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Engineers in the United States have frequently turned to concentrically braced steel frames
as an economical means for resisting earthquake loads.  This system, already widely
employed, has seen an increase in use in recent years as a consequence of the heightened
scrutiny given to steel moment-resisting frames, which have been shown to be susceptible to
large lateral displacements during severe earthquake ground motions and to require special
attention in order to avoid problems associated with fracture of beam-to-column connections
(FEMA, 2000).  However, damage to concentrically braced frames in past earthquakes, such
as the 1985 Mexico (Osteraas, 1989), 1989 Loma Prieta (Kim, 1992), 1994 Northridge
(Tremblay, 1995; Krawinkler, 1996), and 1995 Hyogo-ken Nanbu (AIJ/Kinki Branch Steel
Committee, 1995; Hisatoku, 1995; Tremblay, 1996) earthquakes, raises concerns about the
ultimate deformation capacity of this class of structure.  

Individual braces often possess only limited ductility capacity under cyclic loading (Tang,
1989).  Typical brace hysteretic behavior is asymmetric between tension and compression,
and exhibits substantial strength deterioration when loaded monotonically or cyclically in
compression.  Because of this complex behavior, actual distributions of internal forces and
deformations within a structure often differ substantially from those predicted using
conventional design methods (Jain, 1978, and Khatib, 1987).  Design simplifications and
practical considerations often produce designs in which the braces selected for some stories
have far greater capacity than required, while those selected for other stories have capacities
very close to their calculated demand.  This variation in story demand-to-capacity ratios,
together with potential post-buckling strength losses in those braces, tends to concentrate
earthquake damage in a few stories.  Such concentrations of damage place even greater
burdens on the limited ductility capacities of braces and their connections.  

Because of these observations and concerns, seismic design requirements for braced frames
have been changed considerably during the last decade.  The category of special concentric
braced frame, which includes ductile detailing and design provisions, was introduced into
recent building codes (AISC, 1997; ICBO, 1997).  Considerable research has also been
conducted to improve the performance of concentrically braced frames through the
introduction of new structural configurations (Khatib, 1988) or the use of special braces,
including those utilizing composite action (Liu, 1987), metallic yielding (Watanabe, 1996;
Kamura, 2000; and others), high performance materials (Ohi, 2001), and friction and viscous
damping (Aiken, 1992).  During the past decade, there have also been parallel advances in
research related to the characterization of the seismic hazard at a site, the simulation of
seismic response, and the representation of seismic performance in probabilistic terms.  In
this context, a review of the overall seismic performance characteristics of concentrically
braced frames designed to current standards is appropriate.

The goal of the overall project is to investigate the system-level performance of concentrically
braced frame buildings subjected to severe ground motions with the intention of understanding
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the structural and ground motion characteristics that control behavior, and to assess current
design and analysis procedures, proposing modifications where appropriate.  A series of
nonlinear dynamic analyses has been carried out examining the behavior of concentrically
braced frames having conventional braces and buckling-restrained braces (a type of high-
performance hysteretic brace). 

Performance-Based Assessment of Braced Frames
In the development of new guidelines for steel moment-resisting frames following the
Northridge earthquake, the United States Federal Emergency Management Agency (FEMA)
adopted a performance-based seismic-resistant design approach (FEMA, 2000).  In this
methodology, performance levels are stipulated in terms of the performance goal (the degree
of damage) and the seismic hazard level (severity) for which the structure is expected to
maintain the specified performance level.  A key advance in the new FEMA methodology is
that uncertainties and randomness in the seismic hazard, structural response, analytical
procedures and modeling, and system and member level capacities are accounted for
explicitly.  Based on this reliability framework, the methodology quantifies the confidence that
the structure will maintain the specified performance level.  In the case of new construction,
emphasis is placed on life safety and collapse prevention (though the method provides for
voluntary consideration of other performance levels, such as continued occupancy).  

This performance-based evaluation framework permits the comparison of the seismic
performance of different types of structural system on a consistent basis, as well as the
development of new design provisions that would provide uniform levels of reliability for
different structural systems, design and analysis methods, seismic hazards, etc.  To undertake
such a study, the seismic demands need first to be quantified for various hazard levels and
then compared with capacities.  In this study, some of the structural and ground motion
characteristics affecting seismic demands of braced frames are examined.  

Conventional Braced Frames
In current United States practice, concentrically braced frames are typically designed using
elastic analyses.  In such analyses, the behavior of these frames follows that of a vertical truss
for any concentrically braced frame configuration: chevron, cross-braced, or zipper frames
(Khatib, 1988).  However, the postelastic behavior of braced frames is integrally linked to the
configuration of braces.  This influence is effected either directly, such as in the post-buckling
change in deformation mode of chevron-braced frames (Khatib, 1988), or indirectly, by the
selection of brace size and its influence on brace fracture life (Lee, 1987).

Current United States building codes treat these various configurations as one system (AISC,
1997, ICBO, 1997).  These codes recognize issues specific to one configuration, chevron-
bracing, and provisions exist to minimize the deviation of its postelastic performance from that
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of other configurations; chevron-braced frames designed to those provisions are treated by
the codes as equivalent to other configurations.

These building codes have made significant progress over the last decade in addressing
unfavorable yield modes of braces and their connections.  Since premature connection
failures are now less likely to limit demands on braces in new construction, brace fracture life
could become a much more important issue in the performance of these buildings.  Several
studies of the behavior of braces subjected to cyclic loading and of fracture criteria for steel
braces were conducted at the University of Michigan (Lee, 1987).  Sophisticated nonlinear
element models exist that match these criteria (Jain, 1978; Rai, 1996).

The goal of this portion of the study is to assess the influence on expected performance of
brace configuration for typical applications of conventional braced frames.  Performance is
assessed using such measures as maximum and residual drift, as well as maximum column
rotation, which is associated with story mechanisms and concentrations of damage.  Brace
demands and incidence of fracture are also addressed in both the modeling and the
comparisons of performance.

A treatment of the analyses of the conventional braced frame designs is presented in Section
2.  The results of the analyses are summarized in Appendix 3; details of the frame designs are
presented in Appendix 1.  Recommended modifications to current building-code provisions
for the special concentrically braced frame system are contained in Appendix 5.  These
provisions represent only the opinions of the researcher.

Buckling-Restrained Braced Frames
During the EERI/FEMA fellowship, the researcher participated in a joint AISC/SEAOC 1

project to develop design procedures and recommended building-code provisions for
buckling-restrained braced frames.  This system was first used in Japan; it was introduced to
U.S. practice in 1999.  AISC and SEAOC formed the joint task group because many
engineers felt that this system might offer superior performance at costs near those of special
concentrically braced frames.

The buckling-restrained braced frame system is similar to the special concentrically braced
frame system in that seismic accelerations are resisted by a vertical truss composed of
building-frame members and diagonal braces; the difference lies in the design and behavior
of the braces.  Buckling-restrained braces  are designed to permit ductile yielding of in both
compression and tension.  They are characterized by a full, stable hysteretic loop that is
balanced between compression and tension, and by relatively low post-yield stiffness.  The
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construction of the braces permits the designer to all but eliminate accidental overstrength by
specifying precise brace capacities.

These hysteretic qualities, while generally considered desirable, raise some questions about
the seismic behavior of buildings employing these braces.  The task group raised concerns
regarding the possibility that the lack of overstrength and low post-yield stiffness could lead
to a propensity to concentrate damage at one level.  The behavior of buildings subjected to
more frequent ground motions, such as those with a 50% chance of excedence in a fifty-year
period, was also of interest because of the low overstrength the system possesses as
compared to the inherent overstrength conventional braced frames, steel moment-resisting
frames, etc.

Additionally, it was necessary to investigate some aspects of system behavior prior to
recommending design procedures and provisions.  Expected drifts were of interest.  The
expected cumulative inelastic demands on braces had to be established in order to judge
whether braces could be expected to withstand these demands (testing protocols from braces
were later set using the inelastic demands from analyses).  Also, the possibility of
concentrations of damage due to  a uniform brace size being employed on multiple levels had
to be considered; analyses of such frames were performed by Seung-je Lee under the
direction of Professor Gregory Deierlein (Lee, 2000).

Accordingly, the researcher widened the scope of the study to include an investigation of the
performance of the buckling-restrained braced frame system.  The goals for this portion of the
research project were to establish the adequacy of the seismic performance of buckling-
restrained braced frames, and to establish appropriate system design factors for
recommended building code provisions; additionally, the research was intended to aid the
determination of appropriate brace testing protocols.  Dr. Clint Chunho Chang, visiting scholar
at the Pacific Earthquake Engineering Research Center, participated in this portion of the
project by reviewing the analyses and performing separate analyses using ground motions
associated with different hazard levels; he also has performed analyses of a nine-story design.

It was fortunate that the determination of adequate system performance could be
accomplished with the benefit of the parallel study of special concentrically braced frames.
Because many of the parameters of the study corresponded to those of the SAC Steel Project
analyses, those moment-frame studies also informed determinations concerning the buckling-
restrained braced frame system.

A treatment of the analyses of the buckling-restrained braced frame designs is presented in
Section 3.  The results are summarized in Appendix 4; details of the frame designs are
presented in Appendix 1.  
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The recommended building-code provisions for the buckling-restrained braced frame system
are contained in Appendix 6.  These provisions are the work of two committees, whose
members are listed in the acknowledgments.  The provisions are in progress, and should not
be considered the position of AISC, SEAOC, or SEAONC.  They are presented here for
information purposes only and should not be used as a design code.

Chevron-Braced Buckling-Restrained Braced Frames
Testing of buckling-restrained braced frames has shown stable, balanced hysteresis (Clark,
2000).  However, tension and compression yield strengths are not precisely equal;  typically,
the compression strength is six to ten percent higher than the tension strength.  While this
difference is much less than the corresponding difference between tension and compression
capacity for conventional braces, it nevertheless has an influence on the postelastic behavior
of buckling-restrained braced frames.  

In order to quantify this effect, equations of frame behavior were derived based on statical
relations; this work was done by the author in conjunction with Peter Maranian. These
derivations show that beam stiffness has a small but significant effect on both frame behavior
and brace ductility demand.  These effects were confirmed by the nonlinear analyses of
braced-frame structures presented in Section 3.

A brief treatment of the effects of beam stiffness on these two aspects of frame and brace
behavior is presented in Appendix 7, along with derivations of equations suitable for use with
the provisions addressing these effects, which appear in the recommended provisions
contained in Appendix 6.

Model Buildings
In order to investigate the performance of braced frame structures, a series of designs were
performed for two typical office-building configurations.  Designs were performed using the
1997 NEHRP Recommended Provisions for Seismic Regulations for New Buildings and
Other Structures (FEMA, 1997).  Six conventional braced frames were designed; brace
configurations and number of stories were varied.  Five buckling-restrained braced frames
were designed; design strength and number of stories were varied.

With some exceptions, building designs followed criteria developed in the SAC Steel Project
for an analytical study of steel moment-frame building designs.  In that study, engineering firms
were contracted to produce complete designs of buildings.  These designs were used as the
basis of models in a series of analytical studies investigating the expected performance of
those structures (MacRae, 1999).  In using the SAC criteria on braced-frame designs, this
study benefits from the ability to compare braced-frame performance with that of moment
frames.  Although the SAC study included designs for Los Angeles, Boston, and Seattle, only
the Los Angeles location was included in this study.
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The SAC study used three building types to capture the range of commonly used moment
frames: a three-story, a nine-story, and a twenty-story structure.  For the purposes of this study,
which addresses braced-frame performance, the nine-story and twenty-story cases were
considered outside the range of typical braced-frame structures.  It was decided that the range
would best be captured by studying the performance of three-story and six-story buildings.  For
this purpose, the criteria for the nine-story building design was modified to create a six-story
design.  

Both building configurations are regular.  The three-story building has a total floor area of
68,000 square feet (6300 square meters); the six-story building has a total floor area of
142,000 square feet (13,000 square meters).

Model building design criteria and braced-frame designs for both conventional and buckling-
restrained braces are presented in Appendix 1.

Ground Motions
The principal ground motions used for this study were those developed by Woodward-Clyde
for use in the SAC Steel Project.  For the SAC Steel Project, suites of acceleration time-
histories were developed for sites in Los Angeles, Boston, and Seattle.  The suites represent
a specific hazard level; suites were developed corresponding to 2%, 10%, and 50%
probability of excedence in a fifty year period by scaling actual earthquake records to
appropriate spectral accelerations.  Additionally, suites of near-field motions were produced
using unscaled records.  This study used only the time-histories generated for Los Angeles
having probabilities of excedence of 10% in fifty years.  Detailed information about the ground
motions, including graphs of the acceleration histories, is contained in Appendix 2.

The SAC Steel Project
This project owes a great deal, from the particulars of the model-building design criteria and
suites of ground motions to the general overview of the performance-based approach, to the
FEMA-funded SAC Steel Project.  The SAC project represented an ambitious approach to
establishing reliability in the wake of the discovery of serious issues concerning the design
and construction of welded steel moment-resisting frames.  An overview of the SAC project
is given in its mission statement (FEMA, 2000):

Until the January 17, 1994 Northridge earthquake, welded steel moment
frame buildings were thought to be among the most earthquake-resistant
types of structures.  Over 200 buildings of this structural type suffered brittle
fractures at connections in this magnitude 6.7 earthquake. None of these
steel frame buildings collapsed, but the unexpected type and severity of
damage effectively invalidated then-current building code provisions. In the
Kobe, Japan Earthquake, which occurred exactly one year later, damage to
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steel buildings was even more disturbing: 10% of the steel buildings in Kobe
designed to current Japanese building standards collapsed.

The SAC Joint Venture was formed in mid-1994 with the specific goal of
investigating the damage to welded steel moment frame buildings in the 1994
Northridge earthquake and developing repair techniques and new design
approaches to minimize damage to steel moment frame buildings in future
earthquakes. From the outset, it was recognized that an interdisciplinary
approach to the solution was required, involving practicing structural
engineers, engineering researchers, and building officials and other
representatives of regulatory agencies. The directors of the three Joint
Venture partners - the Structural Engineers Association of California
(SEAOC), the Applied Technology Council (ATC), and California Universities
for Research in Earthquake Engineering (CUREe)- realized that their diverse
memberships were uniquely qualified in this regard, and the SAC Joint
Venture was formed.  

