-story
Archetype ID 5. The period-based ductility, g, of 7.1 is then computed as
the ratio of the ultimate roof displacement (defined as the displacement at
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80% of the capping strength in the descending branch of the pushover curve)

of 8, = 0.0303h,, to the equivalent yield roof displacement of &« = 0.0043h,.
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Figure 9-21 Monotonic static pushover curve and computation of 6,/6, . for

the two-story wood light-frame Archetype ID 5.

The adjusted collapse margin ratio, ACMR, is then computed for each wood
light-frame archetype as the multiple of the SSF (from Table 7-1b for SDC
D) and CMR (from Table 9-22). Table 9-23 shows the resulting adjusted
collapse margin ratios for the wood light-frame archetypes.

To calculate acceptable values of the adjusted collapse margin ratio, the total
system uncertainty is needed. Section 7.3.4 provides guidance for this
calculation. Table 7-2 shows these composite uncertainties, which account
for the variability between ground motion records of a given intensity
(defined as a constant frrr = 0.40), the uncertainty in the nonlinear structural
modeling, the quality of the test data used to calibrate the element models,
and the quality of the structural system design requirements. For this
example assessment, the composite uncertainty was based on a (B) Good
model quality for archetypes with low aspect ratio walls and a (D) Poor for
archetypes with high aspect ratio walls, (A) Superior quality of design
requirements and (B) Good quality of test data. Thus, B7or= 0.500 for
archetype buildings incorporating low aspect ratio walls (Table 7-2b) and
Pror=0.675 for archetype buildings incorporating high aspect ratio walls
(Table 7-2d).

An acceptable collapse margin ratio must now be selected based on a
composite uncertainty, Sror, and a target collapse probability. Section 7.1.2
defines the collapse performance objectives as: (1) a conditional collapse
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probability of 20% for all individual wood light-frame archetypes, and (2) a
conditional collapse probability of 10% for the average of each of the
performance groups of wood light-frame archetypes. . Table 7-3 presents
acceptable values of adjusted collapse margin ratio computed assuming a
lognormal distribution of collapse capacity. For archetypes incorporating
low aspect ratio walls, this corresponds to an acceptable collapse margin
ratio ACMR g, Of 1.52 for every wood light-frame archetype and an
ACMR g, 0f 1.90 for each performance group. For archetype buildings
incorporating high aspect ratio walls, this corresponds to an acceptable
collapse margin ratio ACMRyq, Of 1.76 for every wood light-frame archetype
and an ACMRq, 0f 2.38 for each performance group.

Table 9-23 Adjusted Collapse Margin Ratios and Acceptable Collapse
Margin Ratios for Wood Light-Frame Archetype Designs

Computed Overstrength and Collapse Acceptance

Design Configuration Margin Parameters

No. of | Building

Stories | Config.

1 1 Comm. Low 2.0 1.34 9.9 1.33 1.78 1.52 Pass
5 2 Comm. Low 2.5 1.49 7.1 1.31 1.95 1.52 Pass
9 3 Comm. Low 2.0 1.45 | 12.4 | 1.33 1.93 1.52 Pass
Mean of Performance Group: 2.2 143 | 9.8 | 1.32 [ 1.89 1.90 Pass
Performance Group No. PG-9 (Short pect Ratio)

2 1 1&2-F. High 4.1 1.94 9.9 1.33 2.57 1.76 Pass
6 2 1&2-F. High 3.8 2.14 9.6 1.33 2.84 1.76 Pass
10 3 Multi-F. High 3.7 1.91 7.9 1.33 2.54 1.76 Pass
13 4 Multi-F. High 2.9 1.73 5.8 1.28 2.21 1.76 Pass
15 5 Multi-F. High 2.6 1.78 5.4 1.27 | 2.26 1.76 Pass
Mean of Performance Group: 3.4 1.90 | 7.7 | 1.31 | 2.48 2.38 Pass

Partial Performance Group No. PG-4 (Long Period, Low Aspect Ratio)

Comm. Low 2.1 2.64 7.0 1.13 2.98 1.52 Pass

Performance Group No. PG-11 (Short Period, High Aspect Ratio)

3 1 Comm. High 3.6 228 | 99 [ 1.14 | 2.58 1.76 Pass
4 1 1&2-F. High 5.4 2.78 9.9 1.14 3.16 1.76 Pass
7 2 Comm. High 4.0 2.60 7.7 113 | 295 1.76 Pass
8 2 1&2-F. High 3.5 2.60 7.7 1.13 2.94 1.76 Pass
Mean of Performance Group: 4.1 2,57 | 88 | 1.13 | 291 2.38 Pass
Performance Group No. PG-12 (Long Period, High Aspect Rati

12 3 Multi-F. High 4.0 3.12 7.1 1.13 3.51 1.76 Pass
14 4 Multi-F. High 3.4 2.78 6.2 1.12 3.12 1.76 Pass
16 5 Multi-F. High 3.3 2.56 5.7 1.13 2.90 1.76 Pass
Mean of Performance Group: 3.6 282 | 63 [ 1.13 | 3.18 2.38 Pass
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Table 9-23 summarizes the final results and acceptance criteria for each of
the 16 wood light-frame archetypes. The table presents the collapse margin
ratios computed directly from the collapse fragility curves, CMR, the period-
based ductility, 1, the Spectral Shape Factor, SSF, and the adjusted collapse
margin ratio, ACMR. The acceptable ACMRs are shown and each archetype
is shown to either pass or fail the acceptance criteria. Average ACMRs are
also shown for the four complete performance groups of archetypes.

The results shown in Table 9-23 show that all individual archetypes pass the
ACMR,q, Criteria and the averages of each performance group pass the
ACMRq, criteria. Therefore, if wood light-frame buildings were a “newly
proposed” seismic-force-resisting system with R = 6, it would meet the
collapse performance objectives of the Methodology, and would be approved
as a new system.

The results in Table 9-23 also show that performance groups of archetypes
designed for maximum seismic loads (PG-1 and PG-9) have lower adjusted
collapse margins ratios than other groups and govern determination of the R
factor. Another observation is that archetypes incorporating high-aspect ratio
walls have higher collapse margin ratios than those with low-aspect ratio
walls. Even so, acceptable ACMR values are also higher for the high-aspect
ratio wall archetypes, due to higher composite uncertainty.

9.4.8 Calculation of Q, using Set of Archetype Designs

This section determines the value of the overstrength factor, £,, which would
be used in the design provisions for the “newly-proposed” wood light-frame
system. Table 9-23 shows the calculated € values for each of the archetypes,
with a range of values from 2.0 to 5.4. The average values for each
performance group are 2.2, 3.4, 4.1, and 3.6, with the largest value of 4.1
being for the high aspect ratio walls in short-period buildings designed for
low-seismic demands (PG-11).

According to Section 7.6, the largest possible £, = 3.0 is warranted, due the
average values being greater than 3.0 for three of the performance groups.

9.4.9 Summary Observations

This example shows that current seismic provisions for engineered wood
light-frame construction included in ASCE/SEI 7-05 (with use of R = 6
rather than R = 6.5) to provide an acceptable level of collapse safety. Note
that the collapse safety of actual engineering wood light-frame construction
is most likely higher than calculated in this example because of the beneficial
effects of interior and exterior wall finishes. In accordance with Section
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4.2.3, wall finishes were not included in this example because they are not
currently defined as part of the lateral structural system, and therefore are not
governed by the seismic design provisions.

9.5 Example Applications - Summary Observations
and Conclusions

9.5.1 Short-Period Structures

For both reinforced concrete special moment frame and wood light-frame
systems, the short-period archetypes (e.g., T < 0.6 s for SDC Dy« designs)
were those that had the lowest level of collapse performance. For both of
these systems, the short-period performance groups just meet acceptance
criteria, and would fail if the Methodology acceptance criteria were made
stricter. Thus, it is observed that short-period systems need additional
strength (or some other modification that improves the performance) to
achieve a level of collapse performance equivalent to systems with longer
fundamental periods. This finding is not new, but rather has been reported in
research, beginning with Newmark and Hall in 1973. Similar findings have
since been reported by a large number of researchers based on analysis of
single degree of freedom systems (e.g., Lai and Biggs, 1980; Elghadamsi and
Mohraz, 1987; Riddell et al., 1989; Nassar and Krawinkler, 1991; Vidic et
al., 1992; Miranda and Bertero, 1994), and for simple multiple degree of
freedom systems (Takeda et al., 1998; Krawinkler and Zareian, 2007).

The example applications of this Chapter have verified that strength
requirements should be higher for short-period systems, if consistent collapse
performance is desired for all systems regardless of fundamental period.
These strength requirements suggest the use of a period-dependent R factor
as is proposed in many of the referenced papers and reports on this topic.
Currently, the ASCE/SEI 7-05 document utilizes period-independent R
factors. Future work should look more closely at the question of period-
dependent R factors and whether or not they should be considered for use in
future versions of ASCE/SEI 7-05.

