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ABSTRACT

Performance-Based Plastic Design of Earthquake Resistant Reinforced Concrete

Moment Frames

by

Wen-Cheng Liao

Chair: Subhash C. Goel

Performance-Based Plastic Design (PBPD) method has been recently developed to
achieve enhanced performance of earthquake resistant structures. The design concept uses
pre-selected target drift and yield mechanism as performance criteria. The design base shear
for selected hazard level is determined by equating the work needed to push the structure
monotonically up to the target drift to the corresponding energy demand of an equivalent
SDOF oscillator.

This study presents development of the PBPD approach as applied to reinforced
concrete special moment frame (RC SMF) structures. RC structures present special challenge
because of their complex and degrading (“pinched”) hysteretic behavior. In order to account

for the degrading hysteretic behavior the FEMA 440 C, factor approach was used in the

xxi



process of determining the design base shear.

Four baseline RC SMF (4, 8, 12 and 20-story) as used in the FEMA P695 were
selected for this study. Those frames were redesigned by the PBPD approach. The baseline
frames and the PBPD frames were subjected to extensive inelastic pushover and time-history
analyses. The PBPD frames showed much improved response meeting all desired
performance objectives, including the intended yield mechanisms and the target drifts. On the
contrary, the baseline frames experienced large story drifts due to flexural yielding of the
columns.

The work-energy equation to determine design base shear can also be used to
estimate seismic demands, called the energy spectrum method. In this approach the skeleton
force-displacement (capacity) curve of the structure is converted into energy-displacement
plot (E.) which is superimposed over the corresponding energy demand plot (£,) for the
specified hazard level to determine the expected peak displacement demands.

In summary, this study shows that the PBPD approach can be successfully applied to
RC moment frame structures as well, and that the responses of the example moment frames
were much improved over those of the corresponding baseline frames. In addition, the drift
demands of all study frames as computed by the energy spectrum method were in excellent

agreement with those obtained from detailed inelastic dynamic analyses.
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CHAPTER 1

INTRODUCTION

1.1. Background and motivation

Reinforced concrete special moment frames (RC SMF) comprise of horizontal
framing components (beams and slabs), vertical framing components (columns) and joints
connecting horizontal and vertical framing components that are designed to meet the special
requirements given in seismic codes (e.g., ACI 318, 2008; ASCE 7-05, 2005). Those special
proportioning and detailing requirements are intended to make the frames capable of resisting
strong earthquake shaking without significant loss of stiffness or strength. However, the
losses due to structural and nonstructural damage in code compliant buildings have led to the
awareness that current seismic design methods are not always able to provide the desired and
satisfactory performance as can be seen from the example shown in Figure 1-1. Since RC
SMF have been widely used as part of seismic force-resisting systems, design methodologies
and systematic procedures are needed which require no or little iteration after initial design in

order to meet the targeted design objectives.

Figure 1-1 Undesirable (soft story) failure of RC SMF under Chi-Chi earthquake (1999)



In order to achieve targeted design objectives, such as well-controlled interstory drifts
and desired yield mechanism under earthquake ground motions, it is essential to develop a
complete design methodology for RC SMF. Such design method should consider inelastic
behavior of RC SMF from the beginning along with determination of appropriate design base
shear and lateral force distribution. A systematic procedure for proportioning members by
considering inelastic behavior of the overall structure should be also concluded in the

methodology.

1.2. Objectives and scope of this study

The main objective of this study was to develop and validate a seismic design
methodology for RC SMF which is able to produce structures with predictable and intended
seismic performance. Based on performance limit states of target drift and desired yield
mechanism, this design methodology accounts for inelastic structural behavior directly, and
practically eliminates the need for assessment or iteration by nonlinear static or time-history
analysis after initial design. The methodology for steel frames has been developed by Goel et
al., in recent years (1999~2008). It is called Performance-Based Plastic Design (PBPD)
method.

The PBPD method explicitly accounts for inelastic state of structures, i.e., pre-
selected yield mechanisms. Previous studies on steel moment frames (MF), buckling-
restrained braced frame (BRBF), eccentrically braced frames (EBF), special truss moment
frames (STMF), and concentrically braced frames (CBF) have demonstrated the superiority
of this method over the current elastic design approach (Goel et al., 1999~2008). It is also
worth mentioning that results of those prior investigations have led to a PBPD design guide

for steel framing systems (Goel and Chao, 2008).

A comprehensive research effort is needed to further advance the PBPD methodology

and extend its application to reinforced concrete structures. Seismic design of RC structures



to achieve targeted response presents special challenge mainly due to their complex

hysteretic behavior. This study is primarily analytical in nature and focuses on RC moment

frames. It is expected that findings from this study will be incorporated in the next generation

of performance-based design codes and practice.

1.3.

This study was comprised of three phases:

. A series of RC SMF (4, 8, 12 and 20 stories) as used in the FEMA P695 document

(ATC-63, 2009) were used as baseline frames for this study. Those buildings were
called “benchmark buildings” in that report “in order to obtain a generalized
collapse prediction that is representative of RC SMF buildings designed by current
building codes in the western United States”. The PBPD methodology was developed

and applied to redesign those four frames.

. For response evaluation purposes, the baseline frames and the PBPD frames were

subjected to extensive inelastic pushover and time-history analyses

. An energy spectrum method based on the same energy concept as used in the PBPD

method was developed and validated for prediction of approximate displacement

demand, including interstory drifts.

Organization of the dissertation

This dissertation is comprised of eight chapters:

. Chapter 1 provides background and motivation, objectives and scope, and

organization of the dissertation.

. Chapter 2 presents a review of the current code procedures for seismic design of RC

special moment frames and the weakness of those procedures. Related past studies



that have addressed the problems of current code procedures or recently proposed

Performance-Based Seismic Design (PBSD) methods are also reviewed and discussed.

. Chapter 3 provides energy balance concept in Performance-Based Plastic Design
(PBPD), comparison of PBPD and current code design method as well as detailed
PBPD design procedures for RC SMF. Necessary modifications of PBPD method for
RC frames due to “pinched” and degrading hysteretic characteristics are also
discussed. Design flow charts for determination of design base shear, lateral forces

and member design forces are also presented.