It is the researcher’s belief that the high level of scrutiny paid to the steel moment-resisting
frame system in recent years should now be extended to the frequently-employed braced-
frame system.  The ambitious SAC program, with its performance-based methodology, can
serve as a model for such efforts.



Section 2:

Conventional Braced Frames
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Figure 1  Common Bracing Configurations

The goal of this portion of the project is to investigate at a system level the performance of
buildings with special concentrically braced frames under seismic ground motions with the
intention of discovering the influence, both direct and secondary, of brace configuration on
system response.  Unfavorable failure and yield modes, such as brace fracture and story
mechanisms, are of primary interest as indicators of performance.  The investigation is also
intended to facilitate the proposal of design procedures and building code provisions that
would increase the effectiveness of this system and provide more reliable seismic
performance. 

Background 1: Creation of the Category Special Concentrically Braced Frame
Concentrically braced frames resist lateral seismic accelerations primarily through axial forces
in and deformations of braces, beams and columns. In the elastic range, they behave as
vertical trusses.  Their postelastic behavior may involve the flexure of frame members, but the
inelastic drift is expected to be mainly a result of brace axial deformation (except in the case
of chevron bracing).  Figure 2.1 shows a few common concentrically braced frame
configurations: diagonal bracing, cross bracing (X bracing), and chevron bracing (V- or
inverted-V bracing).

Prior to the 1993 Load and Resistance
Factor Design (AISC, 1993) and the
1994 Uniform Building Code (ICBO,
1997), concentrically braced frames had
been treated by building codes as elastic
truss systems.  Postelastic behavior was
only considered in prescribing reduced
calculated brace strengths (based on
strength degradation under cyclic buckling as a function of brace slenderness); this effectively
increased the elastic force capacity of these systems but did not effectively address
postelastic modes of behavior.  

Concentrically braced frames designed according to such requirements have not been
observed to achieve ductile postelastic behavior.  One of several nonductile behaviors has
usually led to brittle failure, typically of a brace or its connections.  For this reason, braced
frames have been required to be designed to higher forces, raising the threshold hazard level
for which ductility demands on the system can be expected, but not increasing ductility or
greatly reducing the response to more severe ground motions.

The creation of the category of Special Concentrically Braced Frames (SCBFs) in the 1994
Unifo rm Building Code acknowledged research carried out at the University of Michigan
which showed that these systems, with careful proportioning of members and detailing of
connections, could perform in a ductile manner (Astaneh, 1985; Hassan, 1991; Goel, 1992).
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Figure 2
Postbuckling Deformation Mode of a
Chevron-Braced Frame

Recent design guidelines have focused on proper proportioning and detailing of SCBFs so
that they can achieve trilinear hysteretic behavior; the three ranges of behavior are the elastic
range, the postbuckling range, and the tensile yielding range (AISC, 1997; Bruneau, 1998;
SEAOC, 1999).

The 1994 Uniform Building Code and Seismic Provisions for Structural Steel Buildings
(AISC, 1997) category of Special Concentrically Braced Frames is intended to lead to
systems in which braces can undergo several large cycles of buckling and yielding.  Such
systems are expected to be ductile and to perform well in earthquakes (SEAOC, 1999).

Because these systems are now being designed with expectations of significant ductility
capacity, it is necessary to focus attention on the ductility demands that can be expected on
braces and other elements of the system.  Braced frames designed to current standards are
not expected to be subject to the premature failure modes, such as connection fracture, that
limited braced frame performance in the past.  Therefore, more accurate modeling of system
performance can now be performed.

Background 2: Chevron-Braced Frames
Traditional chevron-braced (V- and inverted-V-braced) frames have been shown to have very
undesirable postbuckling behavior characterized by beam flexure rather than truss action
(Khatib, 1988); Figure 2.2 shows the postbuckling deformation mode of a chevron-braced
frame.  In the postbuckling range the force in the buckled brace diminishes with additional
deformation, and the vertical components of the compression brace and tension brace forces
no longer balance; the unbalanced component must then be resisted by the beam.  This
postbuckling behavior results in a great reduction in the system capacity and in negative
system stiffness (Khatib, 1988).  Thus, traditional chevron-braced frames have not been able
to achieve trilinear hysteretic behavior and have been much more susceptible to large

displacements, and corresponding second-order
(P-D) effects, than have other braced frame
configurations.

Building-code provisions for special
concentrically chevron-braced frames require a
strong beam capable of withstanding unbalanced
forces corresponding to brace tensile yielding,
thereby permitting trilinear hysteretic behavior
(ICBO, 1997; AISC, 1997).  Typical bracing
members demonstrate a residual postbuckling
compressive strength of 30% to 50% of the initial
buckling strength (Hassan, 1991); the use of 30%
of the buckling strength is allowed by building
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Figure 3  Ideal
Zipper Mechanism

codes in the reduction of the calculated beam flexural demand imposed by the tensile yielding
of the adjacent brace.  Even with the very strong beams required to resist this unbalanced
force, however, the beam stiffness is insufficient to prevent negative postbuckling system
stiffness for most building cases (Khatib, 1988; Remennikov , 1998), and the system may still
be susceptible to large displacements and corresponding second-order (P-D) effects.

Khatib (1988) studied variants of the traditional chevron-braced configuration, such as the
zipper configuration (shown in Figure 2.3).  These configurations can achieve trilinear
hysteresis and positive postbuckling stiffness with ordinary beams.  For those configurations,
the beam strength requirement is unnecessary, and sometimes even detrimental to the
performance of the frame (Sabelli, 1998).  

The zipper configuration, proposed by Khatib, is of particular interest.
It employs a vertical brace which acts in conjunction with the braces in
tension, the adjacent column, and the floor beams to form a truss so
that the braces in compression  act in parallel after buckling of one or
two braces.  In its ideal behavior mode, braces on one side of the
frame at every level buckle simultaneously, leading to a first-mode
deformed shape.  This mode of behavior limits brace ductility demands
and column rotation demands.  Unlike in the mechanism of a chevron-
bracing in a special concentrically braced frame, tension yielding does
not occur but hinging of the beams is expected; this behavior resists the
formation of story mechanisms.  Figure 2.3  shows the ideal zipper
mechanism.  A comparison of the performance of such variants with
that of more traditional configurations is included in this study. 

Example Buildings
Two building sizes were used for the design of the model buildings: a three-story building and
a six-story building, both located on firm soil in central Los Angeles, one of the three locations
employed in the SAC model-building analyses (MacRae, 1999).  Figure 2.4 shows the
configuration of braces in the braced bays of both building types.  Both the three-story and six-
story building designs are based on the SAC model building design criteria.  They represent
typical office buildings with floor plates of approximately 20,000 square feet (approximately
2000 square meters).  Both bay width and story height are typical of current construction.
Details of the design criteria and braced frame locations are presented in Appendix 1.

The three-story building design follows exactly the SAC model building design criteria for the
building size and non-seismic design.  It has a typical 13-foot (3.96 m) story height.  Its plan
dimensions are 124 feet by 184 feet (37.8 m by 56.1 m); 30-foot by 30-foot (9.14 m by 9.14
m) bays are employed.  There is a  small penthouse.  The seismic resistance is provided by
eight bays of bracing, four in each direction; the number of braced bays is set to prevent an
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Figure 4
Configuration of Braced Bays

increase in brace deign forces due to the Redundancy/Reliability Factor (D).  These are
located on the perimeter; braced bays are not adjacent to each other.  In the analysis, a corner
braced bay with little gravity load on the beam was considered; non-frame columns were
considered in their minor-axis orientation with respect to the direction of ground motion.

The six-story building design is adapted from  the SAC
model building non-seismic design criteria for the nine-
story building.  It has a typical 13-foot (3.96 m) story-
height, 18 feet (5.49 m) at the first story.  Its plan
dimensions are 154 feet by 154 feet (46.9 m by 46.9
m); 30-foot by 30-foot (9.14 m by 9.14 m) bays are
employed.  There is a  small penthouse.   The seismic
resistance is provided by twelve bays of bracing, six in
each direction.  The number of braced bays is set to
prevent an increase in brace deign forces due to the
Redundancy/Reliability Factor.  These are located on
the on the perimeter; braced bays are adjacent to each
other on two sides of the building, but not on the side
under consideration in the analysis.  In the analysis, a
corner braced bay with little gravity load on the beam
was considered.  Both frame and non-frame columns
are designed with a splice mid-height at the fourth story.

The buildings were designed using the 1997 NEHRP Recommended Provisions for Seismic
Regulations for New Buildings and Other Structures (FEMA, 1997) and the Load and
Resistance Factor Design Specification for Structural Steel Buildings (AISC, 1993).  The
procedure employed determines an equivalent static lateral force based on a response-
spectrum corresponding to a hazard of 10% chance of excedence in a fifty-year period in
order to calculate member forces for design.  No Deflection Amplification Factor (C ) wasd

used; drifts based on static design base shears were calculated but not limited in the design.
 For the determination of design base shear, the building period was calculated using the
approximate method based on height rather than by calculating mass and stiffness (the latter
method was used in the analyses to determine modal damping).  For more information, see
Appendix 1.

The design of the braced frames conforms to the AISC Seismic Provisions for Structural
Steel Buildings and Load & Resistance Factor Design.  Braces were selected according to
the calculated demand and are standard hollow-tube sections; for frames 3z and 6z, the
vertical brace was given the same cross-section as the braces at the same level.  Beams in
frames 3v and 6v were designed using the AISC provision accounting for the postelastic
behavior mode of chevron-braced frames.  The roof beam of frame 3v was designed using
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the exception to that requirement; because of the response of that frame, the roof beam of
frame 6v was designed following the same provision as the floor beams (that is, ignoring the
exception).  Brace connections were assumed to have sufficient strength to allow brace
yielding in tension. 

Non-braced-frame beams were not included in analyses (that is, the moment-resistance of
typical, bolted shear-tab beam-column connections was neglected); non-braced-frame beams
were therefore not designed.  Frame columns were designed using the S  Amplificationo

Factor (FEMA, 1997) on forces rather than with the maximum force that can be delivered to
the system (a greater load in the case of these designs).  Non-frame columns were designed
for their gravity loads.

In all, six designs were developed for the conventional braced-frame system:
" Frame 3v Three-story Chevron Configuration
" Frame 3x Three-story Cross-Braced Configuration
" Frame 3z Three-story Zipper Configuration
" Frame 6v Six-story Chevron Configuration
" Frame 6-2x Six-story Alternating V-Inverted-V Configuration
" Frame 6z Six-story Zipper Configuration

The schematic braced-frame elevations are shown in Figure 2.4; the SAC model-building
design criteria, the non-frame column sizes, and the braced frame designs are described in
Appendix 1.

Modeling
Accurate modeling of brace hysteretic behavior was fundamental to achieving meaningful
results.  Models have been developed with phenomenological, physical-theory and finite-
element bases (Jain, 1978; Ikeda, 1984; Ghanaat, 1983).  Rules for brace modeling have
been developed to correlate with aspects of brace hysteretic behavior such as strength and
stiffness degradation, negative post-buckling tangent stiffness, pinching of the hysteretic loop,
and brace elongation.  These aspects of brace behavior can lead to negative tangent stiffness
on the system level, large displacements, P-) effects, etc.

Equally important to those characteristics is brace fracture life.  Research conducted at the
University of Michigan established methods for predicting the cyclic fracture capacity of steel
braces based on slenderness and compactness (Lee, 1987; Tang, 1989).  These studies
suggest that most commonly employed steel braces are susceptible to fracture during
earthquakes corresponding to their design-basis ground motion.  Although current codes have
compactness provisions which prevent the use of braces with extremely low fracture life,
fracture remains a possibility for low slenderness braces, and the possible effects of brace
fracture on system behavior could not be neglected in this study.
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Figure 5
Hysteresis of Brace Element
in SNAP-2DX

Figure 6 
Elevation of Frame 3v Model

For these reasons, SNAP-2DX (Structural Nonlinear Analysis Program, related to the DRAIN-
2DX program) was selected for this study (Rai, 1997).  The brace element (element 09)
incorporated into that program employs Jain’s hysteretic model (one of the more accurate
models) and has a fracture-life criterion based on testing of steel tubes (Tang, 1989).
Although more advanced and more user-friendly nonlinear programs are available, SNAP-
2DX is superior for brace modeling due to this combination of Jain’s phenomenological
model with Tang’s fracture criteria.  Figure 2.5 shows the brace hysteresis from a dynamic
analysis performed using SNAP-2DX. 

In each case, the building response was modeled using a
single braced bay; the tributary mass was included for both
seismic accelerations and second-order (P-)) effects.  The
model included a gravity column constrained to move
laterally with the frame at each level.  The strength and
stiffness of this column were derived by adding those
properties for all of the non-frame columns in the building
and dividing by the number of effective frames for the
direction of ground motion considered.  Figure 2.6 shows
one of the braced-frame models, including the gravity
column; circles denote pin connections (more complete
design and modeling information is presented in Appendix
1).

Although the frames were not designed as moment-resisting, all connections with gusset
plates were modeled as fixed.  The columns were modeled fixed at the base, and all beam-
column joints except at the roof level were modeled as fixed.  Beams and columns were
modeled using element type 2 (a beam-column element with no stiffness or strength
degradation).  Braces were modeled as pin-ended members.  In order to capture the

maximum frame response, foundations were modeled as
rigid; footing up-lift was not permitted.

The models were analyzed using the ground motions
developed for the SAC model building study.  These consist
of twenty records, two each for ten recorded motions (one
fault-normal, one fault-parallel).  The records were scaled so
that the suite of motions represents a certain hazard.  The
suite used was that corresponding to a 10% chance of
excedence in a fifty-year period.   The models were
analyzed using each record separately so that twenty
histories were generated for each set of analyses.  It should
be noted that the SAC analyses combined the records so
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Model Properties Maximum Response Quantities
(Mean and Mean+standard deviation of worst-case story 

or worst-case brace for suite of ground motions)
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3v
3- story

6 10% 0.16
3.9
7.0

2.5
5.6

3.7
6.8

27.9
50.0

Fractures in 14/20
Records

3x
3- story

6 10% 0.22
2.5
3.7

0.5
1.0

2.0
3.0

11.4
16.8

Fractures in 9/20
Records

3z
3- story

6 10% 0.16
2.4
4.3

1.2
2.8

1.5
3.0

15.0
26.8

Fractures in 9/20
Records

6v   6-
story
Strong Roof
Beam

6 10% 0.23
1.8
2.6

0.4
0.7

1.1
1.6

7.8
11.3

Fractures in 6/20
Records

62x  6-
story
V-Inverted-
V
Alternating

6 10% 0.23
1.8
2.5

0.6
1.1

1.0
1.6

7.8
10.9

Fractures in 6/20
Records

6z
6- story

6 10% 0.23
1.5
2.1

0.3
0.5

0.6
0.9

6.5
9.1

Fractures in 0/20
Records

Table 2.1 Maximum Response Quantities of Conventional Braced Frame Model
Building Designs

that the buildings were effectively oriented at 45 degrees to the fault axis.  For more
information concerning the ground motions, see Appendix 2.
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Figure 7  
Deformed Shape of Frame
3v During 
Ground Motion LA04

Performance 
In assessing the performance of the buildings subjected to ground motions, several response
quantities were recorded and compared.  The most weight is given to the following quantities:
maximum and residual drift, maximum column rotation, and maximum and cumulative brace
ductility.  Additionally, residual brace elongation or shortening, maximum column tension and
compression stresses, maximum base uplift, and beam vertical movement were included in
the statistical analyses of the results for the suite of ground motions.