9.5.2 Tall Moment Frame Structures

The reinforced concrete special moment frame system example in Section
9.2 found that perimeter frame buildings taller than 12-stories high designed
on the basis of ASCE/SEI 7-05 do not meet the collapse performance
objectives of this Methodology, with the collapse safety worsening with
increasing building height. Tall buildings have more damage localization
and higher P-delta effects, causing this observed trend in performance.
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The issue of worsening collapse safety with increasing building height could
be addressed in various ways. Larger column to beam strength ratios could
be developed for taller buildings, more restrictive drift limits could be
imposed, a period-dependent R factor could be used, or other approaches
could be taken. In the example, minimum base shear requirement of ASCE
7-02 was reintroduced into the design requirements, successfully reversing
the trends and creating increasing collapse safety with increasing building
height.

This information was made available to the ASCE 7 Seismic Committee and
a special code change proposal was passed in 2007 (Supplement No. 2),
amending the minimum base shear requirements of ASCE/SEI 7-05 to
correct this potential deficiency.

9.5.3 Collapse Performance for Different Seismic Design
Categories

Example applications generally found lower collapse safety for buildings
designed in seismic design categories with stronger ground motion intensity.
For example, the ACMR is typically lower for a building designed for SDC
Dnax, as compared to a building design for SDC Dp,. This trend is primarily
caused by the increasing effects of gravity loads for lower levels of seismic
demand, which increases the overstrength of the structural system, and in
turn increases the collapse capacity of the system.

This finding suggests that the R factor will be governed by the SDC with the
strongest ground motion for which the system is proposed. Based on this
observation, the Methodology requires that this SDC with the strongest
ground motion be used when verifying the R factor. It is expected that such
R factors will be conservative for other Seismic Design Categories, but this
trend should be confirmed in the archetype investigation.

FEMA P695 9: Example Applications
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Chapter 10

Supporting Studies

This chapter describes additional studies performed in support of the
development of the Methodology. These studies supplement the illustrative
examples presented in Chapter 9, and serve to examine selected aspects of
the Methodology as applied to different seismic-force-resisting systems.

10.1 General

Two supporting studies are presented. One study evaluates a 4-story steel
special moment frame system. This study illustrates the use of component
limit state checks to evaluate failure modes that are not explicitly simulated
in the nonlinear dynamic analysis. It also demonstrates the application of the
Methodology to steel moment frame systems.

A second study assesses the collapse performance of seismically-isolated
systems. This study illustrates application of the Methodology to isolated
structural systems, which have fundamentally different dynamic response
characteristics, design requirements and collapse failure modes than those of
conventional, fixed-base structures. This study also demonstrates the
potential use of the Methodology as a tool for validating and improving
current design requirements, in this case requirements for isolated structures.

10.2 Assessment of Non-Simulated Failure Modes in a
Steel Special Moment Frame System

10.2.1 Overview and Approach

The purpose of this study is to illustrate how component limit state checks
can be used to evaluate failure modes that are not explicitly simulated in the
nonlinear dynamic analysis. This study follows the approach for non-
simulated collapse modes described in Chapter 5.

The procedure for evaluating non-simulated collapse modes is illustrated
through the evaluation of a steel special moment frame structure, designed
using pre-qualified Reduced Beam Section (RBS) connection details in
accordance with current design standards, ASCE/SEI 7-05 and ANSI/AISC
341-05 Seismic Provisions for Structural Steel Buildings (AISC, 2005). This
study focuses on assessment of a single steel special moment frame building,
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which in concept could be one of many index archetype configurations
serving to describe the archetype design space. In order to evaluate the entire
class of steel special moment frames, the procedures applied to this
individual building would be extended to the full set of index archetype
models.

The primary collapse mechanism of this steel special moment frame occurs
through hinging in the RBS regions of the beams and the columns, which can
lead to sidesway collapse under large deformations. While gradual
deterioration of the inelastic hinges associated with yielding and local
buckling is simulated in the analyses, sudden strength and stiffness
degradation associated with ductile fractures are not explicitly modeled. In
this study, ductile fracture is not simulated because of software limitations.

The use of separate non-simulated limit state checks is supported by a
number of related factors. First, through the use of pre-qualified RBS
connections, the initiation of ductile fracture is unlikely to occur until large
inelastic rotations have been reached and sidesway collapse has occurred or
nearly occurred. Hence, the simplified limit state check for fracture is not
expected to dominate the results. Second, available test data suggests that
the location where ductile fracture may occur and the deformations at which
ductile fracture may occur are highly variable, and simulation models would
need to define correlations relating fracture probabilities at multiple
connections. In this particular structure, the large columns tend to enforce
equal rotations across a story. Therefore, even if ductile fracture were
modeled, fractures would tend to form simultaneously across a given story
and the collapse results obtained would be similar to those obtained using
non-simulated limit state checks, unless correlations were explicitly
incorporated in the analysis. There is limited data to support estimation of
correlations.

In order to ensure that the collapse assessment process represents the
behavior of the structural system of interest, the choice to incorporate a
particular failure mode using a limit state check, in lieu of direct simulation,
should be based on careful consideration of factors like those described
above. Where non-simulated failure modes dominate the results, or where
their exclusion jeopardizes simulation accuracy before the non-simulated
limit state is reached, the appropriateness of the nonlinear model should be
re-examined.

10-2
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10.2.2 Structural System Information

The steel special moment frame archetype analyzed in this study is one of
four perimeter moment frames that comprise the seismic-force-resisting
system of a four-story building illustrated in Figure 10-1. The four-bay four-
story frame provides lateral support to a floor area of 10,800 sq. ft. per floor
and gravity support to a tributary area of 1,800 sq. ft. The seismic weight
(mass) is equal to 940 kips on the second, third and fourth floors and 1,045
Kips on the roof, for a total of 3,865 Kkips per frame.

The building is designed for a high seismic site located in Seismic Design
Category (SDC) D, based on T = 0.94 seconds and a Maximum Considered
Earthquake (MCE) spectral demand, Syr, of 0.96 g (corresponding to SDC
Dmax). The structure has a design base shear, V = 0.08W. Designed in
accordance with ASCE/SEI 7-05 and ANSI/AISC 341-05, beam sizes range
from W24 to W30, and are governed by minimum stiffness requirements
(drift limits). The RBS sections have 45% flange reduction. W24 columns
are sized to satisfy the connection panel zone strength requirements without
the use of web doubler plates. As such, they automatically satisfy other
requirements, including the strong-column weak-beam (SCWB) requirement.
As a result, the actual SCWB ratio is about 2.5 times larger than the required
minimum. This large column overstrength reflects a possible design decision
that is representative of current practice in California; however, it implies
that this study will not necessarily demonstrate the lower-bound performance
of code-conforming steel special moment frames.

Design requirements for this system are well-established, based on
experience in past earthquakes, reflecting a high degree of confidence and
completeness. For the purpose of assessing system uncertainty, the design
requirements are rated (A) Superior.

W24x84

W24x162
W24x84

W24x162

W30x108

W24x207
W30x108

30 ft.

13 ﬁ.I < 5 W24x207

_|x- location of RBS

Figure 10-1 Index archetype model of 4-story steel special moment frame
seismic-force-resisting system
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10.2.3 Nonlinear Analysis Model

This structure is judged to have primarily two collapse modes: (1) sidesway
collapse associated with beam and column hinging; and (2) collapse
triggered by ductile fracture in one or more RBS connections. Nonlinear
dynamic analyses were conducted using the OpenSees (OpenSees, 2006)
software, employing elements with concentrated inelastic springs to capture
flexural hinging in beams and columns and an inelastic (finite size) joint
model for the beam-column panel zone.

Inelastic springs in beams and columns were modeled using the peak-
oriented Ibarra element model (Ibarra et al., 2005), which can capture cyclic
deterioration and in-cycle negative stiffness in elements as the structure
collapses. The monotonic backbone used to model the W24x162 columns is
illustrated in Figure 10-2.
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Figure 10-2 Monotonic backbone showing calibrated concentrated plasticity

model for a typical column (W24x162).1

Model parameters for beams and columns (e.g., plastic rotation capacity,
cyclic deterioration parameters) were calibrated to experimental test data
(Lignos and Krawinkler, 2007) and reported in Table 10-1. For each beam
and column, the model yield point is defined by the plastic moment capacity
of the section, M,, calculated with expected values for the steel yield
strength, i.e., 1.1 x F,. Column initial rotational stiffness is based on
Young’s modulus for steel and the cross-sectional stiffness. Calculation of
beam stiffness includes the contribution of the composite floor slab, and the

For more information, model parameters are defined in Appendix E. The
discussion in Appendix E deals with the same Ibarra model, but as applied to
modeling of reinforced concrete beams and columns.
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additional flexibility in beams due to the RBS section is neglected. RBS
sections are modeled as adjacent to the panel zone, neglecting offsets from
the column face. Beam properties are modeled as asymmetric, depending on
the loading direction.