. Chapter 4 presents redesign work of 4, 8, 12 and 20-story example RC special

moment frame structures with PBPD method.

. Chapter 5 presents the simulation study, including element-level modeling, structure-
level modeling and selection of ground motions in reference to FEMA P695 report.

The computer programs used in this study are discussed as well.

. Chapter 6 provides results of nonlinear static (pushover) and dynamic (time-history)
analyses of the baseline and PBPD frames which were carried out by using
PERFORM 3D program. The results of inelastic static and dynamic analyses proved
the validity of the PBPD methodology as applied to reinforced concrete moment

frames.

. Chapter 7 presents estimation of drift demand by the energy spectrum method (£, =
E;). Application of the energy spectrum method to the 4, 8, 12 and 20-story RC
moment frames is also discussed. The results are compared with those obtained from

detailed time-history analyses.

. Chapter 8, the final chapter, presents the summary and conclusions of this study.

Some suggestions for future study are also presented.



The organization of this research report is summarized in the flow chart shown in

Figure 1-2.

Performance-Based Plastic Design (PBPD) of
Reinforced Concrete Special Moment Frame
Structures for Enhanced Performance and Safety

v

Chapter 1: Introduction

v

Chapter 2: Literature review

A new design methodology of RC SMF

Y Y

Chapter 4: Redesign RC SMF with PBPD
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Chapter 3: PBPD for RC SMF

Chapter 5: Nonlinear analysis modeling
and earthquake records

v v

Chapter 6: Performance evaluation of Chapter 7: Energy spectrum method for
study RC SMF seismic evaluation

A

v

Chapter 8: Summary and conclusions

Figure 1-2 Flow chart of the dissertation



CHAPTER 2

LITERATURE REVIEW

2.1. Introduction

The term “Performance-Based Seismic Design (PBSD)” has been widely used by the
engineering and research community since the 1994 Northridge Earthquake, perhaps the
most costly earthquake in U.S. history, and other major earthquakes around the world which
occurred at the end of the 20th century. The goal of PBSD is to develop design
methodologies that produce structures of predictable and intended seismic performance under
stated levels of seismic hazards (SEAOC, 1995). However, the current trend towards this
goal is to use approaches that may be quite complex and iterative for practical application. A
general methodology was formulated in an effort to involve all the variables that may affect
the performance, such as seismic hazard, damage measures, collapse, financial losses or
length of downtime due to damage, engineering demands such as story drifts, floor
accelerations, etc., (Krawinkler and Miranda, 2004). The performance evaluation of a
structure is carried out by using complex probabilistic formulas, and the design work

proceeds by going through several iterations of this process (Hamburger, 2004).

Current seismic design practice around the world (including the U.S.) is generally
carried out by elastic method, even though it is well recognized that structures designed by
current codes undergo large deformations in the inelastic range when subjected to strong
earthquakes. Elastic analysis is carried out for prescribed equivalent static design forces to
determine the required strength and deflection demands. Then adequate design strength and
detailing are provided to help ensure proper inelastic behavior. Thus, expected inelastic

behavior is accounted for in a somewhat indirect manner (BSSC, 2006). As a consequence,



the inelastic activity, which may include severe yielding and buckling of structural members
and connections, can be unevenly and widely distributed in the structure designed by elastic
methods. This may result in rather undesirable and unpredictable response, total collapse, or
difficult and costly repair work at best. There is need for more direct design methods that

would fit in the framework of PBSD and produce structures that would perform as desired.
2.2. Current Seismic Design Procedure and Its Weaknesses

Current seismic design in the U.S. and even in most countries in the world, is carried

out in accordance with force-based design methodology. The force-based design sequence is

Estimate elastic period

Elastic forces from
acceleration spectrum

v

Determine force
reduction factor

Revise design Calculate design force
levels

A +

Design moments at
plastic hinges

v

Design structure

given in Figure 2-1.

LDisplacement OK? >

YES

Finish

Figure 2-1 Design sequence of force-based design



Figure 2-2 briefly shows the process of determining design base shear as used in the
current U.S. practice. The factor R represents force reduction factor depending upon assumed
ductility of the structural system, and / represents occupancy factor to increase the design
force for more important buildings. Lateral design forces at the floor levels (along the
building height) are then determined according to the prescribed formulas to represent
dynamic characteristics of the structure (ATC, 1978; BSSC, 2003; BSSC 2003b). Elastic
analysis is performed to determine the required member strengths. After member section
design for strength, a deflection amplification factor, C, is then used to multiply the
calculated drift obtained from elastic analysis to check the specified limits. The process is

repeated in an iterative manner until the strength and drift requirements are satisfied.
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Figure 2-2 Design response spectrum for seismic design (ASCE 7-05, 2006)

Proper detailing provisions are followed in order to meet the expected ductility
demands. Certain critical members, such as columns, are designed based on a “partial
capacity design approach” to prevent damage that could lead to collapse of structures. For a

typical reinforced concrete moment frame, a minimum column-to-beam strength ratio of 1.2



is specified in an effort to eliminate column plastic hinging (ACI 318, 2008). However, it has
been found such procedures are not adequate to give the desired results with satisfactory
confidence levels. The inelastic activity, which may include severe yielding and buckling of
structural members, can be unevenly and widely distributed in the structure (Browning et al.,

2000; Deierlein et al., 2007; Eberhard and Sozen, 1989; Sabelli, 2000).

In summary, the major weaknesses of the current code procedure are:

1. Assuming safety could be guaranteed (or damage could be reduced) by increasing the
design base shear: it has been observed in many past earthquakes that collapse

occurred due to local column damage (Moehle and Mahin, 1991).

2. Assuming design lateral force distribution along the building height based on elastic
behavior: Prior studies have shown that the code specified lateral force distribution
(thus the story shear) deviates significantly from the nonlinear time-history dynamic
analysis results (Chao et al., 2007), which can be partly responsible for non-uniform
maximum interstory drifts along the height. Nonlinear dynamic analyses carried out
by Villaverde (1991, 1997) also showed that using the code distribution of lateral
forces, without accounting for the fact that a structure would enter inelastic state
during a major earthquake, could be the primary reason leading to numerous upper

story collapses during the 1985 Mexico City Earthquake.