For each quantity, the maximum result at any level or for any element was used to represent
the response to a particular ground motion record.  The maxima for each record were then
collected; means, standard deviations, and coefficients of variation were calculated for each
quantity.  Maxima of each response quantity for each model for each ground motion are given
in tables in Appendix 3.

The mean and mean-plus-standard-deviation value of each response quantity for the suite of
ground motions are presented in Table 2.1.  Drifts are given as ratios to story height in
percentage format.  Column rotations are given in radians, also in percentage format.  The
incidence of brace fracture, the most important aspect of brace performance, is also
presented.   Drifts for the design-basis ground motion are given; these correspond to the
equivalent lateral force applied to the model, which includes the participation of beams and
columns in flexure.  Mean and mean-plus-standard-deviation values are given for the
maximum and residual drift, maximum column rotation, and maximum and cumulative brace
ductility.  Additionally, the table includes the ratio of maximum drift to elastic drift (given as a

multiple, not as a percentage); this ratio corresponds to the
Deflection Amplification Factor (C ) in the NEHRPd

provisions.

Chevron-Braced Frame Performance
In the design of the three-story frames, there was
considerable variation in the calculated brace demand-to-
capacity ratios from story to story.  For frame 3v, the ratios
were 0.90 at the roof story, 0.64 at the second story, and
0.84 at the first story.  Thus, to the extent that the elastic
vertical-force-distribution methods are accurate, the initial
deviation from elastic behavior can be expected at the roof
level.  The incorporation of more higher-mode effects by
the more accurate modal analysis procedure might
indicate even greater demands at the roof level.

Because the provisions in current codes that address the
characteristics of chevron-bracing postelastic behavior are
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Column rotation demands were calculated using the change in story drift between adjacent levels (that1

is, the extent to which columns are required to kink at the floor level).  Thus, column rotation demands were
not calculated for the roof level.  This definition addresses the demands on both frame and non-frame columns;
additional rotational demands due to frame action are not included.

2.11Conventional Braced Frames

Figure 8 Story Shear Versus Drift for Frame 3v During Ground Motion LA04

waived for roof-level frames, the high demand-to-capacity ratios at that level led to an extreme
response of frame 3v.  For virtually every ground motion, the inelastic response was
concentrated at the roof level.  The ductility demands on braces were severe, and these
exhausted their fracture life well before the end of the motion.  Subsequent frame response
was dominated by flexure of columns in single curvature resisting roof displacement (because
of the configuration there are no gussets at the ends of the roof beam; it was therefore
modeled as pin-ended).

This dominance of the roof story is illustrated by the response of frame 3v to ground motion
LA04.  This is a moderate fault-parallel ground motion constructed from the 1979 record from
Imperial Valley Array #05 and scaled to 49%g.  The shear versus displacement diagrams for
each story for this analysis are shown in Figure 2.7; the deformed shape at the time-step of
maximum drift is shown in Figure 2.8 (amplified by a factor of five).  Although several records
show somewhat greater inelastic response at the first floor, the response to this record is not
atypical.  This analysis was unusual, however, in that it was one of the six in which brace
fracture did not occur.  Fractures were indicated for a majority of the analyses, typically at the
roof level, and often fairly early in the ground motion. 

Results for ground motions LA01, LA12, and LA20 were so extreme that they imply a loss of
stability in the frame.  Although the inclusion of responses to these three events in the
averages skews the results, it also lends weight to the most critical aspect of structural
performance.

This concentration of inelastic demand at the roof level, and the subsequent demands on the
columns, led to significant column rotation demands.   The degree to which the response of1
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one level dominated the frame response is illustrated by Figure 2.9, which shows the
maximum drift for each level above the horizontal axis and the maximum column rotation below
it.  The two responses, drift and column rotation, are nearly equivalent for every ground motion.

The design of frame 6v was modified based on the performance of frame 3v.  Because the
extreme response of frame 3v could partially be attributed to the exception that codes allow
for the design of roof beams in chevron-braced frames, that exception was ignored in the
design of frame 3v and a beam of sufficient strength to permit brace yielding was provided.
(The design demand-to-capacity ratios for frame 6v showed the same characteristics as
those of frame 3v, with the greatest being at the roof level.)  Because of this, frame 6v showed
less concentration of damage than did frame 3v, with braces at several levels dissipating
energy.  6v also did not exhibit the extreme deformations which caused the anomalies in some
of the analyses of frame 3v.  On the whole, its performance was on a par with other
configurations  for the six-story building.  Nevertheless, some fractures were recorded at the
roof level and high column rotations were recorded at the fifth-floor level of frame 6v.  Because
all of the six-story frames performed better than the three-story ones (exhibiting lower story
drift, fewer fractures, etc.), a second series of analyses of frame 3v with a strong roof beam
would shed more light on the degree to which this change was responsible for the better
performance of frame 6v.

Cross-Braced Frame Performance
Frame 3x, the three-story cross-braced design, showed some concentration of damage as
well as some brace fractures, but on the whole its response was less severe than that of frame
3v.  This cannot be attributed to the design demand-to-capacity ratios; these were 0.96 for the
roof level, 0.84 for the third floor, and 0.60 for the second floor.  The use of smaller, more
slender braces, permitted by the more favorable brace angle and the shorter buckling length
than those of the V-type frames, may have reduced the incidence of fracture.  Also, the
performance of this configuration is not nearly so dependent on the  beam design criteria as
is that of chevron-braced frames.

The response of frame 6-2x, the two-story cross-braced frame, was not dramatically distinct
from that of frame 6v; most response quantities show only a small percentage difference.
Frame 6-2x did, however, show a wider distribution of brace yielding, and a greater  incidence
of tension yielding, than did 6v, but this difference was not sufficient for there to be difference
in the incidence of brace fracture.  The only distinction that can be noted between the two
frames is that, while both performed adequately, frame 6-2x did so with less steel weight than
frame 6v required.

The beams in frame 6-2x were not designed for the vertical unbalance force that is required
for V-type braced frames.  Nevertheless, no significant beam hinging was indicated by the
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Ground Motion Number

Figure 9 Maximum Drift and Column Rotations for Frame 3z

Ground Motion Number

Figure 10 Maximum Drift and Column Rotations for Frame 3v

analyses; the configuration of braces was sufficient to prevent this mode of behavior.  Current
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Figure 11
Deformed Shape of Frame 3z
During Ground Motion LA11

Figure 12
Deformed Shape of Frame 6z
During Ground Motion LA11

code requirements for the design of beams can be
amended to recognize the beneficial effects of brace
configuration in this regard; a specific recommendation
for a change in the building code is contained in
Appendix 5. 

Zipper Frame Performance
The response of frame 3z, the three-story zipper frame,
is strikingly different from that of frame 3v.  Drift and
column rotation for this frame are shown in Figure 2.10.
The design of this frame was similar to that of frame 3v:
the same braces (with the same design demand- to-
capacity ratios) were employed.  Although frame 3z, like
frame 3v, showed the initial yielding in the roof-level
braces, the subsequent mode of behavior involved
braces at all levels.  It is apparent from comparing
Figures 2.9 and 2.10 that the postelastic mode of
behavior of  frame 3z substantially limited column
rotational demands.  The comparison

 of the six-story frames (6v, the chevron-braced frame and
6z, the zipper) shows a similar effect.

The response of frame 3z approximated the ideal zipper
mechanism: braces on all levels buckling, little or no
tension yielding, and near-equal drifts at each level.
Frame 6z had a less ideal response; although it exhibited
less drift and column rotation, and fewer fractures, than
frame 6v, the deformed shape often approximated the
second mode, and some braces  yielded in tension.
Also, the vertical braces in frame 6v exhibited some
buckling and tension yielding. Figure 2.11 shows the
deformed shape of frame 3z during ground motion LA11
(a fault-normal motion derived from the Gilroy record of
the 1989 Loma Prieta earthquake); Figure 2.12 shows
the deformed shape of frame 6z during the same motion.

Both frame 3z and frame 6z distributed brace ductility
demands much more uniformly than the corresponding
chevron-braced frames.  One result of this was the
marked difference in incidence of fracture: frame 3z had
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Figure 13 Story Shear Versus Drift for Frame 3z During Ground Motion LA09

fractures in nine records as opposed to 3v, which had them in fourteen; frame 6z had no
fractures at all, compared with frame 6v’s six.  In frame 3z fractures tended to occur much later
in the record than in 3v, and they tended to occur in only one of the two braces at a particular
level, leaving a complete, if lower-capacity, lateral load resisting system. 

The story shear versus drift diagrams for frame 3z subjected to ground motion LA09 are
shown in Figure 2.13.  This is a fault-normal ground motion constructed from the 1992 Landers
record from Barstow and scaled to 52%g.  This ground motion produced the most severe
response in many of the frames, including this one.  In this frame, fractures were indicated in
three braces, one at each level, all on the same inclination.  The frame nevertheless
maintained its resistance to story mechanisms, and the maximum column rotation was fairly
small (1.0%) compared to the maximum drift (6.1%).  Compared with the same diagrams for
frame 3v, the degree to which the zipper configuration enforces the distribution of damage is
evident.  Other ground motions showed similar uniformity of hysteretic energy dissipation
between levels.

The beams in both frame 3z and frame 6z exhibited significant yielding.  However, this
behavior is consistent with the ideal zipper mechanism (as shown in Figure 2.3 and described
by Khatib [1988]); it therefore should not necessarily be considered unfavorable.  Current code
provisions do not allow the weak beams used in the design of these frames; such provisions
can be revised to permit the use of such beams (as in the case of the two-story-X-braced
frames).  If such a revision is made, a corresponding compactness requirement for these
beams should be included to ensure continued stability as inelastic rotations are imposed.
This proposed revision is included in Appendix 5.

Non-Frame Columns 
Although columns not part of the braced frame are generally excluded from the ductility
requirements of current codes, they nevertheless play a significant role in resisting story
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The importance of non-frame columns in resisting these effects was assumed, and all models included2

their flexural strength and stiffness; analysis results attest to the participation of these columns.  To what
degree a larger a response can be expected if these columns are extremely flexible, or poorly spliced is beyond
the scope of this study.

2.16 Conventional Braced Frames

Figure 14
Deformed Shape of
Frame 6v During
Ground Motion LA20

mechanisms and unequal story drifts after braces have buckled,
degraded, or fractured.   Therefore, some attention was paid to2

the flexural demands that the ground motions placed on these
columns.  

These demands were, as described earlier, derived from the
change in story drift from level to level.  This being the case, they
do not correspond to specific column section properties and
cannot be treated as ductility demands; they do not directly reflect
connection rotation demands.  Nevertheless, the magnitude of
these rotation demands so derived can be used to estimate the
likelihood of column inelastic rotational demand (and
correspondingly high shears) and to assess current design
practices and code requirements in their treatment of the design
of such non-frame columns and their splices.  In addition, they can
be used to evaluate the relative effectiveness of brace
configurations in resisting story mechanisms and other
unfavorable modes of system behavior. 

Analysis results for every configuration indicate that flexural
demands on columns can be significant.  Mean column rotation
demands were 1% or greater for every frame except 6z.  This
suggests some inelastic flexural demand for all the columns,
braced-frame and non-frame alike, at the story registering this
rotation.  Figure 2.14 shows frame 6v at the instant of maximum

drift during ground motion LA20 (with displacements magnified by a factor of ten); the column
rotational demands corresponding to the change in story drift from the fourth to the fifth story
are evident.

Current codes exclude these columns from the detailing (compactness) requirements which
apply to the braced-frame columns.  Non-frame columns are required to have deformation
compatibility with the braced frame, but since linear elastic analysis is the mode, the large
discrepancies in story drift that cause these column flexural demands  are not evident to
designers.  Thus, non-frame columns are in effect not designed for seismic effects: calculation
of these effects does not in general affect their designs, and their designs may be insufficiently
compact for the likely inelastic rotational demands.
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For taller buildings, column compactness is not the only concern in ensuring adequate
performance of non-frame columns; the capacity of column splices, especially the shear
capacity, can be a limiting factor.  All columns, braced-frame and non-braced-frame alike,
participate in preventing the unfavorable weak-story modes of behavior.  Since the formation
of some hinges in non-braced-frame columns can be expected, corresponding high shears
are also likely in these columns.  Current practices of providing shear splices in braced-frame
columns based on their capacities should therefore be considered for non-frame columns. 

The analyses in this study did not indicate high shears at the column splice.  However, it
should be noted that the design demand-to-capacity ratio for the braces at that level was 0.72,
compared to 0.98 at the level above and 0.87 at the level below.  Therefore, the relatively low
column shear demand at the splice should be read as a result of the brace overstrength;
column shear demands at other levels were significant, corresponding to the formation of
column hinges.  

Conclusions
The provisions in current codes requiring strong beams for chevron-braced frames are fairly
effective in preventing or forestalling unfavorable post-buckling modes.  In general, the
performance of chevron-braced frames designed to these provisions was not characterized
by more severe response, nor was it less robust than the performance of frames of other
configurations.  However, the exception granted to roof beams in current building-code
provisions is inconsistent with the rationale for those provisions.  In the case of frames
designed using the exception, the response was severe and potentially far greater than the
performance goal.  The researcher therefore recommends eliminating this exception; a
specific recommendation to modify the 1997 AISC provisions is presented in Appendix 5.