Table 10-1 Model Parameters for Column and Beam Plastic Hinges in
4-Story Steel Special Moment Frame

Section Mc/My +(-)

W24x162 |[2.5x104 1.05 0.025 0.35 330 0.4
W24x207 3.3 x104 1.05 0.03 0.30 440 0.4
W24x84 8.2 x103 1.1(1.05) 0.025(0.020) [0.17 380 0.4
W30x108 | 1.3 x104 1.1(1.05) 0.022(0.016) [0.15 260 0.5

As described previously, these backbones do not predict ductile fracture of
RBS sections, so that failure mode is evaluated through a non-simulated limit
state check. The joint panel zone yield point and hardening parameters are
based on Equation 9-1 in ANSI/AISC 341-05 and Krawinkler (1971, 1978).
The panel zone spring is modeled as non-deteriorating with a bilinear
kinematic hardening model.

Other modeling assumptions are consistent with the requirements of Chapter
5 and Chapter 6. Expected dead and live loads (1.05D + 0.25L) are applied
to the structure and used in the computation of the seismic mass. The
contribution of the gravity frame is not included in the analysis model,
though the leaning P-delta column accounts for gravity loads not tributary to
the seismic-force-resisting system. Foundation flexibility is neglected and
the foundation is modeled as a fixed-base.

The model is rated (B) Good in accordance with Table 5-3. The model is
rated as to how well it captures the behavior of the system up to the point at
which the non-simulated collapse mode (ductile fracture) occurs. This rating
is the same as that given to the reinforced concrete special moment frame
models of Chapter 9, using much of the same rationale. The model is judged
to have a high degree of accuracy and robustness, but does not account for
effects of overturning on column behavior.

The available test data is also rated (B) Good in accordance with Table 3-2.
There is significant test data for steel columns, which has been conducted by
a number of different researchers. However, as with the reinforced concrete
component test data certain critical configurations are missing, such as tests
of steel beams with reinforced concrete slabs.
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10.2.4 Procedure for Collapse Performance Assessment,
Incorporating Non-Simulated Failure Modes

Accounting for non-simulated failure modes in assessment of collapse
margin ratio first requires the identification and calibration of appropriate
limit-state models. These limit state models are used to evaluate analysis
results to see if the non-simulated limit state was exceeded. The CMR is then
computed to account for both simulated and non-simulated failure modes,
and adjusted for spectral shape effects with the SSF. The resulting ACMR is
compared to the acceptance criteria in Chapter 7.

Identify Non-Simulated Collapse Modes

Properties of beam-column plastic hinges in the analysis model for steel
special moment frames are calibrated to predict hinging and gradual
deterioration associated with yielding and local buckling. However,
experimental data (e.g., Engelhardt et al., 1998; Ricles et al., 2004; Lignos
and Krawinkler, 2007) suggest that the steel frame may also experience
ductile fracture in RBS sections, or possibly at the joint between the beam
and column. For example, in testing done as part of the SAC Steel Project,
Engelhardt et al. (1998) reported fractures in qualifying connections at
inelastic rotations between 0.05 and 0.07 radians. It should be emphasized
that the fracture being considered here is triggered by ductile crack initiation,
and occurs after significant inelastic yielding has occurred, in contrast to the
connection fractures observed in steel frame structures during the 1994
Northridge earthquake.

Ductile-fracture-induced collapse is conservatively assumed to take place if
ductile fracture occurs in any RBS. This collapse limit state is chosen
because the steel special moment frame model is able to capture critical
aspects of system behavior until the point at which ductile fracture occurs in
the first RBS. If the analysis was continued after a ductile fracture is
experienced, the fidelity of the results would be in doubt. Since the strong
column sidesway mechanism in this frame imposes similar peak rotations in
all the RBS hinges, the assumption of equating the first instance of a
fractured connection with fracture-induced collapse may not be too
unreasonable (overly conservative) for this particular example.

Generally, it would be desirable to incorporate fracture deterioration directly
in the nonlinear model. Since it is not directly incorporated in this analysis, a
conservative judgment is made about what constitutes collapse for the
fracture limit state. A typical representation of the deformations at fracture is
shown in Figure 10-3.

10-6
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Develop Component Fragility

Calculation of the non-simulated collapse mode requires the definition of a
fracture fragility function. In this case, the fragility function relates the
probability of ductile fracture in the RBS hinge to a response parameter such
as the maximum plastic hinge rotation that has occurred in the plastic hinge.
Figure 10-4 shows the resulting fragility function, P[Fracture|d,], which is
based on available data (Lignos and Krawinkler, 2007) and engineering

judgment.

Figure 10-3

1 ~

0.75

P[Fracture]
Qo
(%3]

0.25

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
5]

p

Figure 10-4 Component fragility function, describing probability of ductile
fracture occurring as a function of the plastic rotation, 6,.

The fragility function for fracture is assumed to follow a lognormal
distribution, and has a median capacity of ép = 0.063 radians and a
logarithmic standard deviation of 4 = 0.35. The dispersion, S, reflects both
test data statistics (from 10 tests) and judgment as to the additional variability
that may be encountered in actual buildings. Assuming that the parameters
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associated with fracture are the same throughout the building, the fragility
function is applicable to every RBS in the building.

Identify Collapse Limit based on Component Fragility

The collapse limit point for the non-simulated collapse mode is defined by
the median value of the fragility function associated with component failure.
Therefore, if the plastic rotation in a RBS exceeds the median of 0.063
radians, that component is assumed to be fractured and the non-simulated
limit state is triggered.

Note that the collapse limit state in this formulation ignores the effect of
dispersion, S, in the collapse fragility. The magnitude of the impact of 4
on the total collapse uncertainty, Sror, depends on the relative dominance of
simulated (sidesway) and non-simulated failure modes. However, the other
sources of uncertainty considered in the Methodology (e.9., Sktr, fPor: Sros
Puor) dominate the uncertainty in the collapse fragility. For explanation of a
rigorous approach accounting for the effects of 4=, see Aslani (2005).

Nonlinear Static (Pushover) Analysis

The static pushover analysis results for the steel special moment frame are
illustrated in Figure 10-5. The maximum base shear, Vimax, is 1170 Kips,
compared to a design base shear of approximately 345 kips, for an
overstrength, Q@ = 3.4. This large overstrength relative to the design lateral
forces is due to the very strong columns sized to avoid doubler plates.

The period-based ductility, given by ur = d,/dy e, is obtained from the
pushover analysis as described in Section 6.3. The ultimate roof
displacement, 4,, is taken as either the roof displacement corresponding to a
20% loss in base shear, or the roof displacement at which the non-simulated
(ductile fracture) failure mode occurs. Since the strong columns in this
structure impose approximately uniform distribution of story drift, the roof
displacement at which the non-simulated (fracture) failure mode occurs is
approximately 0.063h,, corresponding to a roof displacement of 39.3 inches.
For comparison, d, associated with a 20% loss in base shear from pushover
analysis, is approximately 0.075h,, corresponding to a roof displacement of
approximately 46.8 inches. The effective yield displacement, dy e, IS
computed from Equation 6-7 as 0.009h, or 5.6 inches, for this structure.
Therefore, uyis 7.0.
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Figure 10-5 Results of nonlinear static (pushover) analysis of a steel special

moment frame, illustrating computation of period-based
ductility from non-simulated collapse modes.

Assess Collapse Performance

To assess collapse performance, response of the 4-story steel special moment
frame is calculated using the Far-Field record set and nonlinear dynamic
analysis, as described in Chapters 5 through 7. If only simulated collapse
modes are considered, a median collapse capacity, éCT , 0f 2.36 g is obtained.
Due to the strength of the columns relative to the beams, the sidesway
collapse mode is a full four-story mechanism with hinges at all RBS regions
and at the fixed column bases for all ground motions.

The collapse fragility is computed based on both simulated and non-
simulated collapse modes. This procedure is illustrated graphically in Figure
10-6, using representative curves from incremental dynamic analysis for this
structure (each curve contains the dynamic analysis results for one ground
motion, scaled until collapse). The non-simulated fracture mode occurs if the
plastic rotations at any RBS in the building exceed the median capacity
defined by the component fragility function. In the figure, sidesway collapse
points based on results from simulation, Scrsc), are shown with short bold
pointers. Non-simulated (fracture-induced) collapse points, Scrnsc), are
shown with pointers from hatched circles corresponding to maximum story
drift at fracture (ép = 0.063 radians).

For the purposes of this figure, the component collapse limit of ép =0.063 is
shown as approximately equal to the story drift ratio. This assumption is
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made for illustration purposes only, and is not actually used in computing the
occurrence of non-simulated failure modes. Of the three curves shown in
Figure 10-6, the lowest reaches simulated sidesway collapse and the non-
simulated collapse limit state at approximately the same level of ground
motion intensity. The other curves reach the non-simulated collapse point
under less intense ground motions than suggested by sidesway collapse.
Investigation of the occurrence of simulated and non-simulated failure modes
is repeated for all ground motions. In computing the collapse fragility, the
more critical of these two limit states is taken as the governing collapse point
for each ground motion record.

4 : :

3.5

Scriso,1

3

*
SeTinse),1
SeTisc),2

*
Scrinse) 2

o | Scriso,s

S *
05 e e e (N | CT(NsC),3
0 . 6,=0.063
Maximum Story Drift Ratio
Figure 10-6 Selected simulation results for the steel special moment frame

illustrating the identification of non-simulated collapse modes.
The governing collapse point for each ground motion record is
identified with an asterisk (*).