3. Proportioning member sizes based on initial stiffness (i.e. elastic analysis): The
magnitude of individual member forces from elastic analysis is obtained based on
relative elastic stiffness of structural members. However, when subjected to major
earthquakes, stiffness of many members changes significantly due to concrete
cracking or yielding in steel, while that of others may remain unchanged. This alters
the force distribution in the structural members. Proper proportioning of member
sizes cannot be achieved without using a more representative force distribution which

takes into account the expected inelastic behavior.



4. Attempting to predict inelastic displacements by using approximate factors and
analysis behavior: This has been shown by many prior investigations to be unrealistic,
especially for structures having degrading (“pinched”) hysteretic behavior and energy

dissipation characteristics (Chao and Goel, 2006; Sabelli et al., 2003).

5. Attempting to eliminate column yielding by a single column-to-beam strength ratio:
Many prior studies have shown that conventional capacity design approach for
designing columns in reinforced concrete moment frames cannot eliminate yielding in
the columns (Dooley and Bracci, 2001; Kuntz and Browning, 2003). In fact, the
column moment demand is quite often underestimated, because the columns are
subjected to moments not only from those delivered from the beams or other
members framing into the columns (i.e., conventional capacity design approach), but

also from the lateral displacements (Bondy, 1996).

2.3. Current State of Performance-Based Seismic Design in the U.S.

In September 2001, the Applied Technology Council, under the contract with Federal
Emergency Management Agency, initiated ATC-58 project to develop the next-generation
performance-based seismic design guidelines (2006). Figure 2-3 illustrates the current
progress and basic performance-based design process as given in the FEMA-445 report
(2006). As indicated in the flowchart, the primary work done in ATC-58 project is found on
the “Assess Performance” phase, which includes evaluation of the structural and
nonstructural performance, as well as prediction of losses by using nonlinear structural
analysis and complex probabilistic approaches (Comartin, 2004; Cornell, 2004; Deierlein,
2004; FEMA, 2006; Hamburger, 2004; Krawinkler et al., 2004). As can been seen in Figure
2-3, the FEMA-445 performance-based design methodology heavily relies on iterative
“Assess Performance—> Revise Design—=> Asses Performance” process to obtain a structure
capable of achieving the intended performance. This is mainly due to inadequacy of the

current seismic approaches to produce a good initial design. However, a poor initial design

10



may be improved through many iterations, but it may never become as good or optimal

design as desired (Krawinkler and Miranda, 2004).

Select

Performance
Objective

Develop
Preliminary
Building Design

No Guidelines up to date;
mainly based on
conventional elastic design

Generally requires Y
many iterations and Assess Primary work done by
extensive work ™ performance ATC-58 Project
(FEMA-445)
|l:> Revise Design
I’y Does
No Performance

Meet
Objectives?

Figure 2-3 FEMA 445 performance-based design flowchart (FEMA, 2006)

A good design should be based on realistic structural behavior under major seismic
loading and incorporate intended performance targets directly in the initial design stage. That
way subsequent “Assess Performance—> Revise Design—> Assess Performance” process
becomes more of a verification process rather than part of the main design process, requiring
only minor revisions, if any, to the initial design. The current performance-based design
procedures also provide little guidance to the engineers on how to modify the initial design in
order to achieve the intended performance. Indeed, as acknowledged in the FEMA-445 report,
unless further guidance is provided, engineers will have difficulty developing preliminary
designs capable of meeting the desired performance objectives and may find implementation

of performance-based deign to be very time-consuming in many cases (FEMA, 2006).
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In view of the above, this study provides a bridge between the conventional seismic
design and the FEMA performance-based design framework and addresses the need for
developing a systematic design methodology that produces structures of predictable and
intended seismic performance under stated levels of seismic hazards in a more direct manner

as given in Figure 2-4. This in turn considerably reduces the subsequent assessment and

redesign work.

Select

Performance
Objective

Develop
Preliminary
Building Design

work in this study
(Performance-based
plastic design, PBPD)

Minimum or no

A

l'eVlSl.()ll IS A Primary work done by
required > b 3558 ATC-58 Project
erformance
(FEMA-445)

|l:> Revise Design

A

Does
Performance
Meet
Objectives?

No

Figure 2-4 Major role of research work in this study in the current performance-based design
framework

2.4. Approaches for the Initial Design Proposed by other Researchers

A few approaches have been proposed by other researchers to provide tools in the
initial design stage for producing structures meeting the desired performance. These

approaches, such as the Yield Point Spectra Method (Aschheim and Black, 2000), the

12



Modified Lateral Force Procedure (MLFP) (Englekirk, 2003; Panagiotou and Restrepo,
2007), and the Direct Displacement-Based Design (DDBD) approach (Priestley et al., 2003
2007), primarily focus on the development of a suitable design base shear that accounts for
higher mode effects, system overstrength, yield displacement, effective stiffness, viscous
damping, effective period, or displacement ductility. The design of yielding members (such
as beams in moment frames) and design of columns are still based on conventional elastic
and capacity design approach or a relatively complex procedure that significantly deviates
from the current practice. It has been noted that nonlinear analysis is required for
performance assessment and refinement of the design (Aschheim, 2004). Practical

applications of these approaches are still under development and improvement.

2.4.1 Yield Point Spectra Method

The yield point spectra method uses constant ductility curves by plotting the yield
strength coefficient, C,, as a function of the system's yield displacement. Therefore, the
strength required by a SDOF oscillator can be determined from those curves for the given

displacement ductility, yield displacement and period as shown in Figure 2-5.

Bilinear for IV40ELCN.180, 5% Damping, 10% Post Yield Stiffness
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Figure 2-5 Example of yield point spectra of the 1940 record at El Centro (bilinear model;
damping 5%)
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For design, Yield Point Spectra may be used to determine combinations of strength
and stiffness sufficient to limit drift and/or displacement ductility demands to the prescribed
values. The yield strength coefficient, C,, can also be calculated by using simple expressions

as shown in the following:

V,=C,-W=C,-m-g (2-1)

O T L O LT B (2-2)
k v, C,-g

c _4'7z2-uy 3

y - T2g (_)

, where W is the oscillator weight, m is the oscillator mass, k is the initial stiffness, 7 is the

initial period and g is the acceleration of gravity.