The behavior of alternate configurations, such as the zipper and the 2-story-X (frame 6-2x)
differed somewhat from that of the more typical configurations (chevron and cross-bracing),
but not dramatically; there seems to be no reason for defining a special lateral-load-resisting
system based on these brace configurations.  Those configurations are best treated as
special cases within the category of special concentrically braced frame, and proportioned
using the same capacity-design procedures.  To permit proportioning consistent with their
optimal modes of behavior, certain modifications to current codes are appropriate.  The
beam-strength requirement which applies to V-braced and inverted-V-braced frames should
not apply to these configurations; these configurations must therefore be defined in the
building code.  Also, some criteria need to be established for the design of the vertical braces
in zipper frames.  Results form these analyses indicate that the vertical braces must be
designed and detailed with the expectation of inelastic demand in both tension and
compression.  Appendix 5 contains a recommendation on appropriate wording for provisions
covering these two variants.
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Brace fracture was a common characteristic of analyses in which there was a large or severe
response.  Frames employing braces with a longer fracture life appeared to have a
performance advantage over those with less slender braces.  Fracture played a  much greater
role in the performance of the six-story frames than in that of the three-story frames.  The
incidence of brace fracture was  reduced or eliminated by using the zipper configuration.  The
use of more slender braces  would seem likely to lead to fewer fractures and therefore a less
severe response on average; a parametric of brace slenderness would shed more light on its
influence.  

It should be noted, however, that there is no evidence to suggest that the current code
provisions requiring connections to be designed for the brace tension capacity can be
relaxed; these necessary provisions constitute a significant disincentive to using slender
braces as these have a much greater tension capacity.  If designers are to be encouraged to
use more slender braces, nonlinear analytical tools may be required.  Nonlinear dynamic
analysis with a brace fracture criterion, such as conducted in this study, would allow designers
to capitalize on  the advantages of more robust braces.  The use of a mechanism analysis
would permit designers to calculate the additional postelastic strength provided by slender
braces (which is neglected using linear methods).  Where equivalent lateral force procedures
are employed, code provisions requiring minimum slenderness or minimum fracture life would
be required in order to encourage the use of more robust braces in design.

Although the study was directed at the performance of braced frames, the demands on
elements outside of the braced frame were also considered.  Analysis results for non-braced-
frame columns suggest that their presence has a significant effect on resisting story
mechanisms and unequal story drifts; this flexural behavior can lead to inelastic rotation
demands and high shears in these elements.  It is recommended that these columns be
designed to the same compactness and splice detailing requirements as columns in braced
frames.  Further research may also indicate whether some minimum story shear strength must
be provided by elements other than braces.
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3.3 Buckling-Restrained Braced Frames

Performance and Mechanics of Buckling-Restrained Braces
Conventional braced frames have been known to have certain potential performance
difficulties, such as the post-elastic flexural behavior mode of chevron-braced frames,
premature connection fracture (due to high tension overstrength in combination with a linear
design methodology), and degradation of stiffness and strength under cyclic loading.  Since
many of these potential performance difficulties arise from the hysteretic characteristics of
conventional braces (such as the difference between the tensile and compression capacity
of the brace and the degradation of brace capacity under compressive and cyclic loading),
considerable research has been devoted to the development of braces that exhibit more ideal
elastic-plastic behavior.  One means of achieving this is through metallic yielding, where
buckling in compression is restrained by an external mechanism.  A number of approaches
to accomplish this have been suggested, including enclosing a ductile metal (usually steel)
core in a continuous concrete-filled tube, within a continuous steel tube or within some other
element that restrains buckling of the core.  Such assemblies are detailed so that the central
yielding core can deform longitudinally independent from the mechanism that restrains lateral
and local buckling.  A schematic of a buckling restrained brace is shown in Figure 3.1 (after
Tremblay, 1999).  Through appropriate selection of the strength of the material, and the areas
and lengths of the portions of the core that are expected to remain elastic and to yield, a wide
range of brace stiffness and strength can be attained, and these two properties may be
specified independently.  Since lateral and local buckling behavior modes are restrained,
large inelastic capacities are attainable.   Theoretically based methods have been developed
to design the restraining media (Yoshida, 1999; Yoshida, 2000).

The inelastic cyclic behavior of several types of buckling-restrained braces has been reported
(Watanabe, 1989;  Clark, 2000,  Iwata, 2000 and Kamura, 2000).  These tests typically result
in hysteretic loops having nearly ideal bilinear hysteretic shapes, with moderate kinematic and
isotropic hardening evident.  Figure 3.2 shows idealized hysteresis shapes for both buckling-
restrained and conventional (buckling) braces.  Hysteretic loops for these braces are nearly
symmetric; differences up to 10% between the compression and tension strength have been
reported in buckling-restrained braces, with compression strength being higher (Clark, 2000).
This is possibly due to a difference between the tensile and compressive strength of steel or
to some axial stress in the tube under compressive loading.  Finite element analysis studies
have shown excellent agreement with test results (Saeki, 1996).  Low-cycle fatigue
characteristics have been shown to depend on a variety of factors, including the restraining
mechanism used, material properties, local detailing, workmanship, loading conditions, and
loading history.  Inelastic deformation capacities are generally quite large, with cumulative
cyclic inelastic deformations often exceeding 300 times the initial yield deformation of the
brace before failure (fracture of the steel core). 
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Figure 1
Details of a Buckling-Restrained Brace
(Courtesy of R. Tremblay)

Figure 2
Idealized Hysteresis Diagrams of Buckling-
Restrained Brace and Buckling Brace

Buckling-Restrained Braced
Frames
An interesting design approach for
buckling-restrained braced frames has
been proposed (Wada, 1994) in which
the basic structural framework is
designed to remain elastic during
seismic response, and all of the
seismic damage (yielding) occurs
within the braces.  By making the
framework flexible and elastic, and
using capacity design approaches to
proportion members of the braced
bays, an effective and economical
structure can be achieved.  Several
parametric studies have been carried
out to identify optimal design
parameters (Watanabe, 1996),and this
approach to "damage-controlled
structures" has been applied to several
buildings in Japan (Wada, 1999).

Currently, design provisions in the
United States (e.g., ICBO, 1997 and
FEMA, 1997) do not contain specific
requirements for braced frames
incorporating buckling-restrained
braces.  This being the case, most
investigations in the United States have
focused on specific questions related
to the applicability of the code
provisions and design methods
developed originally for special
concentrically braced frames, and the
value contained in building codes of the
Response Modification factor, R, that is
appropriate to account for the inelastic
response and damping of
buckling-restrained braced frames.  
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The approach most commonly used in the United States for the design of buckling-restrained
braced frames is similar to that used for special concentrically braced frames (AISC, 1997).
It is generally anticipated that the behavior exhibited by buckling-restrained braces will lead
to structures which overcome many of the perceived problems with concentrically braced
frames.  Buckling-restrained braces yield ductilely in both compression and tension.  They are
characterized by a full, stable, symmetric hysteretic loop with relatively low post-yield stiffness.
This being the case, the post-elastic redistribution of forces and change in deformation mode
in braced frames with buckling-restrained braces should be far less than with conventional
braces.  The construction of the braces also permits the designer to stipulate a precise
capacity.  Story capacities can then be much closer to the demands considered in design than
is possible with conventional braces, thereby mitigating the tendency to concentrate damage
in weak stories.  Since the braces do not buckle laterally, local damage to adjacent
nonstructural elements should be reduced.

These qualities of buckling-restrained braces, while generally considered desirable, raise
some questions as well.  For example, the low post-yield tangent stiffness of the braces might
lead to the concentration of damage in one level even though brace capacities are relatively
well balanced with demands over the height of the structure.  Design provisions related to
secondary lateral structural stiffness (to be provided by structural framing or some other
mechanism) or a restriction on the relative over-strength permitted in adjacent stories have
been considered.  Similarly, the difference between the tensile and compressive capacities
of the braces, while far less than that typically exhibited by conventional braces, raises issues
related to the design of the beams in chevron- (or V-) braced configurations.  Also, the ability
of the designer to specify brace strength precisely has raised some concerns that the actual
overstrength of such frames may become sufficiently low that significant yielding might occur
under frequent ground motions under which continued occupancy might be expected.

To address these issues, several investigators have carried out inelastic dynamic analyses
of hypothetical systems containing buckling-restrained braces (Ku, 1999; Huang, 2000; Clark,
2000). Most of the design-oriented studies to date have focused on adaptations of a
three-story frame model building developed to assess new design guidelines for steel
moment frames (MacRae, 1999).  To date, only a limited number of bracing configurations
and ground motions have been considered in these studies.  Detailed analyses have also
been performed to examine the behavior of buckling-restrained braces within a braced-frame
system (Saeki, 1996).  In all of these studies, the seismic performance has been
characterized as excellent and additional research was encouraged to examine more fully
issues such as those identified above.  Clearly, statistical information on system demands
such as inter-story drifts, and brace demands such as maximum and cumulative inelastic
deformations, are needed to characterize performance and to develop test protocols for
establishing brace qualification criteria. 
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In this investigation, a series of model buildings were designed and their response to a large
number of earthquake ground motions representing various seismic hazard levels were
numerically simulated.  Design and analysis assumptions were made so as to investigate
potential problems with the performance of the system and to establish upper-bound values
for brace demands.

This approach was in keeping with the development of recommended building-code
provisions for this system.  An effort to develop such provisions is currently under way; a  joint
AISC/SEAOC task group has been working on these provisions.  A set of design provisions
is included in see Appendix 6 for consideration in connection with this study; those provisions,
while including the work of the AISC/SEAOC task group, do not represent the final version of
that group’s efforts.  They are presented here only as the opinion of the researcher and should
not be substituted for the AISC/SEAOC provisions, which may be released soon.

Model Buildings
To assess the performance of concentrically braced frames, a series of three- and six-story
braced-frame buildings were designed for a site in metropolitan Los Angeles.  The buildings
were designed according to the 1997 NEHRP Recommended Provisions for Seismic
Regulations for New Buildings and Other Structures (FEMA 302/303) (FEMA, 1997).   The
building configurations and non-seismic loading conditions were identical to those utilized in
the development of the FEMA 350 guidelines for moment-resisting frames, so that
comparisons to moment frame behavior could be made (MacRae, 1999). 

Buckling-restrained braced frames were designed and modeled as having an unbonded,
yielding steel core within a mortar filled steel tube.  However, nearly any buckling-restrained
brace having equivalent properties may be assumed.  A992 Gr.50 steel was assumed for all
beams and columns.

The three-story building design follows the SAC model building design criteria for the building
size and non-seismic design exactly.  It has a typical 13-foot (3.96 m) story-height.  Its plan
dimensions are 124 feet by 184 feet (37.8 m by 56.1 m); 30-foot by 30-foot (9.14 m by 9.14
m) bays are employed.  There is a  small penthouse.  The seismic resistance is provided by
eight bays of bracing, four in each direction; the number of braced bays was set so as to
prevent an increase in brace deign forces due to the Redundancy/Reliability Factor (D).
These are located on the perimeter; braced bays are not adjacent to each other.  In the
analysis, a corner braced bay with little gravity load on the beam was considered; non-frame
columns were considered in their minor-axis orientation with respect to the direction of ground
motion. The columns are continuous for their full height.  While these assumptions are not
atypical, they serve to minimize the system over-strength, so that conservative estimates of
deformation demands can be obtained during the response simulations. 
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The six-story building design is adapted from the FEMA model building design criteria for the
nine-story building.  This height structure was added to the example studies, as it is a very
common height for braced frame structures in the western United States.  The six story
building has a typical 13-foot (3.96 m) story height, but with an 18 feet (5.49 m) height at the
first story.  Its nominal plan dimensions are 154 feet by 154 feet (46.9m by 46.9 m);  30-foot
by 30-foot (9.1m by 9.1m) bays are employed.  Floors and roof have a 3-inch (76-mm) metal
deck with normal-weight concrete topping.  A small penthouse is located on the roof.  Twelve
bays of bracing are provided--six in each direction.  Again, the number of braced bays was
selected so as to prevent an increase in member design forces due to the
Redundancy/Reliability Factor (D).  These are located on the perimeter; bracing is located in
non-adjacent bays.  Both frame and non-frame columns are spliced mid-height at the fourth
story.

In the design of the model buildings using FEMA 302/303, the equivalent static lateral force
procedure was employed based on a response spectrum corresponding to a hazard of 10%
chance of excedence in a fifty-year period.  A Response Modification Factor (R) of six was
used; a parallel design was also done using a Response Modification Factor of eight.  Since
code displacement criteria were not expected to control the design of these systems, and the
Deflection Amplification Factor (C ) remains to be defined for these systems, drifts underd

static design forces were calculated, but not used to limit the design.  The buildings were
designed consistent with Seismic Use Group I and Seismic Design Category D with an
Importance Factor of 1.0.  Site Class D (firm soil) was used for determining the response
spectrum in conjunction with acceleration data obtained from seismic hazard maps prepared
by the United States Geological Survey.  For the determination of design forces, the building
period and the force distribution over the building height was determined using the
approximate methods provided in the NEHRP provisions (where period is based on building
height, and lateral forces are distributed vertically in proportion to story mass and elevation),
rather than by employing a more realistic dynamic analysis.

Beams connecting to braces at their mid-span were designed for the maximum expected
unbalance force from the braces. Based on earlier tests (Clark, 2000), the compression
strength was assumed to be 10% larger than the strength in tension.  In order to capture the
greatest demands on the braces and beams, very flexible beams were used.  An alternate
six-story model design was also considered using stiffer beams designed to limit the vertical
deflection under the maximum unbalance load.   

Braced-frame columns were designed using the Over-Strength Amplification Factor (S )o
applied to forces rather than computing the maximum forces that could be delivered to the
frame system based on the actual capacity of the braces.  Non-frame columns were designed
for their tributary gravity loads only. 
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Figure 3
General Elevations of Models Used in the
Analyses

Braces were designed for the axial force calculated based on the computed equivalent static
base shear.  Brace sizes were set to within 2% of the computed required cross-sectional area
(based on a nominal yield stress of 36 ksi (248 MPa) for the yielding core); no
Strength-Reduction Factor (N) was used.  The brace stiffness was calculated assuming a
yielding length of 70% of the brace length and a uniform cross-sectional area of the
non-yielding zone and connections of three to six times that of the yielding zone; this is
consistent with current design practice in the United States for these braces.  