Given ratings of (B) Good for modeling, (A) Superior for design
requirements, and (B) Good for test data, the total system collapse
uncertainty is Sror = 0.500. Since ur > 3 for this building, this value includes
record-to-record uncertainty, fkrr = 0.40, in accordance with Section 7.3.4.
It is noted that for systems driven by very brittle non-simulated collapse
modes, Srr can potentially be reduced in accordance with Equation 7-2.
This reduction should be exercised with caution. The approach to non-
simulated failure modes is based only on the median component limit state,
neglecting the underlying uncertainty associated with the occurrence of the
component failure mode, S. If record-to-record variability is significantly
reduced with Equation 7-2, the total uncertainty in the collapse fragility
could be too low, and non-conservative.

10-10

10: Supporting Studies FEMA P695



The combined collapse fragility is illustrated in Figure 10-7. In this figure,
the horizontal axis fragility parameter, Scr, is normalized by MCE demand,
Sur to permit direct comparison of the collapse margin ratio, CMR, for the
structure with and without consideration of non-simulated fracture-induced
failure modes. For this structure, the net result of including the fracture-
induced collapse is a 32% reduction in the collapse margin ratio, CMR, from
2.5 for the simulated sidesway-only case, to 1.9. The conditional probability
of collapse at the MCE increases from 8% to 14%. (Note: these margins and
the collapse probabilities do not include the spectral shape factor, which is
considered in the evaluation of acceptance criteria.)
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Figure 10-7 Comparison of steel special moment frame collapse fragilities for

sidesway-only and combined simulated and non-simulated
(sidesway and fracture-induced) collapse (not adjusted for
spectral shape).

Compare to Acceptance Criteria

Finally, the combined fragility data, reflecting the likelihood of both
simulated and non-simulated collapse, should be compared to the acceptance
criteria in Chapter 7. For this structure, the spectral shape factor, SSF, of
1.41 is determined from Table 7-1b with T = 0.94 seconds and d,/dy e = 7.0,
which gives an ACMR of 2.7. The acceptable ACMR is obtained from Table
7-3, with fror = 0.500. The ACMR is compared to an acceptable collapse
margin ratio, ACMR 14y, 0f 1.90 (based on the 10% probability of collapse
limit), and easily satisfies the acceptance criteria.
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If the Methodology were applied to a complete set of steel special moment
frames, including different performance groups for high and low gravity
loads, maximum and minimum seismic criteria and short-period and long
period systems, each individual archetype would be compared to ACMR g,
and the average of each performance group would be compared to ACMR gy,
from Table 7-3.

10.3 Collapse Evaluation of Seismically Isolated
Structures

10.3.1 Introduction

Seismic isolation (commonly known as base isolation) is a technology that is
intended to protect facility function and provide substantially greater damage
control than conventional, fixed-base, structures for moderate and strong
earthquake ground motions. For extreme ground motions, seismically
isolated structures are expected to be at least as safe against collapse as their
conventional counterparts. To ensure adequate performance, ASCE/SEI
7-05 requires explicit evaluation of the design of every isolated structure
under Maximum Considered Earthquake (MCE) ground motions and
comprehensive testing of prototype isolator units to verify design properties
and demonstrate stability under MCE loads.

The provisions of ASCE/SEI 7-05 require the seismic force-resisting system
of the structure above the isolation system (superstructure) to be designed for
response modification factors, R, that are smaller than the R factors
permitted for conventional structures. Reduced values of the response
modification factor are intended to keep the superstructure “essentially
elastic” for design earthquake ground motions. To protect against potential
brittle failure for extreme ground motions, ASCE/SEI 7-05 requires the
superstructure to have the same ductile capacity as that required for a
conventional structure of the same type in the seismic design category of
interest. The provisions of ASCE/SEI 7-05 are generally considered to be
conservative with respect to design of the superstructure, although the degree
of conservatism, if any, is not known.

Objectives

This study is intended to demonstrate the application of the Methodology to
isolated structures, which have fundamentally different dynamic response
characteristics, performance properties and collapse failure modes than those
of conventional, fixed-base structures. Special issues include the following:

Period Definition. The fundamental-mode “effective” period of an
isolated structure is based on secant stiffness at the response
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amplitude of interest, rather than “elastic” stiffness used to define the
period, T, of conventional structures.

Record-to-Record (RTR) Variability. Record-to-record variability
may be smaller than 0.4 because base isolated structures typically do
not undergo large period elongation before collapse. Are the
recommendations for reduced record-to-record (RTR) variability in
Chapter 7 suitable for isolated structures?

Test Data and Modeling Uncertainty. Can the collapse margin ratio
(CMR) of isolated structures be evaluated using the same uncertainty
associated with test data and modeling of the superstructure as
considered for a conventional structure with the same type of
seismic-force-resisting system?

Spectral Shape Factor (SSF). Can the spectral shape factor (SSF)
used to adjust the CMR of isolated structures be calculated using the
same methods as those specified for conventional structures
(Appendix B)?

This study is also intended to illustrate how the Methodology can be used as
a tool for assessing the validity of current design requirements, in this case
Chapter 17 of ASCE/SEI 7-05, and to develop improved code provisions. In
order to evaluate the design requirements for isolated structures, this study
specifically explores the sensitivity of collapse performance to the following
key design properties of isolated structures:

Superstructure Strength. How does collapse performance vary for
superstructures that have different design strength levels (e.g.,
superstructures designed for different effective values of the R,
factor)? Effective R, values yielding higher and lower design base
shears than the code-specified values are considered.

Superstructure Ductility. How does superstructure ductility
influence collapse performance (e.g., performance of special moment
frame superstructures as compared to that of ordinary moment frame
superstructures)?

Moat Wall Clearance. How does collapse performance vary for
isolated structures that have different amounts of clearance between
the isolated structure and the moat wall?

FEMA P695 10: Supporting Studies
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Scope and Approach

The scope of this study is necessarily limited and relies on archetypical
models available from other examples developed in this project to represent
the superstructures of isolated archetypes. Specifically, superstructures are
based on the 2-dimensional, archetypical models of 4-story reinforced
concrete special moment frame and ordinary moment frame systems, from
the example applications included in Chapter 9. Design of isolator systems
in this study varies from typical isolator design in that isolator properties are
designed to satisfy ASCE/SEI 7-05 design requirements between the
isolation system and the superstructure, given the reinforced concrete frame
superstructures developed in the Chapter 9 examples.

The archetypical models of isolated structures incorporate force-deflection
properties of isolation systems typical of actual projects that use either (1)
elastomeric, rubber bearings (RB), or (2) sliding, friction-pendulum (FP)
bearings. These two isolation system types are designed and archetypical
models of the isolated structure evaluated for maximum and minimum SDC
D ground motions (SDC Dyax and SDC Dpin). SDC Dyax ground motions are
typical of those used for most seismic isolation projects (e.g., projects in high
seismic regions of coastal California).

This study includes discussion of background information necessary for
proper application of the Methodology to isolated structures and related
development of isolated archetypes. Archetype configurations, nonlinear
analysis techniques, and collapse performance methods are described with
reference to specific differences in applying the methodology to isolated
structures. Collapse evaluation results are reported for archetypes that
comply with the design requirements of ASCE/SEI 7-05 (referred to herein
as Code-Conforming archetypes) and for archetypes that deviate from current
requirements (Non-Code-Conforming archetypes). The Non-Code-
Conforming archetypes demonstrate potential use of the Methodology as a
tool for code development, by evaluating collapse performance for archetype
models that have weaker (or stronger) superstructures, less ductility, or
different moat clearances than those specified in ASCE/SEI 7-05.

10.3.2 Isolator and Structural System Information

Archetypes of isolated structures must be designed using established design
requirements, and modeling of isolated archetypes must be supported by
appropriate test data (Chapter 3). Further, the quality of the design
requirements and test data must be rated for establishing system collapse
uncertainty (Chapter 7).
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Design Requirements

Archetypes of isolated structures are designed according to the provisions of
ASCE/SEI 7-05 and related superstructure design codes, including ACI 318-
05, except as some specific provisions are modified, or ignored, to evaluate
the effects of reduced superstructure strength, or limited ductility, or moat
clearance in the Non-Code-Conforming archetypes. Chapter 17 of
ASCE/SEI 7-05 requires thorough and rigorous design of the isolated
structure, including explicit evaluation of the isolation system for MCE
ground motions, and peer review.

For the purpose of assessing the composite uncertainty in the Methodology,
the isolation system and superstructure design requirements are rated as (A)
Superior, as they are thorough, detailed and vetted through the building code
process.

Test Data

The requirements for test data relate both to testing of superstructure
components (i.e., reinforced concrete beams, columns and connections), and
testing of prototype isolator units. The test data related to reinforced
concrete elements is rated (B) Good, as discussed in the Chapter 9 examples.
While there is a large amount of test data on reinforced concrete components,
there are still several areas where test data are not complete (i.e. tests of
beams with slabs, tests to very large deformations).