The yield point spectra method offers practical approach for engineers to have direct
control over the strength and stiffness of the structure and reasonable way to determine the
design base shear for different ductility demands. However, the subsequent design work still
follows the conventional strength-based design approaches instead of systematic

performance-based design procedure.

2.4.2 Modified Lateral Force Procedure

The modified lateral force procedure (MLFP) is an extension of the equivalent lateral
force design procedure (ELFP) since ELFP ignores the contribution of higher modes. The
MLFP approach makes use of capacity design principles and accounts explicitly for section
and kinematic overstrength as well as for dynamic effects on the structure. The steps of
MLFP method include determination of first mode design lateral forces, calculation of static
system overstrength, consideration of dynamic effects and design of elastic regions by
following capacity design principles. However, the MLFP is complex and its main focus is

on the determination of design base shear.
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2.4.3 Direct Displacement-Based Design

In recent years, the displacement based design methodology has been well received
by the profession since displacement is deemed as better indicators of damage potential than
force. Shibata and Sozen (1976) were the first ones to propose the concept of substitute
structure to account for inelastic activity and to determine design forces of RC structures.
Based on that concept, direct displacement-based design (DDBD), developed by Priestley et
al., (2003, 2007), is one of the more popular methodologies in this category.

Unlike force based design, DDBD starts with selection of the design drift. The
structure is then characterized by its effective stiffness and damping at the design drift level
so that the necessary design forces can be directly obtained. It is noted that iteration may be
required if the assumed level of damping fails to check. The procedure of DDBD can be

summarized as shown in Figure 2-6.
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Select design
displacement

Estimate damping

Effective period from
displacement spectra

v

Calculate effective
stiffness

Calculate design force
levels

A +

Design moments at
plastic hinges

v

Design structure

Revise damping

Damping OK?

Finish

Figure 2-6 Design sequence of direct displacement-based design (Priestley, 2003)

Compared to current conventional seismic design practice, DDBD ensures that the
structure responds at the design drift limit. It was also mentioned by Priestley (2003) that use
of DDBD would result in more consistent designs than force-based designs and generally
reduce the design forces. However, the complexity of DDBD is a major obstacle in broader
acceptance of this approach by the profession, especially because iteration for damping check

is still needed.
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2.5. Summary and Conclusions

Performance-Based Seismic Design (PBSD) has been considered as an essential part
of earthquake engineering. New developments and methods for the application of PBSD
methodology are needed because most existing PBSD approaches tend to provide guidance
and tools for the evaluation of seismic performance of a building that has already been
designed. In other words, more research work is needed for development of initial design

because there is no guideline provided in current PBSD practice.

Several approaches for the initial design proposed by other researchers have been
briefly reviewed in this chapter. These approaches mainly provide a suitable design base
shear that accounts for higher mode effects, system overstrength, yield displacement,
effective stiffness, viscous damping, effective period, or displacement ductility. However, a
major shortcoming of these approaches is that the rest of design work, involving design of
yielding members (such as beams in moment frames) and design of columns, is still based on
conventional elastic and capacity design approach. Some of the methods even require
relatively complex calculations and procedures that significantly deviate from current
practice. Additionally, iteration during the design process is still required. Thus, practical

methods based on these approaches are still under development and improvement.
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CHAPTER 3

PERFORMANCE-BASED PLASTIC DESIGN (PBPD)
METHOD FOR RC SMF

3.1. Introduction

Reinforced concrete special moment frames (RC SMF) consist of horizontal framing
components (beams and/or slabs), vertical framing components (columns) and joints
connecting horizontal and vertical framing components are deemed to satisfy the special
requirements in seismic provisions (ACI 318, 2008; ASCE 7-05, 2006). RC SMF are widely
used as part of seismic force-resisting systems. In seismic provisions, certain requirements
such as special proportioning and detailing requirements result in a frame capable of resisting
strong earthquake shaking without significant loss of strength. Nevertheless, structural and
nonstructural damage observed in code compliant RC buildings due to undesired failure
modes (Moehle and Mahin, 1991) have shown the need to develop alternative methodologies

to better ensure the desired performance.

One such complete design methodology, which accounts for inelastic structural
behavior directly, and practically requires no or little iteration after initial design, has been
developed (Chao and Goel, 2005; Chao and Goel, 2006a; Chao and Goel, 2006b; Chao and
Goel, 2006¢c; Chao et al., 2007; Chao and Goel, 2008a, Chao and Goel, 2008b; Dasgupta et
al., 2004; Goel and Chao, 2009; Lee and Goel, 2001; Lee at al., 2004; Leelataviwat et al.,
1999; Goel et al, 2009% 2009", 2010,; Liao and Goel, 20107 2010° ). It is called
Performance-Based Plastic Design (PBPD) method.
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By using the concept of energy balance applied to a pre-selected yield mechanism
with proper strength and ductility, structures designed by the PBPD method can achieve
more predictable structural performance under strong earthquake ground motions. It is
important to select a desirable yield mechanism and target drift as key performance limit
states for given hazard levels right from the beginning of the design process. The distribution
and degree of structural damage are greatly dependent on these two limit states. In addition,
the design base shear for a given hazard level is derived corresponding to a target drift limit
of the selected yield mechanism by using the input energy from the design pseudo-velocity
spectrum: that is, by equating the work needed to push the structure monotonically up to the
target drift (Figure 3-1a) to the energy required by an equivalent elastic-plastic single-degree-
of-freedom (EP-SDOF) system to achieve the same state (Figure 3-1b). Furthermore, a better
representative distribution of lateral design forces is also used in this study, which is based on
inelastic dynamic response results (Chao at el, 2007). This lateral design force distribution
accounts for higher mode effects and inelastic behavior better than the distribution prescribed
by the current codes. Nonlinear dynamic analysis results of a variety of steel structures have
shown that this new lateral force distribution leads to more realistic story shears as well as

uniform story drifts over the building height (Goel and Chao, 2008).
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Figure 3-1 PBPD concept
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Mechanism based plastic analysis is used to determine the required of the designated
yielding frame members, such as beams in RC SMF, to achieve the selected yield mechanism.
Design of non-yielding members, such as columns, is then performed by considering the
equilibrium of an entire “column tree” in the ultimate limit state to ensure formation of the

selected yield mechanism.