In all, five designs were developed for the conventional braced frame system:
" Frame 3vb Three-story Chevron Configuration R=6
" Frame 3vb2 Three-story Chevron Configuration R=8
" Frame 6vb Six-story Chevron Configuration R=6
" Frame 6vb2 Six-story Chevron Configuration R=8
" Frame 6vb3 Six-story Chevron Configuration R=8 Stiff Beams

The schematic braced frame elevations of the three- and six-story models are shown in Figure
3.3; frames 3vb2, 6vb2, and 6vb3 have the same configuration.  The SAC model-building
design criteria, the non-frame column sizes, and the braced frame designs are described in
Appendix 1.

Modeling
Only a single braced bay was modeled and analyzed for each frame configuration.  Although
the frames were not explicitly designed to be moment resisting, all beam to column
connections with gusset plates attached (i.e., all beam-to-column connections except those
at the roof) were modeled as fixed. Possible contributions of the floor slabs to the beam
stiffness and strength were ignored.  Beams were assumed inextensible in the analyses.
Columns were modeled as having fixed bases. The foundation was modeled as rigid; footing
uplift was not permitted. Braces were modeled as pin-ended members.  

The floor-level masses used in the analysis
to account for horizontally acting inertia
forces were taken as the total mass of
each floor divided by the number of braced
bays used in the building in each principal
direction.  Global P-) effects were
considered based on this mass.  Since
only horizontal ground excitations were
considered, local tributary masses were
not distributed along the floors.  An
effective viscous damping coefficient of
5% was assumed, according to common
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practice for code-designed steel structures.

The analytical model included a single additional column member running the full height of the
structure.  This column was intended to approximate the contributions of the gravity load
framing to the lateral stiffness of the structure. While this column provides little overall
resistance to lateral loads on its own, it aids in the transfer of building shear across a story
when localized yielding occurs in that story and braces in adjacent stories maintain their
capacity.  In the analysis, the equivalent column was constrained to have the same lateral
displacement as the braced frame.  As a simplification, the equivalent column was given a
moment of inertia and moment capacity equal to the sum of the corresponding values for all
of the columns in the gravity-only frames divided by the number of braced frames oriented in
the direction of the ground motion under consideration.  Since the moment-resistance of
beam-column connections in the gravity-only load resisting system was neglected, gravity
beams were neither designed nor included in the model.

The analyses were carried out using the nonlinear dynamic analysis computer program
SNAP-2DX (Rai, 1996). The buckling-restrained braces were modeled using element type
1 (a simple truss element with ideal bilinear hysteretic behavior, exhibiting no stiffness or
strength degradation).  In order to clarify the potential consequences of the nearly elastic-
perfectly plastic hysteretic characteristics of the buckling-restrained braces considered on the
formation of weak story mechanisms, the secondary post-yield stiffness of braces was set to
zero.  To maximize demands on the braces and beams, the tension capacity was calculated
from the cross-sectional area assuming no material over-strength; the compression capacity
was set to 110% of the tension capacity.  Beams and columns were modeled using element
type 2 (a beam-column element allowing axial load-bending moment interaction, but with no
stiffness or strength degradation).

Ground Motions
The models were analyzed using the ground motions developed for the SAC model building
study.  These consist of twenty records, two each for ten recorded motions (one fault-normal,
one fault-parallel).  The records were scaled so that the suite of motions represents a certain
hazard.  The suite used was that corresponding to a 10% chance of excedence in a fifty-year
period.   A parallel set of analyses using ground motions developed to represent hazard levels
of a 2% chance of excedence in a fifty-year period and a 50% chance of excedence in a fifty-
year period were performed on the same building designs by Dr. C. Chang; results of those
analyses are discussed here for comparison.  The models were analyzed using each record
separately so that twenty histories were generated for each set of analyses.  It should be noted
that the SAC analyses combined the records so that the buildings were effectively oriented
at 45 degrees to the fault axis.  For more information concerning the ground motions, see
Appendix 2.
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Figure 4  
Roof Displacement Time-History of Frame
6vb2 During Ground Motion LA20

Analytical results for the five model building configurations are presented in Appendix 4 and
summarized in Table 3.1.

Performance I: Case Study
In this section, the response results for a six-story braced-frame model, designed with an
Response Reduction Factor (R) of eight (Model 6vb2) are described in detail for the specific
case of one of the records in the 10% in fifty year hazard suite. The record in question is
designated LA20, and was derived from a near-fault site during a moderate magnitude event,
the 1986 North Palm Springs earthquake.  For the 10% in fifty year probability of excedence,
this record has been scaled to an amplitude of 0.98g.  For this severe record, the peak roof
displacement computed is 11.93 in. (300mm), corresponding to an average maximum inter-
story drift of only about 1.2 %.  The maximum inter-story drift ratio that occurs at any level
during the earthquake is 2.3%, suggesting that some concentration of damage occurs within
one or more stories.  Figure 3.4 shows the roof displacement time-history for this analysis; the
permanent displacement offset can be seen from this diagram.  The figure suggests that
considerable inelastic action does occur during this earthquake.  As will be elaborated on in
the next section, peak roof displacements ranged from 5.48 in. to 16.6 in. (140 mm to 422
mm) for the records considered in this suite; averaging 9.74 in (247 mm).  Thus, the response
to this record is well above that average.

An examination of the displaced shape of the building when the maximum roof response
occurs suggests a relatively uniform distribution of inter-story drift over the height, with higher
than average drifts in the lower three stories, and lower than average values in the upper three
stories.  Similarly, the residual displacements retained in the structure are fairly uniform over
the full height, with some indication of higher-mode response.  Figure 3.5 shows the deformed
shape of this frame for this ground motion; the frame on the left shows the residual

displacement while on the right shows the
deformed shape at the time of greatest
drift. It should be noted that the maximum
residual displacement remaining at the roof
level at the end of the earthquake is 4.95 in.
(124 mm), corresponding to a average
permanent drift ratio of about 0.5%.  The
peak residual drift in any story is slightly
less than 1% for this earthquake.
 
The severity of the inelastic response can
be better visualized from Figure 3.6, which
plots for each story in the braced bay the
relation between story shear and inter-story
drift.  As can be seen in this figure, there is
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Figure 5
Deformed Shape of Frame
6vb2 During Ground Motion
LA20

substantial yielding.  However it is significant to note that this is nearly uniformly distributed
over the height of the structure, and that there is little tendency to concentration of damage in
a single story, especially as compared to the conventional chevron-braced frames, in spite of
the relatively small post-yield stiffness of the structure resulting from the modeling
assumptions.

Another parameter used in this study to assess the tendency to concentrate damage in a floor,
and to place significant flexural demands on the columns and beams, is the column rotation
angle, defined herein as the difference in drift ratios for adjacent stories for a floor level.  This
change in drift represents the need for the column to bend or kink at the floor level.  For this
building, the maximum value of the column drift ratio was 1.6%, suggesting that at some time
during the response, significant local bending action is demanded of the frame.  However, at
the instant of maximum displacements, such large differences in inter-story drift do not occur.

The maximum brace ductility demand (computed as change in brace length divided by the
yield displacement in tension) is 15.3 in extension and 9.4 in contraction.  This difference is
associated in large part with the difference in the tensile and compressive capacities of the
braces.  The worst cumulative ductility (taken as the plastic deformations occurring in a brace
summed over all cycles throughout the entire response history, in either tension or
compression, divided by the tensile yield displacement of the brace) demanded for any brace
in the frame is 127.  Test data suggest that such demands are well within the capacity of many
types of buckling-restrained braces (SIE, 1999).

It is apparent from Figure 3.5 that there is some vertical displacement at the center of the
beam.  Because the buckling-restrained braces
considered are slightly stronger in compression than in
tension, the tendency is for the flexible beam
considered in this analysis to displace upward.  Since
the tensile brace will yield before the compression
brace, the greater part of the secondary stiffness will be
provided by the compression brace in combination with
the beam (a mode of behavior similar to that of an
eccentrically braced frame).  For this earthquake, the
center of the beam deflects upward 1.08 in. (27 mm)
(and only 0.01 in. (0.3 mm) downward).  While this is a
small displacement over the 30 ft. (9 m) span of the
beam, nearly 90% of the peak value remains after the
earthquake.  It should be noted that the braces were
intentionally modeled to maximize this behavior.
Inclusion of more realistic beam properties would be
expected to reduce this vertical movement.
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Figure 6
Story Shear vs. Story Drift Diagrams for Frame 6vb2 Under Ground Motion LA20
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Performance II: Statistical Analysis
The ground motions considered in these analyses were not selected to represent a particular
type of earthquake, but rather a range of earthquake events that might occur at the building
site over a long period of time, and there is considerable variation in response from record
to record.  It is therefore important to examine the results in a statistical sense as well as on
a case-by-case basis.  For instance, Figure 3.7 shows the peak inter-story drifts obtained at
any floor level for Model 6vb2 for each of the records in the suite of ground motions
corresponding to a 10% in fifty year probability of excedence.  The bar on the far right
corresponds to Record LA20 discussed in the previous section.  The mean drift ratio is 1.6%;
the mean plus one standard deviation value is 2.2%. The bars below the horizontal axis
represent the peak column rotation angle, defined previously.  The median and median plus
one standard deviation values for this parameter are 1.0% and 1.4%, respectively.  Record
LA09,which gives the largest inter-story drift, is derived from 1992 Landers (Yermo) record
scaled to about 54%g.
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3vb2 1.4 0.5 0.8 7.6 9.7 39
3- story 2.1 1.0 1.1 10.9 13.6 63

8 10% 0.19

6vb 1.6 0.6 1.0 5.7 10.7 88
6- story 1.9 1.0 1.3 7.0 12.8 132

6 10% 0.28
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6- story 2.2 1.1 1.4 9.1 14.5 135

8 10% 0.24
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Figure 7
Peak Inter-Story Drift and Column Rotation for Each Ground Motion in the 10% in
Fifty-Year Probability of Excedence Suite for Frame 6vb2

Table 3.1 Maximum Response Quantities of Buckling-Restrained Braced Frame
Model Building Designs

It is significant to note that the mean value of the maximum inter-story drift computed for a
comparably designed conventional special concentrically braced frame (see Section 2) is
slightly larger at 1.8% (with a mean plus one standard deviation value of 2.5%).  However, it
is especially important to recognize that even for these 10% in fifty year events, the low-cycle
fatigue model used to control brace behavior and failure in the analysis (Tang, 1989) predicts
a low-cycle fatigue related fracture of at least one brace in the frame for 6 of the 20 records
considered.  While FEMA (MacRae, 1999) did not consider a six-story moment frame, the
mean values of maximum inter-story drift were 1.26% for the three-story frame and 2.0% for
the nine-story frames with ductile connections.  Thus, the behavior of the frames with the
buckling restrained braces is comparable and often better than that associated with
conventional concentrically braced frames and moment frames.

To examine the effect of various design parameters for the different seismic hazards, attention
will be focused herein on means of key response parameters.   Figure 3.8 shows the envelope
of the mean peak lateral floor displacements for the 10% in fifty-year events for the six-story
braced frame designs using a flexible beam and a Response Reduction Factor of 6 or 8
(Frames 6vb and 6vb2).  It can be seen that the envelope of peak lateral displacements
increases with an increase in the  Response Reduction Factor.  Because this structure has
a relatively short period (about 0.9 sec.) and many of the ground motions considered are
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Figure 8
Envelopes of Median Peak Lateral Displacements for Six-
Story Frames to 10% in Fifty-Year Events

     Displacement (in.)       Drift Ratio

Figure 9
Envelopes of Mean Peak Lateral Displacements and Inter-
Story Drifts for Frame 6vb2 During Ground Motions
Representing Different Seismic Hazards

near-fault records
containing relatively long
duration velocity pulses,
the assumption that the
peak displacements of
inelastically responding
structures can be
predicted by an analysis
of an elastic model may
not be correct.  Figure
3.8 also suggests that
stiffening the beam to limit
vertical displacements
(Model 6vb3) has little
effect on the peak lateral
displacement of the
building.

Nonetheless, Table 3.1
shows that the computed
average worst inter-story
drift occurring within the
frame is similar for the
two frames; the
difference in the
Response Reduction
Factor has little effect on
t h e  a v e r a g e
performance of the
frames. This table
presents the mean of the
largest inter-story drift
occurring at any level in
the structure.   It is also
clear from Figure 3.8
that for this building, the
peak drift demands are
appreciably higher (by a
factor of about two) in
the lower three stories
than in the upper levels.



a. Brace ductilities for 10% in fifty year hazard.            b. Brace ductilities for different hazard levels
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3.16  Buckling-Restrained Braced Frames

Figure 10
Envelopes of Mean Brace Ductility for Frame 6vb2

This is more clearly seen in Figure 3.9, which shows the envelopes of the response for three
hazard levels.  

Figures 3.8 and 3.9 also indicate that the residual displacements present in the building
following these events is on average about 40 to 60% of the maximum displacement attained.
While this percentage may appear to be large, it is consistent with that computed for ductile
moment-frame structures (MacRae, 1999).

Figure 3.10 shows the change in mean envelope of peak lateral displacements with changing
seismic hazard; the mean maximum displacements and inter-story drift ratios corresponding
to the ground motions with 50%, 10% and 2% probability of excedence in a fifty-year period
are presented (analyses for the 50% and 2% in fifty-year hazard were performed on the same
model building designs by Dr. Clint Chunho Chang  [Visiting Scholar at the Pacific Earthquake
Engineering Research Center]).  

For the 50% probability events, the displaced shape envelope has a shape characteristic of
flexural behavior. That is, larger inter-story drifts occur at the top than at  the bottom.  However,
as the severity of the earthquakes increases, the pattern of deformations changes
significantly, with more and more of the drift concentrating in the lower three levels.  This
distribution appears to be associated with the distribution of lateral loads used in the original
design.  While the brace sizes in these frames have been carefully tailored to match the
demands computed with the FEMA 302 equivalent lateral forces, this distribution may not
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adequately reflect the actual dynamic force distribution that occurs in the building.  This was
noted by Khatib (1988) who showed for similar braced-frame configurations that a more
uniform distribution of inter-story drifts will develop when the design forces are based on a
rational dynamic modal analysis procedure.

Table 3.1 lists similar information for the three-story building.  Interestingly, the shorter building
develops essentially the same peak inter-story drifts as the taller building, and again, these
drifts do not change significantly when the value of the Response Reduction Factor used in
design is changed from 6 to 8, remaining below 2%.  In contrast, the analyses of conventional
concentrically braced steel frames (Table 2.1) suggest that mean peak inter-story drifts may
reach nearly 4% for the 10% in fifty-year event (and with braces fracturing for 14 out of the 20
records considered).