Test data related to isolation units is both qualitatively and quantitatively
different. For the purposes of modeling conventional structures, test data is
taken from a variety of different researchers regarding components which are
similar, but not identical, to the components being modeled in the structure.
In contrast, the provisions ASCE/SEI 7-05 require prototype testing of
isolator units for the purpose of establishing and validating the design
properties of the isolation system and verifying stability for MCE response.
These tests are specific to the isolation system installed in a particular
building, and follow detailed requirements for force-deflection response
outlined in the design requirements. As a result, there is substantially smaller
uncertainty related to the test data in an isolated system than the
superstructure.

A rating of (B) Good is assigned to the uncertainty assessment for test data
for these systems. This rating is associated with uncertainty in test data
related to superstructure modeling and potential isolator failure modes at
loads and displacements greater than those required for isolator prototype
testing by Section 17.8 of ASCE/SEI 7-05.
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10.3.3 Modeling Isolated Structure Archetypes

This section identifies the basic configuration, systems and elements of the
isolated structures of this study and provides a general overview of the index
archetype models used to evaluate collapse performance of these systems.
Section 10.3.4 describes specific design properties for the isolation system,
moat wall clearance, and the superstructure of each model.

The seismic-force-resisting system of an isolated structure includes: (1) the
isolation system; and (2) the seismic-force-resisting system of the
superstructure above the isolation system. The isolation system includes
individual isolator units (e.g., elastomeric or sliding bearings), structural
elements that transfer seismic force between elements of the isolation system
(e.g., beams just above isolators) and connections to other structural
elements. Energy dissipation devices (dampers) are sometimes used to
supplement damping of isolator units, but such devices are not considered in
this study.

Isolated structures are typically low-rise or mid-rise buildings that have
relatively stiff superstructures. This study assumes that the seismic-force-
resisting system of the superstructure is a reinforced-concrete moment frame
system, in order to make use of already developed models for Chapter 9 that
explicitly capture sidesway collapse. A relatively short height (4 stories) is
used to assure adequate stiffness of the superstructure.

Isolated structures typically have a “moat” around all or part of the perimeter
of the building at the ground floor level. The moat is usually covered by
architectural components (e.g., cover plates) that permit access to the
building, but do not inhibit lateral earthquake displacement of the isolated
structure.

Impact with the moat wall can cause collapse. Accordingly, Section 17.2.5.2
of ASCE/SEI 7-05 requires a minimum building separation to “retaining
walls and other fixed obstructions” not less than the total maximum (MCE)
displacement of the isolation system. The intent of this provision is to limit
the likelihood of such impacts, even for strong ground motions. However,
Section 17.2.4.5 of ASCE/SEI 7-05 recognizes that providing clearance for
MCE ground motions may not be practical for some systems and permits
isolation system design to incorporate a “displacement restraint” that would
limit MCE displacement, provided certain criteria are met. These criteria
include the requirement that “the structure above the isolation system is
checked for stability and ductility demand of the maximum considered
earthquake.” This study shows how the Methodology can be used to perform
this check.
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Index Archetype Models

Models of isolated systems consist of a superstructure model, an isolator
model, and a moat wall model. Each of these components must be capable of
capturing the inelastic effects in the structure up until the point at which the
structure collapses. Analysis models are two-dimensional, and neglect
possible torsional effects. A schematic diagram of the index archetype model
for isolated systems is illustrated in Figure 10-8.

Superstructure
Model

|
\AAAAALAA)

beam
column
beam- A "
. leaning
'
column joint VP
4 column
..... k
~»

RN

. . Grade beams (linear
W, includes weight of elastic)

ground floor

Figure 10-8 Index archetype model for isolated systems.

The superstructure is modeled using the same assumptions as described in
the Chapter 9 examples. The model incorporates material nonlinearities in
beams, columns and beam-column joints, as well as deterioration of strength
and stiffness as the structure becomes damaged. As before, the
superstructure model includes a leaning (P-delta) column to account for the
effect of the seismic mass on the gravity system.

Isolator Modeling

The isolation system bearings (isolators) are modeled using a bilinear spring
between the foundation and the ground-floor of the superstructure, as shown
in Figure 10-8. The bilinear spring is assumed to be a non-degrading, fully
hysteretic element. Some isolators exhibit significant changes in properties
with repeated cycles of loading as a result of heating, but explicit modeling
of such behavior is currently in its infancy and is beyond the scope of this
study. Bilinear springs are commonly used in practice and provide
sufficiently accurate estimates of nonlinear response when their stiffness and
damping properties are selected to match those of the isolators (Kircher,
2006).
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Figure 10-9 illustrates the modeled force-displacement response of nominal,
upper-bound and lower-bound bilinear springs used to represent isolators in
this study. In general, isolators are modeled with nominal spring properties.
However, in certain cases, isolators are modeled with upper-bound and
lower-bound spring properties to evaluate the effects of these properties on
collapse. Upper-bound and lower-bound properties are also needed for
isolation system design. Section 17.5 of ASCE/SEI 7-05 requires lower-
bound properties for calculation of isolation system displacements, and
upper-bound properties for calculation of design forces. The range of upper-
bound and lower-bound bilinear spring properties used to model isolators is
based on the prototype testing acceptance criteria of Section 17.8.4 of
ASCE/SEI 7-05.

Force/W (g) Upper-Bound
Nominal
A / Lower-Bound
A,
D
/By/ D  Displacement (in.)
Hysteresis Loop
(Nominal Spring)
A
Figure 10-9 Example nominal, upper-bound and lower-bound bilinear
springs and hysteretic properties used to model the isolation
system.

Design of the isolation system is defined by the two control points, the
“yield” point (D, Ay) and the post-yield point (D, A), located somewhere on
the yielded portion of the curve. The resulting bilinear response is illustrated
in Figure 10-9. The yield point represents the dynamic friction level of
sliding bearings (e.g., FP bearings) and is closely related to the (normalized)
characteristic strength of elastomeric bearings (e.g., lead-rubber or high-
damping rubber bearings). The post-yield point is used simply to define the
slope of yielded system (and the isolation system is assumed capable of
displacing without failure beyond this point). The properties are assumed to
be symmetric for positive and negative displacements.

Amplitude-dependent values of effective stiffness, ke, effective period, Teg
(in seconds), and effective damping, S, of the isolation system may be
calculated by the following equations:

10-18

10: Supporting Studies FEMA P695



(10-1)

Ty =27 |— (10-2)

/ S A (10-3)

Equations 10-1, 10-2, and 10-3 are consistent with the definitions of effective
stiffness, ke, and effective damping, S, of Section 17.8.5 of ASCE/SEI 7-
05. In Section 17.8.5, these equations are used to determine the force-
deflection characteristics of the isolation system from the tests of prototype
isolators.

ASCE/SEI 7-05 defines two amplitude-dependent fundamental-mode periods
for isolated structures based on secant stiffness, Tp, (effective period at the
design displacement), and Ty, (effective period at the MCE displacement).
Values of Tp and Ty, are typically close together. Isolated systems are
initially stiff (see Figure 10-9), but yield early and become very flexible, so
this representation of period is different from conventional fixed-base
structures, which use an estimation of initial stiffness for an “elastic” period.

The MCE fundamental-mode period, Ty, as defined by ASCE/SEI 7-05, is
used for evaluation of seismic collapse performance of isolated structures in
this study:

W

T, =2
N i kaing

(10-4)

where:

Tw = effective period, in seconds, of the seismically isolated structure at
the maximum displacement in the direction under consideration, as
prescribed by Equation 17.5-4 of ASCE/SEI 7-05,

W = effective seismic weight of the structure above the isolation interface,
as defined in Section 17.5.3.4 of ASCE/SEI 7-05, and

kvmin = Minimum effective stiffness, in kips/in, of the isolation system at the
maximum displacement in the horizontal direction under
consideration, as prescribed by Equation 17.8-6 of ASCE/SEI 7-05.
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Moat Wall Modeling

Nonlinear springs are used to represent the effects of impact with the moat
wall when the seismic demand on the isolated system exceeds the clearance
provided. The moat wall is represented by 5 symmetrical gap springs
implemented in parallel as illustrated in Figure 10-10.

Moat Wall Force ®
Moat Wall Gap
Vmax

Composite Spring —| ®
40 30 20 -10 A
No2S 7 10 20 30 40
@ +Energy Loss Isolation System Displacement (in.)

(Wall Crushing)
Vmax
Moat Wall Gap
®

Figure 10-10  Five individual springs and effective composite spring used to
model moat wall resistance for an example 30-inch moat wall

&ap-

Gap springs have zero force until the isolated structure reaches the moat wall,
and then begin to resist further displacement of the isolated structure. The
five springs engage sequentially to effect increasing stiffness and nonlinear
resistance as the structure pushes into the moat wall. Gap springs are
modeled as inelastic elements to account for energy loss due to localized
crushing at the structure-wall interface. Gap spring properties are defined
relative to the strength of the superstructure such that moat wall force is
equal to the strength of the superstructure, Viay, at approximately 4 inches of
moat wall displacement. (Note. A similar result could have been obtained
using a more complicated force-displacement relationship and a single gap
spring, depending on available models in software.)