3.2. Energy balance concept in PBPD design

The concept of energy balance in conjunction with ultimate limit state design was
first used by Housner (1956). Housner (1960) also extended this concept to derive the
required design lateral force to prevent structure collapsing due to overturning under extreme
drift limits. However, some assumptions were made by Housner in this energy approach for
simplicity and due to limited available knowledge about inelastic response spectra at that

time.

Housner (1960) noted that shaking structures may collapse in one of several ways

under strong ground motions:

“One possibility is that the vibrations will cause approximately equal plastic
straining in alternate directions and that this will continue until the material breaks
because of a fatigue failure. Another possibility is that all of the plastic straining will
take place in one direction until the column collapses because of excessive plastic
drift. These two possibilities are extreme cases, and the probability of their
occurrence is small. The most probable failure is collapse due to greater or lesser
amount of energy having been absorbed in plastic straining in the opposite direction.
In this case collapse occurs when some fraction of the total energy pE is just equal to
the energy required to produce collapse by plastic drift in one direction. In what
follows, the factor p will be taken equal to unity as a matter of convenience,...”

The energy balance concept used in the PBPD method to determine the design base
shear is quite similar to the basic approach suggested by Housner (1960). By using suitable
inelastic response spectra for EP-SDOF systems, the amount of work needed to push the

structure monotonically up to the design target drift is equated to a fraction of the elastic
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input energy. The basic energy balance concept is then extended to MDOF systems by using
equivalent modal SDOF oscillators along with other appropriate assumptions (Goel and Chao,

2008).

3.3. Comparison of PBPD and current code design method

The design requirements for RC SMF are presented in the American Concrete
Institute (ACI) Committee 318 Building Code Requirements for Structural Concrete (ACI
318). The special requirements relate to inspection, materials, framing members (beams,
columns, and beam-column joints), and construction procedures. In addition, the pertinent
seismic load requirements are specified in the American Society of Civil Engineers (ASCE)
publication ASCE/SEI 7-05 Minimum Design Loads for Buildings and Other Structures
(ASCE 2006). The International Building Code, or IBC, (ICC 2006), which is the code
generally adopted throughout the United States, refers to ASCE 7 for the determination of
seismic loads. The ACI Building Code includes design requirements according to the
Seismic Design Categories designated by the IBC and ASCE 7 and contains the latest
information on design of special moment frames. In addition, the design base shear equations
of current building codes (e.g., IBC and ASCE 7) was calculated by reducing the elastic
strength demands to the inelastic strength demands by incorporating a seismic force-
reduction factor R that reflects the degree of inelastic response expected for design-level
ground motions, as well as the ductility capacity of the framing system. The R factor for
special moment frames is 8. Therefore, a special moment frame should be expected to

sustain multiple cycles of inelastic response if it experiences a design-level ground motion.

Haselton (2007) observed the major goal of the seismic design in current building
codes is

“to protect life safety of building inhabitants during extreme earthquakes. First and
foremost, this requires controlling the likelihood of structural collapse such that it
remains at an acceptably low level. With the implementation of detailing and capacity
design requirements in current codes and standards, the assumption is that the
building codes will meet this safety goal. However, codes are empirical in nature
such that the collapse safety they provide has not been rigorously quantified.”
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As mentioned earlier, the key performance objectives in the PBPD method are pre-
selected target drift and yield mechanism. The design lateral forces are determined for the
given seismic hazard and selected target drift. Therefore, factors based on engineering

judgment, such as R, I, C, (Fig 3-2) are no longer needed.
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Figure 3-2 Illustration of seismic performance factors (R, €2, and C,) as defined by the
commentary to the NEHRP recommended provisions (FEMA P440A, 2009)

In addition, the proportioning and detailing requirements for special moment frames
are intended to ensure that inelastic response is ductile. In order to ensure good performance
of RC SMF, Moehle el al. (2008) proposed three main goals for design; they are (1) to
achieve a strong-column/ weak-beam design that spreads inelastic response over several

stories; (2) to avoid shear failures; and (3) to provide details that enable ductile flexural
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response in yielding regions. As shown in this study, the first goal to assure strong column/
weak beam design is reached by following the PBPD method since the yielding mechanism
is preselected and all non designated yielding members (columns) are designed by capacity-
design approach considering an entire “column tree” instead of single joints. The other two

goals are related to detailing requirements to achieve the needed ductility capacity.

It is important to note that in the PBPD method control of drift and yielding is built
into the design process from the very start, eliminating or minimizing the need for lengthy
iterations to arrive at the final design. Other advantages include the fact that innovative
structural schemes can be developed by selecting suitable yielding members and/or devices
and placing them at strategic locations, while the designated non-yielding members can be
detailed lower ductility capacity. All of this would translate into enhanced performance,

safety, and economy in life-cycle costs.

3.4. Design procedure

3.4.1 Overview

An outline of the step-by-step Performance-Based Plastic Design (PBPD) procedure

is given in the following. The details are then presented in the subsequent sections:

1. Select a desired yield mechanism and target drift for the structure for the design

earthquake hazard.

2. Estimate the yielding drift, 6, , the fundamental period, 7, of the structure and

determine an appropriate vertical distribution of design lateral forces.

3. Determine the elastic design spectral acceleration value, S, (Figure 3-3), by

multiplying seismic response coefficient, C,, with R/ where R=8 and I=1 in the

[ B
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design of RC SMF. S  was determined this way for two reasons: (a) for long period
the codes prescribe the minimum value of C, but not for S, ; (b) for consistency and

fair comparison with the baseline frames.

Calculate the design base shear, V. In order to estimate the ductility reduction factor
and the structural ductility factor, an inelastic seismic response of EP-SDOF is

needed, such as idealized inelastic response spectra by Newmark-Hall (1985) used in

this study.

. Modify V for RC SMF as needed since the force-deformation behavior is different
from the assumed EP behavior and P-Delta effect is not considered in the calculation

of V'in Step 4.

. Use plastic method to design the designated yielding members (DYM), such as beams
in RC SMF. Members that are required to remain elastic (non-DYM), such as

columns, are designed by a capacity design approach.