Brace ductilities for the buckling-restrained braced frames generally vary in the same manner
as inter-story drift.  This can be seen by comparing Figures. 3.9 and 3.10.  Also, since the
inter-story drifts for the three- and six-story frames are similar, the mean ductility demands for
these two height structures are similar.  As noted previously, the degree to which the braces
elongate is generally greater than the degree to which they shorten.  

The most interesting difference between the responses for the different frame configurations
relates to the cumulative ductilities developed by the buckling-restrained braces.  As seen in
Table 3.1, the peak cumulative demands on the three-story frame are on the order of 43% of
those of the six-story frames even though the maximum ductility demand is nearly identical.
The three-story structure has a shorter period and is likely to experience more cycles of
yielding. For the six-story frame, changing the Response Reduction Factor from 6 to 8 has
virtually no effect on the maximum or cumulative ductility demands.  

The design change which had the most significant effect on brace ductility demand was the
use of a stiff beam to resist the postelastic vertical force from the braces.  The provision of
such a beam in model 6vb3 reduced both maximum and cumulative ductility demands by a
considerable amount compared to the otherwise identical model 6vb2.  The effect of beam
flexibility on brace ductility demand can be estimated from the elastic properties of the frame
and the tension and compression strengths of the braces using statical methods by applying
the maximum brace forces to the beam and calculating a vertical displacement, to be
combined with the design story drift; brace ductilities can then be computed.  A brief treatment
of this effect is given in Appendix 7, which gives equations for the  estimation of brace ductility
demands that can be used in conjunction with the recommended buckling-restrained braced
frame design provisions contained in Appendix 6.

The cumulative ductility demands vary for the six-story frame (with a response Reduction
Factor of 8) from a mean peak value of 45 for the 50% in fifty-year hazard level earthquake
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motions, to more than 185 for the mean plus one standard deviation case for the 2% in fifty-
year excitations. For the 50% in fifty-year seismic events, the peak inter-story drifts are less
about 1% and the  level of yielding in the braces is likely well within a range consistent with
continued occupancy.  For the more severe records, the level of yielding is conservatively
within the range generally attained in tests of buckling-restrained braces. 

Conclusions
An extensive analytical investigation of the seismic response of buckling-restrained braced
steel frames has been undertaken.  Results have identified a number of important parameters
associated with the ground-motion intensity and characteristics as well as with the structural
configuration, proportioning and modeling that have important impacts on computed
response.  Results presented in this paper have focused on applications of buckling-
restrained braces.  Results from this phase of the overall study indicate that
buckling-restrained braces provide an effective means for overcoming many of the potential
problems associated with special concentrically braced frames. To accentuate potential
difficulties with this system, numerical modeling and design assumptions were intentionally
selected to maximize predicted brace demands and the formation of weak stories, yet the
predicted behavior was quite good, with significant benefits relative to conventional braced
frames and moment-resisting frames.  For the cases studied to date, response is not
sensitive to R factors selected in the range of 6 to 8.  The response appears to be sensitive
to proportioning, however, suggesting that further improvements in response may be obtained
by better estimation of a structure's dynamic properties.  Recommended building-code
provisions for the design of buckling-restrained braced frames are included in Appendix 6;
these represent ongoing work by a joint AISC/SEAOC committee using the results of these
analyses in conjunction with others focusing on varying hazard levels and non-optimized brace
sizing (Lee, 2000).  Methods for estimating brace ductility demands (suitable for use with
linear-static design procedures and the recommended design provisions) are presented in
Appendix 7.

Additional studies may shed more light on the actual reliability of this system.  More accurate
treatment of element behavior (rather than a worst-case philosophy) would yield  results more
suitable to quantifying the confidence level one can have that a braced-frame design can
maintain specified performance levels for specified hazards.  In order to produce more
accurate element models, experimental research is needed to assess the behavior of braced
frames incorporating buckling-restrained braces. Braces are likely to develop significant
bending and shear forces in actual applications, and the effect of this on brace and frame
behavior is unclear. New analytical models to simulate this behavior may be required. 
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Design Criteria
With some exceptions, building designs followed criteria developed in the SAC Steel Project
research for an analytical study of steel moment-frame building designs.  In that study,
engineering firms were contracted to produce complete designs of buildings.  These designs
were used as the basis of models in a series of analytical studies investigating the expected
performance of those structures (MacRae, 1999).  In using the SAC criteria on braced-frame
designs, this study benefits from the ability to compare braced-frame performance with that
of moment-resisting frames.  Although the SAC study included designs for Los Angeles,
Boston, and Seattle, only the Los Angeles location was included in this study.

The SAC study used three building types to capture the range of commonly used moment-
resisting frames: a three-story, a nine-story, and a twenty-story structure.  For the purposes of
this study, which addresses braced-frame performance, the nine-story and twenty-story cases
were considered outside the range of typical braced-frame structures.  It was decided that the
range would best be captured by studying the performance of three-story and six-story
buildings.  For this purpose, the criteria for the nine-story building design was modified to
create a six-story design.

Another difference was the design and analysis of the foundation system.  It was felt that the
introduction of the additional parameter foundation nonlinearity would add unnecessary
complication to the study, requiring its own range of possible behaviors and reducing the
response of the areas of primary interest.  For this reason, the designs assumed support on
piles, and foundation nonlinearities, such as footing uplift, were excluded from the analyses.

The following criteria was defined for the SAC model building design.  Where the designs in
this project used different criteria, those criteria follow in italics.

Governing Code: 1994 Uniform Building Code
1997 NEHRP Recommended Provisions for Seismic
Regulations for New Buildings and Other Structures

Occupancy: Office-type occupancy

Location: Downtown Los Angeles (Boston and Seattle were not
considered in this study)

Site Characterization: Deep stiff soil 
Site Class D per NEHRP Provisions
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Floor-to-Floor Heights: Three-Story Building 13'-0" (3.96 m)
Nine-Story Building (Six-Story Building in this Study)

Basement 12'-0" (3.66 m) Not included in this
study

Penthouse 12'-0" (3.66 m)
 First Story 18'-0" (5.49 m)
All Other Stories 13'-0" (3.96 m)

Building Weights: Steel Framing As Designed
Floors and Roof 3" (7.6 cm) Metal Deck with 2½"

(6.4 cm) Normal-Weight Concrete
Roofing 7 psf (34.2 kg/m )2

Ceilings/Flooring 3 psf (14.6 kg/m )2

Mechanical/Electrical 7 psf (34.2 kg/m )2

47 psf (229 kg/m ) at Penthouse2

Partitions 20 psf (97.6 kg/m ) 2

   (Gravity Design)
10 psf (48.8 kg/m ) 2

   (Seismic Design and Analysis)
Exterior Wall 25 psf (122 kg/m )2

Dimensions Bay Size 30'-0" x 30'-0" (9.14 m by 9.14 m)
2'-0" (61.0 cm) Perimeter Wall Offset from Gridline
Three-Story Building 124'-0"x184'-0" (37.8 m by 56.1 m)
Nine-Story Building (Six-Story Building in this Study)

154'-0"x154'-0" (46.9 m by 46.9 m)
42" (107 cm) Parapets

Foundation Design Three-Story Building Spread Footings 
Pile Foundations

Nine-Story Building (Six-Story Building in this Study)
Pile Foundations

Live Loadings: 50 psf (2.39 MPa)

Wind Loadings: Exposure B per the Uniform Building Code.
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Figure 1
Plans of Three-Story and Six-Story Buildings

NEHRP Design Coefficients
Following the design procedure outlined in the 1997 NEHRP Recommended Provisions for
Seismic Regulations for New Buildings and Other Structures, the following assumptions and
determinations were made:
Seismic Use Group: 1
Importance Factor: I 1
Seismic Design Category: D
Site Class: D
Response Modification Factor: R 6 (8 for Buckling-Restrained Braced Frame

Designs 3vb2, 6b2, and 6vb3)
System Overstrength Factor: S 2o

Deflection Amplification Factor: C 5 (Not Used for Buckling-Restrained Bracedd

Frame Designs)
Maximum Considered Earthquake Spectral Response Accelerations:

Short Period (S ) 2.09g One-second (S ) 0.77gs 1

Site Coefficients:
Acceleration (F ) 1.0 Velocity (F ) 1.5a v

Design Spectral Response Acceleration Parameters:
Short Period (S ) 1.393g One-second (S ) 0.77gDS D1

Approximate Building Period:
Three-Story: 0.31 sec Six-Story: 0.55 sec

Design Base Shear:
Three-Story: 0.232g Six-Story: 0.232g
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Frame 6v, while complying with those provisions, was designed with a stronger roof beam than those1

provisions require.  This was done because of the performance of frame 3v, which was designed using the
exception that the provisions allow to the beam strength requirement.

A1.6  Appendix 1: Model Building Designs

Special Concentrically Braced Frame Designs
Designs for special concentrically braced frames followed the provisions of the Seismic
Provisions for Structural Steel Buildings (AISC, 1997).   Six special concentrically braced1

frame designs were developed:
" Frame 3v Three-story Stacked Inverted-V 
" Frame 3x Three-story Stacked X
" Frame 6z Three-story Zipper Configuration
" Frame 6v Six-story Stacked Inverted-V 
" Frame 6z Six-story Zipper Configuration
" Frame 6-2x Six-story Alternating V-Inverted-V
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A1.7 Appendix 1: Model Building Designs

     Figure 2 Frame 3v Model Information
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A1.8  Appendix 1: Model Building Designs

     Figure 3 Frame 3x Model Information
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A1.9 Appendix 1: Model Building Designs

     Figure 4 Frame 3z Model Information
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   Figure 5 Frame 6v Model Information
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   Figure 6 Frame 6-2x Model Information
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A1.12  Appendix 1: Model Building Designs

   Figure 7 Frame 6z Model Information
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Buckling-Restrained Braced Frame Designs
Designs  for buckling-restrained braced frames were performed using capacity design
principles for brace connections.  Brace size was set to within 2% of the required cross-
sectional area (calculated based on a nominal yield stress of 36 ksi [250 MPa]); no strength-
reduction factor was used.  The brace stiffness was calculated assuming a yielding length of
70% of the brace length and cross-sectional area of the non-yielding zone of three to six times
that of the yielding zone.  Five designs of buckling-restrained braced frames were developed:
" Frame 3vb Three-story, R = 6
" Frame 3vb2 Three-story, R = 8
" Frame 6vb Six-story, R = 6
" Frame 6vb2 Six-story, R = 8
" Frame 6vb3 Six-story, R = 8 Stiff beams
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     Figure 8 Frame 3vb Model Information
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     Figure 9 Frame 3vb2 Model Information
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Figure 10 Frame 6vb Model Information
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   Figure 11 Frame 6vb2 Model Information
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   Figure 12 Frame 6vb3 Model Information
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The draft report is available on the internet at http://quiver.eerc.berkeley.edu:8080/1

studies/system/draftreport.html; the ground motions are available at http://quiver.eerc.berkeley.edu:8080/
studies/system/ground_motions.html.

A2.3 Appendix 2: Ground Motions

The principal ground motions used for this study were those developed by Woodward-Clyde
for use in the SAC Steel Project.  Descriptions of the time-histories and their generation are
taken from the Woodward-Clyde report (Woodward-Clyde Federal Services, 1997). 1

For the SAC Steel Project, suites of acceleration time-histories were developed for sites in
Los Angeles, Boston, and Seattle.  The suites represent a specific hazard level; suites were
developed corresponding to 2%, 10%, and 50% probability of excedence in a fifty-year period
by scaling actual earthquake records to appropriate spectral accelerations.  Additionally,
suites of near-field were produced using unscaled records.

This study used only the time-histories generated for Los Angeles having probabilities of
excedence of 10% in 50 years.  Table A2.1 summarizes these time-histories.   These
acceleration time histories were derived from historical recordings or from physical
simulations and were altered so that their mean response spectrum matches the 1997
NEHRP design spectrum, modified from soil type of SB-SC to soil type SD and having a
hazard specified by the 1997 USGS maps. 

There are twenty different horizontal components (ten two-component records, each
composed of a fault-normal and a fault-parallel component).  Each historical ground motion
pair was modified as follows:
" The two horizontal components originally provided were resolved into fault-normal and

fault-parallel orientations. 
" The records were adjusted in the frequency domain to have characteristics appropriate

for NEHRP S  soil sites. D

" The records are amplitude-scaled so that the average of the two horizontal spectra
match the target spectrum.
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SAC
Name

Record Earthquake
Magnitude

Distance
(km)

Scale
Factor

Number
of Points

DT  
(sec)

Duration
(sec)

PGA
(cm/sec )2

LA01 Imperial Valley,
1940, El Centro

6.9 10 2.01 2674 0.02 39.38 452.03

LA02 Imperial Valley,
1940, El Centro

6.9 10 2.01 2674 0.02 39.38 662.88

LA03 Imperial Valley,
1979, Array #05

6.5 4.1 1.01 3939 0.01 39.38    386.04

LA04 Imperial Valley,
1979, Array #05

6.5 4.1 1.01 3939 0.01 39.38    478.65

LA05 Imperial Valley,
1979, Array #06

6.5 1.2 0.84 3909 0.01 39.08 295.69

LA06 Imperial Valley,
1979, Array #06

6.5 1.2 0.84 3909 0.01 39.08 230.08

LA07 Landers, 1992,
Barstow 

7.3 36 3.2 4000   0.02 79.98    412.98

LA08 Landers, 1992,
Barstow 

7.3 36 3.2 4000   0.02 79.98    417.49

LA09 Landers, 1992,
Barstow

7.3 25 2.17 4000   0.02 79.98    509.70

LA10 Landers, 1992,
Barstow

7.3 25 2.17 4000   0.02 79.98    353.35

LA11 Loma Prieta,
1989, Gilroy 

7 12 1.79 2000 0.02 39.98 652.49

LA12 Loma Prieta,
1989, Gilroy 

7 12 1.79 2000 0.02 39.98 950.93

LA13 Northridge,
1994, Newhall

6.7 6.7 1.03 3000 0.02 59.98 664.93

LA14 Northridge,
1994, Newhall

6.7 6.7 1.03 3000 0.02 59.98 644.49

LA15 Northridge,
1994, Rinaldi RS

6.7 7.5 0.79 2990 0.005 14.945  523.30

LA16 Northridge,
1994, Rinaldi RS

6.7 7.5 0.79 2990 0.005 14.945  568.58

LA17 Northridge,
1994, Sylmar 

6.7 6.4 0.99 3000  0.02 59.98 558.43

LA18 Northridge,
1994, Sylmar 

6.7 6.4 0.99 3000  0.02 59.98 801.44

Table A2.1 Los Angeles 10%/50 Year Ground Motions from SAC Joint Venture
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Figure A2.1 Ground Motion LA01