Model Limitations

It should be noted that the models used in this study, and illustrated in Figure
10-9 and Figure 10-10, are relatively simplistic representations of isolated
systems and neglect many complex aspects of isolator performance. Bilinear
properties of the isolator neglect stiffening that may occur at large
displacements, and reduction in characteristic strength that can occur for
repeated cycles of loading. The isolation system model also neglects
potential uplift at isolators (when overturning loads exceed gravity loads and
isolator tension capacity). Local uplift of isolators is a potential failure
mode, but permitted by Section 17.2.4.7 of ASCE/SEI 7-05 provided that
“resulting deflections do not cause overstress or instability of isolator units or
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other structure elements.” Softening and damping loss due to heat effects in
elastomeric bearings are not considered. Despite these limitations, the
models represented in Figures 10-8, 10-9, and 10-10 are expected to give
reasonable predictions of dynamic response and collapse performance, as
well as relative differences in performance associated with variability in
design parameters.

Uncertainty due to Model Quality

Model quality is rated as (B) Good for the purpose of assessing the
composite uncertainty in the performance predictions of index archetype
models with a reinforced concrete special moment frame superstructure, and
(C) Fair for index archetype models with a reinforced concrete ordinary
moment frame superstructure. These model quality ratings are the same as
those assigned to the reinforced concrete frame examples in Chapter 9.

Since design of isolated structures require a nonlinear, building-specific
model of the superstructure, the model of an isolated structure represents an
individual building rather than one archetype within a performance group, as
in the Chapter 9 examples. In addition, the isolation system filters out some
higher-mode effects that contribute to collapse variability in fixed-base
structures. Therefore, it may be possible for an isolated system to earn a
better model rating than the constituent superstructure. However, in this
study, the simplified modeling of isolators, such as neglecting cyclic changes
to bearing properties, does not warrant better model quality ratings.

10.3.4 Design Properties of Isolated Structure Archetypes

Specific design properties of index archetype models in this study include
isolation system properties, moat wall clearance and superstructure
properties. The archetypes are selected to probe the effects of the critical
design parameters on collapse performance. The goal of considering a wide
variety of archetype configurations is to assess the validity of current code
provisions. As such, archetypes are developed for both “Code-Conforming”
systems that comply with ASCE/SEI 7-05 requirements, and “Non-Code-
Conforming” systems that deviate from ASCE/SEI 7-05 requirements in
terms of superstructure strength or ductility.

Isolation System Design Properties

Design properties of the isolation system are developed using the equations
and design requirements of the Equivalent Lateral Force Procedure, Section
17.5 of ASCE/SEI 7-05. These equations provide a convenient basis for
design and are commonly used for preliminary design and review of isolated
structures.
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This study considers archetype isolation systems that are representative of
systems with either elastomeric rubber bearings (RB) or sliding friction
pendulum (FP) bearings. Isolation systems are designed for either SDC Dpney
or SDC D, seismic criteria (Site Class D). The response characteristics of
isolation systems with either RB or FP bearings are sufficiently similar for
strong (SDC Dnax) ground motions to permit modeling both systems with the
same set of bilinear springs properties (i.e., a single set of “generic”
properties is used to represent both systems). Such is not the case for
moderate (SDC Dnin) ground motions, and different spring properties are
used to model isolation systems with RB and FP bearings.

Nominal isolation system design properties for SDC Dy, are given in Table
10-2 for the generic (GEN) system, and the RB system and FP system for
SDC Dnin. Upper and lower-bound spring properties are also given for the
generic system. Only nominal properties are shown for the RB and FP
systems in SDC Dy, (although MCE design parameters still utilize upper-
bound and lower-bound properties, as required by Section 17.5 of ASCE/SEI
7-05).

Table 10-2 also provides design values of the effective period, Ty, effective
damping, Sy, and total maximum displacement, Dy, for each system. For
each archetype isolation system, design values of the yield and the post-yield
control points are selected such that the corresponding values of maximum
(MCE) displacement, Dy, effective period, Ty, effective stiffness, and
effective damping, Sy, meet the following criteria:

o Values of Dy, Ty and Sy comply fully with the equations and
requirements of Section 17.5 of ASCE/SEI 7-05.

o Values of effective stiffness and damping are consistent with actual
isolation system properties (i.e. for isolations systems with either
elastomeric or sliding bearings)?.

o Values of effective stiffness and damping in the isolator reduce response
such that forces required for design of the superstructure are
approximately the same as the design base shear required for a
conventional fixed-base system of the same type and configuration, so
that models of code-compliant systems from Chapter 9 can be used for
the superstructure (without re-design).

% The effective stiffness properties of rubber bearings represent a “low modulus”
rubber compound and are assumed to be the same as those of friction pendulum
bearings to limit the number of models. The corresponding effective period, Ty, is
somewhat atypical of rubber bearing systems which generally have an effective
period less than or equal to 3 seconds.
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Calculation of Dy was based on the Equivalent Lateral Procedure of Section
17.5 of ASCE/SEI 7-05. Total maximum displacement includes an
additional 15 percent of torsional displacement, consistent with Equation
17.5-6 of ASCE/SEI 7-05 (assuming a square configuration of the building in
plan):

D,, =1.15D,, (10-5)

Table 10-2 Isolation System Design Properties

Isolator Force-Deflection Curve MCE Design Parameters

crit.)

Properties Yield Point Post-Yield T B
M M
(sec) | (%

Ceneric Elastomeric or Sliding Systems - D,,,, Designs

GEN Nominal 0.5 0.05 23.3 | 0.225

GEN- Upper-
. . 1.1 .
UB Bound 0.5 0.06 2 0.23 3.47 10.5% 29.3
GEN- Lower-
LB Bound 0.5 0.04 25.5 0.22

Rubber (RB) or Friction Pendulum (FP) Systems - D,,,, Designs

RB Nominal 1.5 0.04 6.5 0.081 3.18 12.5% 8.5

FP Nominal 0.1 0.04 4.2 0.072 2.78 28% 5.7

Isolation System Clearance

The performance of isolated structures may also be dependent on the
clearance of the isolated system and Table 10-3 summarizes the moat wall
clearance (gap) distances used in the archetype isolation systems. For the
generic (GEN) isolation system (SDC Dy, design), five different moat wall
distances are used to investigate the effects of this parameter on collapse
performance.

Moat wall clearance is based on a fraction of the total maximum
displacement, Dy, plus a little extra displacement for fit-up tolerance.
Unless dynamic analysis can justify a smaller value, 1.0Dyy is the minimum
clearance permitted by Section 17.5 of ASCE/SEI 7-05. For the generic
system, moat wall gap displacements of 0.6D+y and 0.8Dy test the
consequences of restricting isolation system displacement, and clearances of
1.2Dmvand 1.4Dqy evaluate the benefits of having extra clearance.

Moat wall clearance is influenced by site conditions (e.g., sloping site),
building configuration and architectural features, but economic
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considerations usually dictate design at or near the minimum required
displacement, so that moat wall clearances between approximately 0.8Dy
and 1.0Dqy are typical (when the configuration has a moat wall). A moat
wall clearance of 1.4Dqy, or greater (42 inches in this study), is not common.
ASCE/SEI 7-05 does not permit moat wall clearance less than 0.8Dy unless
the superstructure is explicitly evaluated for stability at MCE demand (which
is not typically done).

Table 10-3 Summary of Moat Wall Clearance (Gap) Distances

Isolation System Properties Moat Wall Gap Distance (inches)

Displacement (in.) Approximate Fraction of Code Minimum

Ceneric Elastomeric or Sliding Systems - D,,,, Designs

GEN 29.3 0.7 18 24 30 36 42
GEN-UB 29.3 0.7 30
GEN-LB 29.3 0.7 30

Rubber (RB) or Friction Pendulum (FP) Systems - D,,,;, Designs

min

RB 8.5 0.5 9

FP 5.7 0.3 6

Superstructure Design Properties

Isolated structure archetypes are grouped as Code-Conforming and Non-
Code-Conforming archetypes on the basis of whether the superstructure
meets code requirements for strength, ductility, and detailing. Code-
Conforming archetypes include systems with reinforced concrete special
moment frame superstructures that conform to all the design requirements of
Chapter 17 of ASCE/SEI 7-05. Non-Code-Conforming archetypes include
systems with superstructures that do not conform, either in terms of design
strength, such as reinforced concrete special moment frame superstructures
designed for less than the minimum required base shear, or in terms of
ductility, such as reinforced-concrete ordinary moment frame superstructures
not permitted for use as a SDC D system. In a few cases, the Non-Code-
Conforming superstructures exceed code requirements.

Table 10-4 summarizes design properties for the 3 superstructures of Code-
Conforming archetypes used in this study:

(C1) — A reinforced concrete special moment frame (perimeter frame)
system, designed for base shear, Vs = 0.092W (R, = 2.0).
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(C2) — A reinforced concrete special moment frame (space frame) system,
designed for base shear, Vs = 0.092W (R, = 2.0).

(C3) — A reinforced concrete special moment frame (space frame) system,
designed for base shear, V, = 0.077W.