Spectral response
acceleration, S,

Acceleration (g)

Seismic response
coefficient, C,

Period, T (sec)

Figure 3-3 Typical spectral response acceleration and seismic response coefficient for
calculation of design base shear
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3.4.2 Desired yield mechanism and target drift

Figure 3-4 shows a typical moment frame in the yield mechanism state subjected to
design lateral forces and pushed to the target plastic drift limit. All inelastic deformations are
intended to be confined within DYM, such as plastic hinges in the beams. It is noted that the
global yield also includes plastic hinges at the column bases which generally form under

major earthquakes.
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Figure 3-4 Desirable yield mechanisms for typical SMF

As suggested by Goel and Chao (2008), target drifts for the two design hazards are as
follows:
1. A 2% maximum story drift ratio for ground motion hazard with 10% probability
of exceedance in 50 years (10/50 or 2/3MCE).
2. A 3% maximum story drift ratio for ground motion hazard with 2% probability of

exceedance in 50 years (2/50 or MCE).
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3.4.3 Determination of fundamental period

The fundamental period, 7, in seconds, for RC SMF can be determined from the
following equation, as given in ASCE 7-05 (2006):

T:Cll.Ta:Cu'Ct.h:lc ilel >Cu'Ct'h; (3_1)

ctural/mod el
where T, is the approximate fundamental period per ASCE 7-05 (2006) section 12.8.2.1; C,

represents the coefficient for upper limit on calculated period, and for §,, 2 0.3g, C, 1s
1.4 (Table 12.8-1 in ASCE 7-05); h, is the height in feet above the base to the highest level
of the structure and the coefficient C, and x for concrete moment resistant frames are 0.016

and 0.9 (Table 12.8-2 in ASCE 7-05), respectively. It should be mentioned that for the design
cases in FEMA P695, the fundamental periods as calculated from the analysis models were
larger than the maximum values permitted in ASCE 7-05 (Equation 3-1). Therefore, the

fundamental periods calculated by Equation 3-1 were used.
3.4.4 Design base shear

Determination of the design base shear for a given hazard level is a key element in the
PBPD method. It is calculated by equating the work needed to push the structure
monotonically up to the target drift to that required by an equivalent elastic-plastic single
degree of freedom (EP-SDOF) system to achieve the same state. Assuming an idealized E-P
force-deformation behavior of the system (Figure 3-1), the work-energy equation can be

written as:

o (Larst )2l (T )
(Ee+Ep)_7/ (2M Sv j_zy M ( Sa gj (3-2)
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where £, and E, are, respectively, the elastic and plastic components of the energy (work)
needed to push the structure up to the target drift. S is the design pseudo-spectral velocity;
S, is the pseudo spectral acceleration, which can be obtained from the seismic design
response spectrum in ASCE 7-05 (2006) as shown in Figure 3-5 by multiplying the seismic

response coefficient, C_, with 1% ; T 1s the fundamental period; and M is the total seismic

mass of the system.
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Figure 3-5 Design response spectrum for seismic design (ASCE 7-05, 2006)

With the assumed yield drift 6, for different structural systems (Table 3-1), the energy
modification factor, y, depends on the structural ductility factor (4, ) and the ductility

reduction factor (R, ), and can be obtained from the following relationship:

2u, -1

U

v (3-3)
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Because of their simplicity (Table 3-2), idealized inelastic spectra proposed by
Newmark and Hall (1982), as shown in Figure 3-6 (a), were used to relate the ductility
reduction factor, R, , and the structural ductility factor, y, , for EP-SDOF. Plots of energy

modification factor v as obtained from Equation (3-3) are also shown in Figure 3-6 (b) (Lee

and Goel, 2001). It should be mentioned that it is assumed in this study that the relation is
also valid for multi-degree-of-freedom (MDOF) systems. Other inelastic spectra for EP-
SDOF systems can also be used as preferred, such as those by Miranda and Bertero (1994).

Table 3-1 Assumed design yield drift ratios

RC Steel
Frame Type
SMF MF EBF STMF CBF
Yield Drift Ratio, 0, (%) 0.5 1 0.5 0.75 0.3

Table 3-2 Ductility reduction factor and its corresponding structural period range

Period Range Ductility Reduction Factor
0<T <L R, =1
10
1
T{ T 2A513~log[ = ]
<< _ T, V2asl
10 4 Rﬂ—\/zﬂs—l(ﬁj
T :
Z‘ST<Tl R, =\2p,-1
Tu,
L<T<T, =t
1
I<T R, =pu,

Note: 7, =0.57 sec.; T,'=T, -(1/2;(\_ —l/ux)sec.
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Figure 3-6 (a) Idealized R, - u T inelastic spectra by Newmark and Hall for EP-SDOF (1982);
(b) Energy modification factor y — x —T inelastic spectra by Lee and Goel (2001)

The work-energy equation can be re-written in the following form

(W rv, Y N 1 (w T ’
s i) ol Ban o 55 ) (Grse) e

or,

v v ( . 6 8x>
(—yJ +—y(h . ;2;[ ]ep—ysaz=o (3-5)

The admissible solution of Equation (3-5) gives the required design base shear

coefficient, VIW:

V, —a+\a’+4yS;
W 2 o

where « is a dimensionless parameter given by,
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. 0. 87°
g

The term 6, represents the plastic component of the target drift ratio; that is,
N

6,=6,-6,and h" =) (4,h,).

i=1

As mentioned earlier, Equation (3-6) for ¥, was derived by assuming ideal elastic-

plastic (E-P) force-deformation behavior and “full” hysteretic loops for the system. That is
characteristic of a number of ductile steel framing systems, such as MF, EBF, STMF, and
BRBF. For systems that do not posses such hysteretic property, such as RC frames or steel
braced frames with buckling type braces, some modification is warranted. Two approaches
have been tried which show good promise. One approach is to convert target design drift by a
C, factor to an equivalent non-degrading system for RC SMF. The other one is based on
modifying the energy capacity term by a factor n to account for the reduced area of typical

hysteretic loops as a fraction of the corresponding “full” loops.
3.4.4.1. C, factor method

This approach is based on consideration of the effect of degrading hysteretic behavior
on peak (target) displacement. Investigators (Medina, 2002; FEMA 440, 2006) have studied
the effect of degrading hysteretic behavior (stiffness and strength degradation, SSD) of
SDOF systems on resulting peak displacements. The results show that the peak
displacements are larger than those of systems with non-degrading hysteretic behavior
(elastic-perfectly-plastic, EPP) in the short period range, but are about equal for longer
periods. Approximate expressions have been proposed for modification factors to account for
this effect, e.g., factor C, in FEMA 440 (2006) (Figure 3-7). The coefficient C, is a
modification factor to represent the effect of pinched shape of hysteretic loops, stiffness
degradation, and strength deterioration on the maximum displacement response according to

FEMA 356. Since stiffness degradation and strength deterioration are the major
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characteristics of typical RC SMF hysteretic behavior, C; is selected for modification of
target design drift. Thus, the target design drift for a given structural system with degrading
hysteretic behavior can be divided by the C, factor which would give design target drift for

an equivalent non-degrading system.