Figure A2.2 Ground Motion LA02
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Figure A2.3 Ground Motion LA03

Figure A2.4 Ground Motion LA04
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Figure A2.5 Ground Motion LA05

Figure A2.6 Ground Motion LA06
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Figure A2.7 Ground Motion LA07

Figure A2.8 Ground Motion LA08
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Figure A2.9 Ground Motion LA09

Figure A2.10 Ground Motion LA10
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Figure A2.11 Ground Motion LA11

Figure A2.12 Ground Motion LA12
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Figure A2.13 Ground Motion LA13

Figure A2.14  Ground Motion LA14



EERI          2000 NEHRP Professional Fellowship in Earthquake Hazard Reduction        Final Report

A2.12  Appendix 2: Ground Motions

Figure A2.15 Ground Motion LA15

Figure A2.16 Ground Motion LA16
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Figure A2.17 Ground Motion LA17

Figure A2.18 Ground Motion LA18
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Figure A2.19 Ground Motion LA19

Figure A2.20 Ground Motion LA20
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A3.3 Conventional Braced Frame Output Summaries

The model building designs were subjected to the suite of ground motions corresponding to
the Los Angeles site and to a 10% probability of excedence in a fifty-year period.  For each
record, the results for several response quantities were recorded: maximum and residual drift,
maximum column rotation, maximum and cumulative brace ductility, maximum column tension
and compression stresses, and maximum base uplift.  For each quantity, the maximum result
at any level or for any element was used to represent the response to a particular ground
motion record.  The maxima for each record were then collected; means, standard deviations,
and coefficients of variation were calculated for each quantity.  Table A3.1 shows the means
of the major response quantities  for the six conventional braced-frame designs.  Tables A3.2
through A3.7 give the maximum values of the response quantities for each frame for each
ground motion; the tables also give the mean and mean-plus-standard-deviation values for the
maxima.

Frame 3v Frame 3x Frame 3z Frame 6v Frame 6-2x Frame 6z

Maximum Drift Ratio 0.039 0.025 0.024 0.018 0.018 0.015

Maximum Drift (in.) 7.9 5.8 7.9 7.9 8.9 8.5

Residual Drift Ratio 0.025 0.005 0.012 0.004 0.006 0.003

Residual Drift (in.) 4.4 1.2 3.7 1.1 2.2 1.1

Maximum Brace Ductility
(Tension)

8.0 6.0 4.2 2.8 8.4 3.4

Maximum Brace Ductility
(Compression)

44.6 11.6 22.6 14.4 13.6 9.4

Maximum Column Rotation 0.037 0.020 0.015 0.011 0.010 0.006

Maximum Column Stress
(Tension, ksi)

36.3 17.3 16.8 20.6 18.6 19.5

Maximum Column Stress
(Compression, ksi) 

19.8 25.3 18.5 31.4 30.1 30.6

Maximum Base Uplift
(kips)

792 998 760 3147 2447 2574

Incidence of Brace Fracture 70% 45% 45% 30% 30% 0%

Table A3.1 Summary of Results for Conventional Braced Frames
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LA01 0.117 18.22 0.102 16.00 3.2 150.8 0.116 50.0 20.4 827 2

LA02 0.068 11.68 0.041 6.96 5.0 147.7 0.068 50.0 20.9 817 3

LA03 0.013 3.46 0.002 0.42 0.9 16.7 0.011 7.6 20.9 771 0

LA04 0.016 2.61 0.001 0.16 1.0 20.0 0.016 7.1 19.2 760 0

LA05 0.011 2.53 0.001 0.20 0.9 13.3 0.009 7.9 19.2 783 0

LA06 0.010 1.75 0.000 0.05 0.8 12.2 0.009 5.1 16.1 623 0

LA07 0.021 3.43 0.004 0.57 2.8 28.5 0.020 7.5 19.0 756 1

LA08 0.022 3.47 0.014 2.21 13.8 17.5 0.022 7.7 17.8 732 1

LA09 0.026 7.81 0.016 2.74 1.4 35.5 0.026 14.4 18.9 830 4

LA10 0.030 4.85 0.017 2.63 0.9 44.5 0.030 10.8 18.5 737 2

LA11 0.043 7.01 0.034 5.53 26.9 20.3 0.042 25.2 20.0 780 1

LA12 0.082 12.91 0.073 11.46 38.2 32.9 0.082 50.0 20.6 777 2

LA13 0.032 10.69 0.016 4.19 2.7 36.3 0.027 21.1 19.1 855 3

LA14 0.031 9.75 0.024 4.24 10.9 39.3 0.032 18.4 19.6 843 4

LA15 0.027 8.89 0.005 1.25 1.4 28.7 0.022 15.9 20.5 841 0

LA16 0.039 13.33 0.018 3.85 1.6 47.3 0.033 23.3 21.1 861 0

LA17 0.026 6.85 0.019 5.81 14.7 32.5 0.027 8.8 21.3 825 3

LA18 0.027 7.01 0.015 4.07 2.4 33.4 0.025 14.2 19.4 808 2

LA19 0.025 5.25 0.002 0.60 10.1 31.7 0.022 7.5 20.6 785 1

LA20 0.108 15.62 0.096 14.39 20.6 102.2 0.106 50.0 21.8 830 2

Mean 0.039 7.86 0.025 4.37 8.0 44.6 0.037 36.3 19.7 792

Mean+F 0.070 12.56 0.056 9.04 18.3 85.1 0.068 50.0 21.1 847

Table A3.2 Results for Frame 3v
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A3.5 Conventional Braced Frame Output Summaries
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LA01 0.023 5.05 0.002 0.25 5.5 10.4 0.019 15.4 26.1 1035 2

LA02 0.033 6.66 0.003 0.40 8.1 15.6 0.030 15.7 27.1 1078 2

LA03 0.022 4.81 0.005 1.09 5.2 9.9 0.016 14.7 25.9 1025 0

LA04 0.015 3.13 0.002 0.32 3.7 7.0 0.013 12.3 22.0 833 0

LA05 0.010 2.94 0.003 0.61 2.4 4.4 0.007 14.6 24.1 941 0

LA06 0.006 1.84 0.001 0.15 1.4 2.6 0.004 11.4 21.0 830 0

LA07 0.025 4.63 0.004 0.60 6.0 11.5 0.022 14.2 24.5 967 2

LA08 0.015 2.93 0.000 0.05 3.5 6.7 0.012 13.1 22.7 889 0

LA09 0.037 7.89 0.009 1.95 9.0 17.3 0.028 19.6 26.0 1025 2

LA10 0.012 2.98 0.000 0.06 2.8 5.3 0.008 13.4 23.0 899 0

LA11 0.018 3.57 0.001 0.07 4.3 8.3 0.015 14.9 26.4 1042 0

LA12 0.022 4.41 0.005 0.83 5.4 10.4 0.022 14.6 24.2 942 0

LA13 0.049 10.98 0.020 4.66 12.0 23.0 0.037 34.5 26.4 1052 2

LA14 0.050 9.49 0.001 0.15 12.0 23.1 0.043 34.8 26.4 1047 2

LA15 0.019 5.07 0.004 0.34 4.5 8.5 0.016 15.8 27.0 1073 0

LA16 0.025 8.80 0.007 2.70 5.9 11.2 0.014 16.9 27.1 1078 0

LA17 0.024 7.26 0.005 2.18 5.7 10.9 0.012 15.9 26.6 1062 0

LA18 0.036 9.04 0.014 5.05 8.7 16.7 0.026 17.7 26.7 1060 2

LA19 0.020 4.24 0.002 0.36 4.8 9.1 0.021 14.7 25.8 1036 2

LA20 0.040 9.38 0.012 2.45 9.7 18.6 0.029 23.0 26.6 1059 2

Mean 0.025 5.76 0.005 1.21 6.0 11.5 0.020 17.4 25.3 999

Mean+F 0.037 8.47 0.010 2.72 9.0 17.3 0.030 23.8 27.1 1080

Table A3.3 Results for Frame 3x
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A3.6  Conventional Braced Frame Output Summaries
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LA01 0.018 7.12 0.003 0.87 1.6 19.4 0.006 8.3 18.4 784 0

LA02 0.045 6.48 0.015 4.63 12.3 34.4 0.046 26.5 18.5 761 4

LA03 0.014 5.35 0.003 1.40 1.7 13.7 0.003 8.1 18.6 759 0

LA04 0.009 2.66 0.000 0.12 2.1 6.9 0.007 9.1 18.5 761 0

LA05 0.006 2.40 0.001 0.50 1.1 4.6 0.002 7.2 18.5 768 0

LA06 0.004 1.80 0.000 0.07 1.0 3.3 0.002 7.3 18.4 737 0

LA07 0.006 2.24 0.000 0.07 1.4 5.0 0.004 8.4 18.3 739 0

LA08 0.006 1.99 0.000 0.15 1.3 4.5 0.003 7.3 18.4 752 0

LA09 0.073 32.34 0.065 28.86 2.0 92.2 0.011 50.0 18.4 743 3

LA10 0.008 3.41 0.001 0.30 1.9 8.1 0.005 7.0 18.3 744 1

LA11 0.008 3.67 0.001 0.48 1.7 8.2 0.005 5.9 18.3 739 0

LA12 0.030 4.81 0.006 0.86 9.4 20.2 0.029 10.7 18.6 777 2

LA13 0.029 12.64 0.013 5.05 2.9 31.9 0.008 17.9 18.3 769 3

LA14 0.060 11.95 0.042 5.59 20.5 39.2 0.053 50.0 18.4 752 6

LA15 0.024 10.86 0.009 4.14 1.4 27.7 0.009 13.5 18.6 800 0

LA16 0.037 15.51 0.012 5.51 3.6 40.2 0.013 21.0 18.4 785 0

LA17 0.021 9.73 0.007 3.36 1.5 24.6 0.010 10.8 18.4 761 3

LA18 0.038 9.24 0.030 6.61 11.0 28.1 0.034 18.8 18.5 767 3

LA19 0.013 4.71 0.002 0.82 2.4 11.9 0.007 11.4 18.4 760 0

LA20 0.026 9.90 0.020 5.53 4.9 27.1 0.038 12.4 18.4 755 6

Mean 0.024 7.94 0.012 3.75 4.3 22.6 0.015 16.9 18.4 761

Mean+F 0.043 14.98 0.028 10.11 9.4 43.0 0.030 34.0 18.5 777

Table A3.4 Results for Frame 3z
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A3.7 Conventional Braced Frame Output Summaries
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LA01 0.011 6.37 0.002 0.48 1.9 9.9 0.006 20.2 32.1 2963 0

LA02 0.015 7.71 0.003 0.76 3.4 11.2 0.007 21.5 33.1 3265 0

LA03 0.016 7.84 0.008 2.22 2.2 11.1 0.010 21.4 34.3 3365 1

LA04 0.011 4.36 0.000 0.05 1.8 12.4 0.006 12.8 24.5 2624 0

LA05 0.007 4.66 0.000 0.21 1.2 8.5 0.004 18.4 29.5 2540 0

LA06 0.007 4.43 0.001 0.25 1.4 6.9 0.003 18.6 29.2 2520 0

LA07 0.009 6.16 0.000 0.13 1.4 9.4 0.004 20.9 31.7 2997 0

LA08 0.013 6.59 0.003 0.62 2.5 8.4 0.007 19.7 30.1 2699 0

LA09 0.020 7.55 0.005 1.25 3.6 13.1 0.014 20.1 31.8 3085 2

LA10 0.018 6.78 0.002 0.51 3.0 11.8 0.011 19.1 31.9 2916 0

LA11 0.025 8.48 0.006 1.86 5.4 15.1 0.016 19.8 30.0 2838 0

LA12 0.020 6.30 0.001 0.27 2.7 26.5 0.013 13.8 27.4 3853 0

LA13 0.016 10.09 0.005 1.14 2.4 12.3 0.013 23.9 32.9 3715 0

LA14 0.020 9.16 0.004 0.77 3.1 14.1 0.012 20.9 31.1 3068 1

LA15 0.023 11.22 0.012 3.82 3.3 16.1 0.009 23.4 35.1 3537 0

LA16 0.038 13.90 0.007 2.04 5.0 28.1 0.019 28.5 33.8 3318 0

LA17 0.017 9.21 0.009 3.04 2.6 12.2 0.007 21.2 33.2 3232 1

LA18 0.021 8.86 0.003 0.67 2.6 15.8 0.018 21.5 33.5 3067 1

LA19 0.019 7.45 0.004 1.06 4.0 22.4 0.014 21.4 29.8 3911 0

LA20 0.031 10.87 0.004 1.47 4.3 21.7 0.019 25.8 33.0 3435 1

Mean 0.018 7.90 0.004 1.13 2.9 14.4 0.011 20.7 31.4 3147

Mean+F 0.026 10.32 0.007 2.15 4.1 20.3 0.016 24.1 33.9 3558

Table A3.5 Results for Frame 6v
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A3.8  Conventional Braced Frame Output Summaries
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LA01 0.011 6.39 0.002 0.49 3.7 6.3 0.006 17.9 29.9 2435 0