The first two systems (C1, C2) are superstructures of isolated archetypes
designed for SDC Dy Seismic criteria, and the last system (C3) is the
superstructure of isolated archetypes designed for SDC Dy,in Seismic criteria.
The base shear of the last system is governed by the limit of Section 17.5.4.3
of ASCE/SEI 7-05, which requires the base shear, Vs, not be less than 1.5
times either the “yield level” of an elastomeric system or the “breakaway”
friction level of a sliding system. In this case, the base shear (Vs= 0.077W) is
approximately equal to 1.5 times 0.05, the upper-bound yield level of
systems designed for SDC D, seismic criteria with either RB or FP
bearings.

Table 10-4 Isolated Structure Design Properties for Code-Conforming
Archetypes

Isolated Structure Archetype Design Properties

Superstructure Isolation System Isolated Structure

Reinforced Concrete Special Moment Frame Perimeter Systems
Evaluated at D

max

C1-1 0.092 1.6 0.15 GEN 18 3.47 0.26
C1-2 0.092 1.6 0.15 GEN 24 3.47 0.26
C1-3 0.092 1.6 0.15 GEN 30 3.47 0.26
C1-4 0.092 1.6 0.15 GEN 36 3.47 0.26
C1-5 0.092 1.6 0.15 GEN 42 3.47 0.26

Reinforced Concrete Special Moment Frame Space Frame Systems
Evaluated at D

max

C2-1 0.092 3.3 0.30 GEN 18 3.47 0.26
C2-2 0.092 3.3 0.30 GEN 24 3.47 0.26
C2-3 0.092 3.3 0.30 GEN 30 3.47 0.26
C2-4 0.092 3.3 0.30 GEN 36 3.47 0.26
C2-5 0.092 3.3 0.30 GEN 42 3.47 0.26
C2-3U 0.092 3.3 0.30 GEN-UB 30 3.47 0.26
C2-3B 0.092 3.3 0.30 GEN-LB 30 3.47 0.26

Reinforced Concrete Special Moment Frame Space Frame Systems
Evaluated at D

min

C3-1 0.077 3.7 0.28 RB 9 3.18 0.09

C3-2 0.077 3.7 0.28 FP 6 2.78 0.11
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The Code-Conforming archetypes include systems that meet all code
requirements for the superstructures (C1, C2 and C3). Isolation system
design meets all code requirements with the exception that moat wall gap
distances in C1-1, C1-2, C2-1 and C2-2, would typically not meet code
requirements unless special stability analyses were performed.

Table 10-5 summarizes the design properties of the Non-Code-Conforming
Archetypes. These isolated structures evaluate the effects of modifying code
requirements for (a) superstructure strength and (b) superstructure ductility.
Variation in superstructure strength includes some structures, such as NC1,
that exceed code strength requirements, while others, such as NC2, do not
meet code strength requirements.

Table 10-5 Isolated Structure Design Properties for Non-Code-Conforming
Archetypes

Isolated Structure Archetype Design Properties

Superstructure Isolation System Isolated Structure

Vmax/ Gap TM

Reinforced Concrete Special Moment Frame Space Frame Systems
Evaluated at D,

max

NC1-1 0.164 2.8 0.46 18 GEN 3.47 0.26
NC1-2 0.164 2.8 0.46 24 GEN 3.47 0.26
NC1-3 0.164 2.8 0.46 30 GEN 3.47 0.26
NC1-4 0.164 2.8 0.46 42 GEN 3.47 0.26
NC2-1 0.046 5.2 0.24 18 GEN 3.47 0.26
NC2-2 0.046 5.2 0.24 24 GEN 3.47 0.26
NC2-3 0.046 5.2 0.24 30 GEN 3.47 0.26
NC2-4 0.046 5.2 0.24 42 GEN 3.47 0.26

Reinforced Concrete Ordinary Moment Frame Space Frame Systems
Evaluated at D

max

NC3-1 0.246 1.9 0.47 30 GEN 3.47 0.26
NC3-2 0.246 1.9 0.47 42 GEN 3.47 0.26
NC4-1 0.164 1.8 0.30 30 GEN 3.47 0.26
NC4-2 0.164 1.8 0.30 42 GEN 3.47 0.26
NC5-1 0.092 1.9 0.17 30 GEN 3.47 0.26
NC5-2 0.092 1.9 0.17 42 GEN 3.47 0.26

While reinforced concrete ordinary moment frame systems from Chapter 9
are used for the purpose of investigating the effects of superstructure
ductility, it should be noted that ASCE/SEI 7-05 does not permit isolated
systems with a reinforced concrete ordinary moment frame superstructure in
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regions of high seismicity. The 2006 IBC does, however, allow isolation
systems with either a steel ordinary moment frame or steel OCBF (braced
frame) in regions of high seismicity when designed in accordance with AISC
341-05 and R, = 1.0.

10.3.5 Nonlinear Static Analysis for Period-Based Ductility,
SSFs, Record-to-Record Variability and Overstrength

The Methodology requires a nonlinear static (pushover) analysis to determine
the overstrength of the archetype and to evaluate values of period-based
ductility (ur = du/dy ) for determining the spectral shape factor, SSF, and, in
certain instances, record-to-record variability, Srrr. Although the
overstrength parameter, £, is not used in isolation design, pushover analysis
provides a useful tool for evaluating the strength of the superstructure
relative to the level of lateral force in the isolation system.

Pushover Analysis of Isolated Systems

Nonlinear static analysis is performed on isolated structures with the
isolation system free to displace. Pushover forces are based on a uniform
pattern of lateral load emulating the approximate pattern of uniform lateral
displacement of the isolated structure (at displacements up to significant
yielding of the superstructure). Figure 10-11 illustrates results of nonlinear
static analysis for an isolated structure and for the same superstructure on a
fixed-base.* Approximately the same ultimate strength is obtained from the
two analyses, but the isolated structure effectively shares system ductility
between displacement of the isolation system and displacement of the
superstructure.

It is also noted that pushover analysis of isolated systems is performed
without the moat wall springs (as the sudden increase in stiffness associated
with the moat wall is inconsistent with the assumptions used in developing
the relationship between 7 and SSF in Appendix B).

Superstructure Overstrength Properties

A static pushover analysis of each of the archetype superstructures listed in
Table 10-3 and Table 10-4 was performed to determine the actual maximum
strength, Vnax, and to compare actual strength with design strength, V..
Values of normalized design strength (Vs/W) and normalized maximum
strength (Vma/W) are plotted in Figure 10-12.

® Nonlinear static analysis of the fixed-base structure is based on the lateral load
pattern prescribed by Equation 12.8-13 of ASCE/SEI 7-05.
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Figure 10-11  Pushover curves of a non-code-conforming isolated structure
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Figure 10-12  Normalized design shear (V,/W) and maximum strength (V,,./W)
of superstructures.

As Figure 10-12 shows, the maximum strength of the superstructure is
system dependent and does not decrease in proportion to design base shear.
When designed with a base shear of 0.092W, the perimeter reinforced
concrete special moment frame has an ultimate strength 0.15W, the space
reinforced concrete special moment frame has an ultimate strength of 0.30W
and the space reinforced concrete ordinary moment frame has an ultimate
strength of 0.17W. Space frames typically have higher overstrength (relative
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to the design lateral load) than perimeter frames due to the higher
contribution of gravity loads in space frame designs. Reinforced concrete
ordinary moment frame systems typically have lower overstrength because of
a lack of capacity-design provisions. The relative strength of the
superstructure and isolation system can have a significant influence on the
performance of isolated structures under extreme loading.

System Period-Based Ductility and Spectral Shape Factor (SSF)

Pushover analysis of the isolated system (including both isolator and
superstructure) is used for determining period-based ductility, ur = 0u/dyex,
for computation of the SSF. The calculation of w1 is illustrated in Figure

10-13.
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Figure 10-13 Illustration of calculation of period-based ductility, uy, for

isolated system NC-1, where y; = 8,/ 5, .

Calculation of the effective yield roof drift displacement, dy,es, for base
isolated systems is given by the formula:

Vmax g 2
5y,eﬁ = W‘:47Z-2 :l TM (10-6)

which is based on Equation 6-7 for values of the modal coefficient, Co = 1.0
and fundamental period, T = T; = Ty. The modal coefficient, C,, is defined
by Equation 6-8 and generally has values near unity for isolated structures
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with roof drift displacement dominated by lateral displacement of the
isolation system displacement. In the limiting case of roof drift displacement
equal to isolation system displacement (i.e., no drift in the superstructure),
the ultimate roof drift displacement, ¢, would be equal to the effective yield
roof drift displacement, dy,efr.

Due to inherent flexibility in isolated systems, period-based ductility is
smaller for base isolated systems than for fixed base systems because base
isolated systems have a larger effective yield roof drift displacement, dy,es,
relative to the ultimate roof displacement, J,. For fixed-base special moment
frames in SDC Dy, 11 IS approximately equal to 11, whereas for isolated
special moment frames, wr ranges between 1.4 and 2.5. The period-based
ductility values obtained in this study are relatively large due to the
flexibility of reinforced concrete frame superstructures. Typically, isolated
buildings would not have as much displacement in the superstructure.