A, ssp
C2 ( A,EPPJ

4.0

3.0

2.0

1.0

Mean of 240 ground motions for site classes B, C, D

0.5 1.0 1.5 2.0 2.5 3.0
Period (sec)

Figure 3-7 Mean displacement ratio (C:) of SSD to EPP models computed with ground motions
recorded on site classes B, C, and D for different force reduction factors, R (FEMA 440, 2006)

The equations of simplified linear regression trendline of C, for different force

reduction factor, R, are summarized in Table 3-3.
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Table 3-3 Values of C, factor as function of R and T

02<T<04 04<T<0.8 0.8<T
R=3.0~

Co | 30-75:(T=02) | 1.5-1.0-(T~0.4) 1.1-0.045-(T —0.8)
R=2.0 | 2.5-6.5-(T-02) 1.1-0.077-(T - 0.4)

After determining the value of C», the modified target design drift@,", ductility s ,

u

ductility reduction factor R ﬂ* and energy modification factor y* can be calculated as follows:

o,

0, :FT (3-8)
2
.0 0 0 ‘
py =—_—=———=—-=gel R fom Table3-2 3.9
ey eyC2 C2 u from Table (3-9)
. 2u —1
Y :—6;37 (3-10)
1%

The design base shear can then be calculated by using this modified energy
modification factor * and Equation (3-6) and (3-7). The design base shears calculated by C,
method for 1 to 20-story typical RC SMF are shown in Table 3-4.
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Table 3-4 Design base shears for 1 to 20-story RC SMF for PBPD and Code design method

Target Drift 0.02
pBPD | Code

Yield Drift 0.005

Number Height Target | Inelastic
. * * *
of (ft) Period C, drif* drif* 0} R, Y o Sa | 74/ 4 | Zi/ 4
Stories
1 15 0.26 | 2.34 | 0.009 0.004 | 1.71 | 1.56 | 1.00 | 1.99 | 1.000 | 0.4162 | 0.1250
28 0.45 145 | 0.014 0.009 | 276 | 2.13 | 1.00 | 2.55 | 1.000 | 0.3451 | 0.1250
4 54 0.81 1.10 | 0.018 0.013 | 3.64 | 3.64 | 0.47 | 2.10 | 0.739 | 0.1167 | 0.0924
6 80 1.16 1.08 | 0.018 0.013 | 3.69 | 3.69 | 0.47 | 1.54 | 0.519 | 0.0781 | 0.0649
8 106 1.49 1.07 | 0.019 0.014 | 3.74 | 3.74 | 046 | 1.24 | 0.403 | 0.0577 | 0.0504

10 132 1.81 1.05 | 0.019 0.014 |[3.79]3.79 | 046 | 1.06 | 0.331 | 0.0452 | 0.0413

12 158 2.13 1.04 | 0.019 0.014 | 3.85|3.85| 045 | 094 | 0.300* | 0.0416 | 0.0375%

14 184 245 1.03 | 0.020 0.015 | 390|390 | 0.45 | 0.85 | 0.300" | 0.0451 | 0.0375*"

16 210 2.76 1.01 | 0.020 0.015 | 3.96 | 3.96 | 0.44 | 0.78 | 0.300* | 0.0482 | 0.0375*

18 236 3.06 1.00 | 0.020 0.015 | 4.00 | 4.00 | 0.44 | 0.72 | 0.300 | 0.0512 | 0.0375%

20 262 3.36 1.00 | 0.020 0.015 | 4.00 | 4.00 | 0.44 | 0.66 | 0.300" | 0.0549 | 0.0375%

* Sa was calculated by multiplying code V/W with R=8; the minimum requirement of V/W in ASCE 7-05 is
0.0375 where S; >0.6g.

33



A comparison of design base shears calculated by PBPD C; factor method for 2%
target drift and ASCE7-05 (2006) is shown in Figure 3-8.
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Figure 3-8 Comparison of design base shears calculated by PBPD C; method for 2% target
drift At and ASCE/SE 7-05 (yield drift=0.5%)

As mentioned earlier, the PBPD method uses pre-selected target drift and yield
mechanism as key performance limit states. Unlike the conventional code practice to
determine design base shear, the PBPD method presents more flexibility to engineers to
calculate design base shear of EPP and SSD systems for varying target drift, as shown in

Figure 3-9.
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Figure 3-9 The relationship between the PBPD design base shear, design target drift At and
period for EEP system and SSD system with C;, factor method (yield drift=0.5%)

3.4.4.2. n factor method

In this approach, the energy capacity term, represented by the left hand side of
Equation (3-2), can be modified by a factor # to account for the reduced area of typical
hysteretic loops as a fraction of the corresponding “full” loops, Figure 3-10. Thus, Equations

(3-2) and (3-6) can be modified as Equations (3-12) and (3-13), respectively:

_ Area of Pinched hysteretic loop, A

. (3-11)
Area of Full hysteretic loop, A,

1 1 T ?
U(Ee+Ep)= 7(5M5v2)=57M '(—ﬂSagj (3-12)
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Figure 3-10 Typical full EP and “pinched” hysteretic loops

This method has been successfully applied to steel concentrically braced frames
(Goel and Chao, 2008). However, V/W values calculated by # factor method may be too
conservative with typical value of # =0.2 for RC SMF when compared with those obtained

by the C, factor method, as can be seen in Table 3-5.

Table 3-5 Design base shears V/W calculated by C, and # factor method for 4, 8, 12 and 20

story RC SMF
4-story 8-story 12-story 20-story
C, factor 01167 0.0577 0.0416 0.0549
method
17 factor 0.424 0.224 0.1519 0.0923
method

3.4.5 Design lateral forces (without P-Delta)

Traditionally, vertical distribution of design lateral forces in modern building codes
has been based on elastic fundamental mode response of MDOF systems. Modifications have

been made to account for effects, such as contribution of higher modes. Most recently ASCE
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7-05 (2006) prescribes the following basic expression for vertical force distribution factor,
C,,atlevel x:

vx o

k
Wx hx

- n
k
Z wh;
i=1

C

X

(3-14)

where W, and W, are the portion of the total effective seismic weight of the structure located

at level i and x respectively; /1, and &, represent the height (ft or m) from the base to level i

and x respectively; and k is an exponent related to the structure period, 7, as shown in Table

3-6:

Table 3-6 Exponent k for code vertical force distribution factor C,

T<0.5 05<T<25 25T
(sec) (sec) (sec)
2 or linear
k 1 interpolation between 2
1 and 2

As mentioned previously, a different distribution of lateral design forces is used
(Chao at el, 2007) in PBPD design, which is based on relative distribution of maximum story
shears consistent with inelastic dynamic response results. The higher mode effects are also
well represented in this distribution. It was observed from extensive nonlinear dynamic
analyses of various steel structural systems that the new lateral force distribution leads to
more realistic story shears and uniform story drifts over the building height. In order to bring
the design story shear distribution closer to the inelastic response results an exponent term

was used as shown in the following equation:
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" Ty (3-15)

The constants in the exponent term in Equation (3-15) were derived by empirical fit
with inelastic response results of a variety of common structural systems (Chao and Goel,
2007). V, represents the design base shear as determined from Equation (3-6) or (3-13) for

use in the PBPD method. For i=n, Equation (3-16) gives the value of shear V, or lateral force

F, at the top level:
075702
thl’l
Vo=t =3 i (3-16)
ijh]
j=1

Combining Equations (3-15) and (3-16), the ratio I%

n

, termed as shear distribution

factor, ﬂ, , can be expressed as:

" 0.75772
v ijh ;
R A [ = —
Vn ! w, hn (3-17)

Then, the lateral force at level i, F,, can be obtained as,

1

E=(8-8.)7, (3-18)

or,
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0.75T7%2
thn
E=(B-B.) |5 v, (3-19)

ijhj
j=1

3.4.6 Additional lateral forces due to P-Delta effect

It should be mentioned that P-Delta term is not included in basic Equation (3-19).
However, P-Delta effect was included in the determination of required moment capacity of
beams, particularly for the 12 and 20-story RC SMF, in order to provide necessary strength
to counter the overturning due to gravity loads. That was accomplished by adding “P-Delta

lateral force”, F.pp, to the basic design force, F, in Equation (3-19).

In this method, which can be considered a more direct way of considering P-Delta
effect, the “column tree” is considered in an assumed deflected shape at the target drift. A
linear deflected shape is assumed herein. The gravity loads can be applied directly on the
“column tree” or on a “P-Delta column”, which is modeled for this purpose as shown in

Figure 3-11.

Exterior Column P-A Column

Figure 3-11 Column tree and P-A column in direct P-Delta method
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Equilibrium equation of the assembly is formulated to calculate the total required
lateral force, F;, and the resulting column moments and shears are obtained as shown in
Figure 3-12. The force Fipp can be taken equal to P,6,, where P; represents the tributary
gravity load at floor level i and 6, represents the target design drift ratio which is assumed

constant for design purpose.
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Figure 3-12 Additional lateral forces F; pp due to P-Delta effect

Since the pre-selected mechanism for design of RC SMF in this study is complete
sway mechanism with the same story drift for each floor (Figure 3-4), the summation of F; pp
can simply calculated as total weight multiplied by target drift (2% for 2/3MCE; 3% for
MCE). The values of F; pp for the 4, 8, 12 and 20-story RC SMF are summarized in Table 3-
7. Their influence on the total lateral design force can be clearly noticed as it has significant

effect on the required frame strength.
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Table 3-7 Design base shear with and without P-Delta for PBPD RC SMF

Design 4-story 8-story 12-story 20-story
Parameters | 2/3MCE MCE 2/3MCE MCE 2/3MCE MCE 2/3MCE MCE
Viw 001167 0.1117 0.0577 0.0552 0.0416 0.0398 0.055 0.054
Vw/p PD 2422 2318 107.1 102.5 116.3 1113 255.0 2480
(klpS) (governs) (governs) (governs) (governs)
2Fipp
. 41.5 62.2 36.9 55.3 55.9 83.7 92.0 138.0
(kips)
Design
Base Shear | y035 | 3940 | 144.0 1578 | 1722 1950 | 347.0 | 386.0
w/ P-Delta
(kips)

It should be noted from the above table that the design base shears with P-Delta for
the MCE hazard in all four cases are somewhat greater than the corresponding values for
2/3MCE hazard. However, the latter values were used for the design of PBPD frames in this
study because 2/3 MCE is commonly accepted as Design Basis Earthquake (life-safety/drift
control objective), whereas MCE is associated with “Collapse Prevention” performance
objective in which case strict drift control may not be considered as important as long as

collapse is prevented (LATBSDC Alternative Design Criteria, 2008).

3.4.7 Design of designated yielding members (DY Ms)

The primary aim of using plastic design method is to provide adequate strength while
ensuring formation of the desired yield mechanism. For moment frames, for instance, it is

desirable that the plastic hinges form only at the beam ends and column bases.
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A Flexural Plastic Hinge

. |<_p. _________________ T
——— e e o
E BiMpb
R Level i
| /yi |
= L/ 1
h— g
,: gp Qp/
M, M,
: -
L

Figure 3-13 Target yield mechanism of moment frame with beam plastic hinges away from
column faces

When using the target yield mechanism for moment frames as shown in Figure 3-13,
beams become the primary designated yielding members (DYM). The required beam
moment capacity at each level can be determined by plastic design approach (external work

equals internal work) and referring to Figure 3-13:

Z": Fho =2M,0 + Z 2(BM )7, (3-20)

i=1 i=1

where 6 represents a small kinematic rotation angle of the yield mechanism, and M, and

B.:M ,, are the required moment strengths at the t