Record-To-Record Uncertainty (Br7xz)

For most conventional (fixed-base) structures, the period-based ductility, ur
is greater than or equal to 3.0, and record-to-record variability, frr, is equal
to 0.40. Isolated systems have limited period-based ductility (i.e., ur < 3.0),
and Equation 7-2 is used to calculate 8grr for these systems. Values of frrr
calculated for base isolated systems using Equation 7-2 range from 0.24 to
0.35, with an average value of 0.27.

Values of SSF and fkrr for isolated systems were computed in accordance
with Table 7-1 and Equation 7-2, respectively, which were derived for
conventional fixed-base structures. The resulting values of SSF and frrr
showed good agreement with values of spectral shape adjustment and record-
to-record variability obtained directly from collapse assessment of isolated
systems.

10.3.6 Collapse Evaluation Results
Evaluation Process and Acceptance Criteria

The base isolated systems listed in Tables 10-4 and 10-5 are analyzed and
evaluated, as described in Chapter 5 through Chapter 7. Nonlinear dynamic
analyses are used with the Far-Field record set to determine the median
spectral acceleration at which the structure collapses (éCT ). The collapse
margin ratio, CMR, is computed as the ratio of the median collapse
capacity, éCT , and the MCE demand, Syr. These results are reported in
Tables 10-6 and 10-7.
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Note that for base isolated reinforced concrete ordinary moment frames,
CMR accounts for both the sidesway simulated collapse modes and non-
simulated column shear failure modes not included in simulation models.
Collapse due to column shear failure is predicted when the column loses its
vertical-load-carrying capacity, on the basis of component fragility functions
as described in Chapter 9. Section 10.2 describes the procedure for
incorporating non-simulated failure modes.

Acceptance criteria are based on the adjusted collapse margin ratio (ACMR)
which is the CMR modified by the spectral shape factor, SSF, to account for
the unique spectral shape of rare ground motions. The computed values of
period-based ductility, ur, for base isolated systems are reported in Table
10-6 and Table 10-7. The spectral shape factor is determined from Table 7-1
as a function of xr and building period (T > 1.5 seconds for all the isolated
systems).

The composite (total) uncertainty, fror, associated with collapse must be
assessed in order to compare the ACMR to the acceptance criteria. Isolated
archetypes with ductile (reinforced concrete special moment frame)
superstructures are assigned ratings of (B) Good for modeling, (B) Good for
test data, and (A) Superior for design requirements. The isolated archetypes
with non-ductile (reinforced concrete ordinary moment frame)
superstructures have ratings of (C) Fair for modeling, (B) Good for test data,
and (A) Superior for design requirements.

For isolated structures, which have limited period-based ductility (i.e., ur <
3.0), record-to-record variability, frs , is calculated using Equation 7-2.
Values of record-to-record variability range from 0.2 to 0.3 for the isolated
archetypes of this study. These smaller values are supported by a special
study on record-to-record variability described in Appendix A.

Record-to-record variability is combined with other sources of uncertainty
(i.e., modeling, test data and design requirements, respectively) to determine
total composite uncertainty, Sror, in accordance with Equation 7-5. For the
isolated systems considered, Sror ranges from 0.375 to 0.475. The
acceptable ACMR in Chapter 7 will depend on the total uncertainty for each
isolated system archetype.

Since design of isolated structures is based on building-specific testing and
evaluation, archetype systems are not grouped into performance groups in
this study. Instead, each archetype is evaluated individually in comparison
with the acceptable ACMR. In judging acceptability of each isolation system
archetype, the computed ACMR is compared to the acceptable ACMR
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associated with a 10% probability of collapse, ACMR 1. The use of the 10%
criteria for evaluating the performance of an individual building is consistent
with recommendations contained in Appendix F.

Collapse Results for Code-Conforming Archetypes

Collapse results for the Code-Conforming base isolation system archetypes
are tabulated in Table 10-6a, Table 10-6b, and Table 10-6c.

Table 10-6a Collapse Results for Code-Conforming Archetypes: Various Gap
Sizes

Computed Collapse Margin Ratio Acceptable ACMR

Perimeter Reinforced Concrete Special Moment Frame Systems
Evaluated at Dpay

Cl-1 18 154 1.94 1.23 1.89 0.425 1.72
C1-2 24 1.66 1.94 1.23 2.04 0.425 1.72
C1-3 30 1.67 1.94 1.23 2.05 0.425 1.72
Ci-4 36 1.70 1.94 1.23 2.09 0.425 1.72
C1-5 42 1.70 1.94 1.23 2.09 0.425 1.72

Space Reinforced Concrete Special Moment Frame Systems
Evaluated at Dy

Cc2-1 18 1.92 1.57 1.18 2.27 0.400 1.67
C2-2 24 2.16 1.57 1.18 2.55 0.400 1.67
C2-3 30 2.19 1.57 1.18 2.58 0.400 1.67
C2-4 36 2.40 1.57 1.18 2.83 0.400 1.67
C2-5 42 2.52 1.57 1.18 2.97 0.400 1.67

Table 10-6b Collapse Results for Code-Conforming Archetypes: Nominal
(GEN), Upper-Bound (GEN-UB) and Lower-Bound (GEN-LB)
Isolator Properties

Isolator Computed Collapse Margin Ratio Acceptable ACMR

Prop's.

Reinforced Concrete Special Moment Frame Space Frame Systems
Evaluated at D,,,,, - 30-inch Gap

C2-3 GEN 2.19 1.57 1.18 2.58 0.400 1.67
C2-3U | GEN-UB 2.08 1.83 1.21 2.53 0.400 1.67
C2-3L GEN-LB 2.20 1.35 1.15 2.52 0.375 1.62
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Table 10-6¢ Collapse Results for Code-Conforming Archetypes: Minimum
Seismic Criteria (SDC D,;,)

Computed Collapse Margin Ratio Acceptable ACMR

Arch. | Isolator
No. Props.

Reinforced Concrete Special Moment Frame Space Frame Systems
Evaluated at D, - 30-inch Gap

C3-1 RB 4.01 1.94 1.15 4.60 0.425 1.72
C3-2 FP 4.86 2.54 1.18 5.75 0.475 1.84

Comparison of computed and acceptable values of the ACMR reveals that the
code-conforming base isolation systems all easily meet the acceptance
criteria in this Methodology. The perimeter frame system (C1) has
consistently smaller ACMRs than the space frame system (C2) due to the
smaller lateral overstrength inherent in perimeter frame systems. This study
indicates that base isolated systems have comparable levels of safety to code-
conforming, conventional fixed-base structures.

Results summarized in Table 10-6a and plotted in Figure 10-14 illustrate the
effect of the moat wall clearance distance or gap size. The smallest gap sizes
(18 in. and 24 in.) would generally not be allowed by Chapter 17 of
ASCE/SEI 7-05, and are not code-compliant. These results are included for
comparison purposes only. It is noted, however, that even systems with moat
clearances less than the code minimum are acceptable according to the
collapse criteria of the Methodology. There may be some benefit to
increasing the gap size even beyond 30 inches in SDC Dy This benefit is
especially apparent for the space frame systems, which have sufficient
overstrength to avoid significant nonlinear behavior even when the forces in
the isolator are large. These results indicate that the code criteria for base
isolated systems are adequate, and may be conservative in the case of moat
wall clearance criteria for structures that have sufficient overstrength.

As shown in Table 10-6b, variation in isolator properties does not have a
significant effect on the computed collapse margin ratio. Variation in
isolator properties is based on ASCE/SEI 7-05 Section 17.8.4.3, which
specifies that there not be more than a 20% change in initial stiffness during
testing of a prescribed range of prototypes. This variation is not intended to
account for differences between modeled and actual behavior, such as
softening and damping loss due to heating effects. When upper-bound
(GEN-UB) and lower-bound (GEN-LB) isolator properties are used, ACMRS
are very close to the results for the nominal properties (GEN).
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Figure 10-14  Ratios of computed ACMR to acceptable ACMR;, for reinforced
concrete special moment frame Code-Conforming isolated
archetypes with various moat wall gap sizes, evaluated for SDC
D nax S€iSMicC criteria.
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Whereas Tables 10-6a and 10-6b report collapse margins evaluated for SDC
Dnmax Seismic criteria, Table 10-6¢ reports collapse margin ratios computed
for RB and FP systems in SDC Dy,». As observed in Chapter 9, the collapse
margins tend to increase as the seismic criteria decreases such that ACMRS in
Table 10-6¢ are large, and high seismic criteria (SDC Dpax) govern the
acceptability of this system.

Collapse Results for Non-Code-Conforming Archetypes

Collapse results for the Non-Code-Conforming isolation archetypes are
summarized in Tables 10-7a and 10-7b. Computed CMRs include both
simulated and non-simulated failure modes for the reinforced concrete
ordinary moment frame structures.

In this study, Non-Code-Conforming archetypes are systems that violate or
exceed certain code provisions in order to examine the effects of
superstructure strength (i.e., superstructures designed for a higher or lower
base shear than required according to ASCE/SEI 7-05) and superstructure
ductility (i.e., superstructures designed as ordinary moment frames without
the ductile detailing requirements for special moment frame systems). All
results in this sectio