LA02  0.016 8.70 0.004 0.54 5.0 12.2 0.011 20.9 32.6 2540 0

LA03 0.015 7.42 0.006 2.25 5.9 7.4 0.008 18.6 31.4 2557 1

LA04 0.008 5.06 0.001 0.12 2.2 6.1 0.003 17.0 28.6 2318 0

LA05 0.008 5.42 0.002 0.50 2.4 4.0 0.003 16.7 29.4 2382 0

LA06 0.008 5.71 0.001 0.52 2.4 4.5 0.003 16.9 29.4 2370 0

LA07 0.009 5.61 0.001 0.43 2.1 5.5 0.004 18.4 31.6 2370 0

LA08 0.016 7.94 0.006 1.97 8.9 12.7 0.010 16.4 27.8 2380 0

LA09 0.033 13.63 0.023 9.53 20.6 29.8 0.021 19.0 31.1 2553 1

LA10 0.017 8.83 0.006 2.02 9.5 13.3 0.009 19.4 32.6 2589 0

LA11 0.025 10.59 0.011 3.56 13.0 19.7 0.015 17.5 27.1 2335 0

LA12 0.017 6.10 0.004 0.89 5.6 14.8 0.012 15.3 24.2 1856 0

LA13 0.016 8.38 0.004 0.67 7.3 13.0 0.009 19.3 30.8 2548 0

LA14 0.023 11.21 0.009 3.13 12.8 19.0 0.012 20.8 30.3 2290 1

LA15 0.022 13.75 0.011 5.56 13.0 18.3 0.013 20.2 34.0 2804 0

LA16 0.031 16.37 0.012 5.87 16.7 21.6 0.020 23.1 31.4 2764 0

LA17 0.017 8.04 0.006 2.20 9.5 14.0 0.011 19.2 31.6 2450 1

LA18 0.017 9.96 0.002 0.51 9.3 12.9 0.011 19.2 30.6 2581 1

LA19 0.020 8.10 0.002 0.66 9.6 20.0 0.014 18.5 27.3 2161 0

LA20 0.022 11.12 0.007 2.29 9.4 15.3 0.015 19.7 30.1 2676 1

Mean 0.018 8.92 0.006 2.18 8.4 13.5 0.010 18.7 30.1 2448

Mean+F 0.025 12.02 0.011 4.58 13.7 20.2 0.016 20.5 32.4 2662

Table A3.6 Results for Frame 6-2x
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A3.9 Conventional Braced Frame Output Summaries
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LA01 0.009 5.85 0.001 0.36 1.9 5.9 0.003 20.3 29.5 2499 0

LA02 0.014 8.28 0.002 0.34 3.2 8.8 0.005 22.8 30.8 2544 0

LA03 0.012 7.75 0.004 1.84 2.1 7.7 0.004 20.6 32.2 2638 0

LA04 0.006 3.70 0.000 0.18 1.3 3.6 0.002 13.8 25.1 2096 0

LA05 0.007 5.21 0.001 0.32 1.6 4.4 0.002 17.4 29.7 2425 0

LA06 0.008 5.47 0.002 0.46 1.8 4.6 0.003 19.6 30.0 2450 0

LA07 0.007 5.89 0.000 0.15 1.5 4.9 0.002 20.6 31.1 2662 0

LA08 0.012 7.00 0.003 0.98 2.8 6.9 0.004 19.3 29.7 2473 0

LA09 0.015 7.70 0.002 0.40 3.1 8.8 0.005 18.3 31.3 2642 0

LA10 0.015 8.44 0.003 1.14 3.2 9.4 0.006 18.4 31.1 2523 0

LA11 0.022 9.92 0.006 2.04 5.5 12.2 0.009 18.6 28.9 2498 0

LA12 0.013 5.92 0.002 0.64 3.2 11.5 0.008 17.5 28.5 2329 0

LA13 0.015 9.19 0.003 0.75 3.3 9.2 0.007 19.2 31.6 2698 0

LA14 0.018 10.48 0.003 1.20 3.8 10.8 0.008 18.6 30.4 2551 0

LA15 0.02 13.09 0.007 3.85 3.9 12.9 0.006 19.8 32.9 2902 0

LA16 0.031 16.68 0.004 1.85 7.3 17.7 0.012 25.5 31.5 2797 0

LA17 0.015 9.39 0.003 1.76 3.1 9.7 0.006 19.6 31.5 2597 0

LA18 0.021 9.41 0.005 1.02 5.5 11.1 0.012 20.9 31.3 2669 0

LA19 0.016 8.15 0.001 0.60 4.3 12.1 0.010 20.4 31.2 2798 0

LA20 0.025 12.50 0.004 1.92 5.9 14.3 0.008 19.6 32.2 2704 0

Mean 0.015 8.50 0.003 1.09 3.4 9.3 0.006 19.5 30.5 2575

Mean+F 0.021 11.57 0.005 2.00 5.0 13.0 0.009 21.8 32.2 2755

Table A3.7 Results for Frame 6z
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A4.3 Appendix 4: Buckling-Restrained Braced Frame Output Summaries

The model building designs were subjected to the suite of ground motions corresponding to
the Los Angeles site and to a 10% probability of excedence in a fifty-year period.  For each
record, the results for several response quantities were recorded: maximum and residual drift,
maximum column rotation, maximum and cumulative brace ductility, maximum column tension
and compression stresses, and maximum base uplift.  For each quantity, the maximum result
at any level or for any element was used to represent the response to a particular ground
motion record.  The maxima for each record were then collected; means, standard deviations,
and coefficients of variation were calculated for each quantity.  Table A4.1 shows the means
of the major response quantities  for the six conventional braced-frame designs.  Tables A4.2
through A4.6 give the maximum values of the response quantities for each frame for each
ground motion; the tables also give the mean and mean-plus-standard-deviation values for the
maxima.

Frame 3vb Frame 3vb2 Frame 6vb Frame 6vb2 Frame 6vb3

Maximum Drift Ratio 0.015 0.014 0.016 0.016 0.015

Maximum Drift (in.) 5.68 5.36 8.60 9.74 9.27

Residual Drift Ratio 0.006 0.005 0.006 0.007 0.006

Residual Drift (in.) 2.19 2.05 3.64 3.72 3.35

Maximum Brace Ductility
(Tension)

10.6 9.8 10.7 10.7 9.0

Maximum Brace Ductility
(Compression)

6.2 6.2 6.8 7.2 6.6

Maximum Column Rotation 0.009 0.008 0.010 0.010 0.009

Maximum Column Stress
(Tension, ksi)

8.0 4.9 10.3 7.6 8.1

Maximum Column Stress
(Compression, ksi) 

15.7 13.4 20.0 16.6 17.1

Maximum Base Uplift
(kips)

578 554 1942 1539 1536

Cumulative Brace
Ductility Demand

38.4 39.2 87.8 83.8 56.4

Table A4.1 Summary of Results for Buckling-Restrained Braced Frames
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A4.4  Appendix 4: Buckling-Restrained Braced Frame Output Summaries
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LA01 0.014 4.23 0.005 2.05 9.4 6.0 0.010 7.0 16.0 610 79.5

LA02 0.013 4.84 0.000 0.07 9.2 4.9 0.007 5.3 15.8 576 70.6

LA03 0.013 4.15 0.009 2.90 8.1 5.7 0.006 6.5 15.5 565 61.7

LA04 0.009 3.21 0.003 0.98 6.3 3.5 0.008 4.9 15.7 569 58.6

LA05 0.008 3.04 0.004 1.71 5.3 3.0 0.005 4.8 15.5 567 54.8

LA06 0.005 1.48 0.000 0.11 4.7 0.9 0.004 3.7 15.4 534 54.2

LA07 0.008 3.19 0.003 1.09 5.7 3.3 0.005 5.0 15.6 570 50.3

LA08 0.008 3.12 0.001 0.30 5.8 3.4 0.005 4.7 15.6 565 43.0

LA09 0.021 7.31 0.010 3.72 14.0 8.4 0.010 10.8 15.8 590 39.0

LA10 0.009 2.70 0.000 0.13 7.0 2.9 0.007 4.4 15.6 558 38.2

LA11 0.012 4.78 0.003 0.73 8.6 5.2 0.008 6.2 15.5 571 37.1

LA12 0.012 3.88 0.006 2.25 9.1 4.4 0.009 4.7 15.9 566 28.1

LA13 0.016 7.36 0.006 2.61 11.0 7.6 0.009 8.4 15.6 593 27.6

LA14 0.028 10.74 0.012 4.58 19.2 11.2 0.011 15.5 15.6 593 27.3

LA15 0.027 10.25 0.020 9.20 18.9 10.3 0.013 15.3 15.8 605 24.7

LA16 0.029 11.76 0.010 4.81 19.9 11.8 0.013 17.2 15.4 602 21.4

LA17 0.020 8.18 0.009 4.45 13.5 8.6 0.012 10.3 16.0 587 19.3

LA18 0.022 6.54 0.003 0.55 14.2 9.0 0.011 11.0 16.3 582 16.3

LA19 0.016 5.90 0.001 0.28 11.8 5.9 0.008 6.4 15.9 574 9.0

LA20 0.016 6.83 0.005 1.32 10.7 7.1 0.010 8.0 15.9 584 7.5

Mean 0.015 5.68 0.006 2.19 10.6 6.2 0.009 8.0 15.7 578 38.4

Mean+F 0.022 8.57 0.011 4.47 15.3 9.2 0.011 12.1 15.9 596 58.7

Table A4.2 Results for Frame 3vb
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A4.5 Appendix 4: Buckling-Restrained Braced Frame Output Summaries
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LA01 0.012 4.53 0.003 0.80 8.3 5.1 0.007 2.6 13.4 537 82.4

LA02 0.011 4.77 0.004 0.69 8.1 5.1 0.008 2.6 13.5 584 81.8

LA03 0.009 2.81 0.003 1.58 5.9 4.0 0.007 2.8 13.3 504 76.2

LA04 0.008 2.70 0.003 0.99 5.9 2.6 0.008 1.7 13.6 505 66.4

LA05 0.009 3.98 0.006 1.91 6.4 3.7 0.006 2.7 12.9 499 57.1

LA06 0.005 1.84 0.000 0.04 4.3 1.4 0.003 1.6 13.3 474 54.6

LA07 0.007 2.87 0.001 0.21 5.4 2.8 0.005 2.3 13.5 496 45.4

LA08 0.009 2.50 0.003 0.57 6.6 4.0 0.008 2.4 13.6 488 44.9

LA09 0.027 10.52 0.016 6.80 17.5 11.3 0.012 12.8 13.3 579 41.3

LA10 0.008 2.63 0.002 0.65 6.1 3.2 0.006 1.9 13.5 533 38.9

LA11 0.015 5.39 0.003 0.91 8.9 6.7 0.009 4.9 13.0 517 29.5

LA12 0.012 2.53 0.005 0.99 8.8 4.5 0.010 2.2 13.5 536 29.1

LA13 0.018 6.60 0.008 2.76 12.3 8.6 0.009 4.0 13.5 590 28.9

LA14 0.024 9.68 0.011 4.31 15.6 11.1 0.010 10.7 12.9 617 23.1

LA15 0.022 8.85 0.016 6.67 14.8 9.6 0.010 9.2 13.2 599 21.3

LA16 0.019 7.75 0.004 1.39 13.3 7.7 0.012 7.6 13.7 617 17.2

LA17 0.019 8.07 0.012 5.66 11.9 9.0 0.009 7.0 13.5 558 15.9

LA18 0.022 6.97 0.002 0.46 14.2 9.2 0.010 9.0 13.5 643 13.9

LA19 0.017 6.45 0.004 1.65 11.6 7.9 0.008 4.8 13.4 602 8.6

LA20 0.015 5.72 0.004 1.87 9.4 6.5 0.011 4.8 13.7 594 7.3

Mean 0.014 5.36 0.005 2.05 9.8 6.2 0.008 4.9 13.4 554 39.2

Mean+F 0.021 8.02 0.010 4.15 13.6 9.2 0.011 8.2 13.6 605 63.2

Table A4.3 Results for Frame 3vb2
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A4.6  Appendix 4: Buckling-Restrained Braced Frame Output Summaries
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LA01 0.014 6.37 0.003 2.64 9.8 6.8 0.008 9.2 20.4 1906 180.5

LA02 0.019 7.62 0.006 3.80 13.3 8.8 0.011 9.9 20.3 2016 174.4

LA03 0.016 8.23 0.005 2.37 10.3 7.3 0.010 10.0 20.4 1944 148.9

LA04 0.012 4.95 0.004 1.75 8.6 4.7 0.009 8.8 19.7 1640 124.5

LA05 0.010 6.13 0.003 2.30 6.7 3.2 0.003 9.4 19.8 1692 110.2

LA06 0.009 5.48 0.001 1.02 6.3 2.8 0.005 8.8 19.9 1615 107.8

LA07 0.014 6.52 0.007 4.07 10.3 5.8 0.008 9.7 19.9 1669 103.7

LA08 0.014 5.30 0.007 2.39 10.0 5.7 0.010 9.5 20.0 1753 101.1

LA09 0.022 14.22 0.016 9.57 15.0 9.0 0.014 12.9 20.2 1935 90.3

LA10 0.016 7.27 0.004 1.45 11.0 6.5 0.008 9.9 20.0 1875 78.7

LA11 0.018 10.70 0.012 5.60 12.3 7.2 0.013 10.9 19.8 1904 77.1

LA12 0.012 5.55 0.004 2.20 9.2 6.2 0.012 9.0 20.0 2043 74.0

LA13 0.016 8.28 0.003 1.21 11.6 7.2 0.008 9.7 20.1 2011 68.9

LA14 0.020 13.41 0.008 5.74 12.6 9.4 0.011 11.6 20.0 2215 67.5

LA15 0.019 12.81 0.010 8.70 12.8 8.7 0.007 11.0 19.9 2214 51.6

LA16 0.013 8.89 0.003 2.40 8.5 5.7 0.008 10.7 19.9 2210 43.8

LA17 0.018 12.67 0.012 8.70 11.6 7.5 0.006 10.9 20.0 2014 39.7

LA18 0.017 10.82 0.003 1.18 11.0 7.4 0.014 11.9 20.1 2208 39.7

LA19 0.017 6.30 0.003 1.15 11.5 8.7 0.013 9.5 20.5 2033 39.7

LA20 0.018 10.39 0.009 4.62 11.6 7.4 0.013 12.9 19.7 1944 34.7

Mean 0.016 8.60 0.006 3.64 10.7 6.8 0.010 10.3 20.0 1942 87.8

Mean+F 0.019 11.58 0.010 6.34 12.8 8.6 0.013 11.6 20.3 2134 131.8

Table A4.4 Results for Frame 6vb
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A4.7 Appendix 4: Buckling-Restrained Braced Frame Output Summaries
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LA01 0.016 10.70 0.008 6.81 10.4 7.9 0.010 7.2 16.8 1628 203.7

LA02 0.015 8.32 0.000 0.09 10.5 6.7 0.008 6.6 16.6 1622 189.0

LA03 0.015 8.32 0.007 5.62 9.5 6.8 0.011 6.4 16.7 1419 145.9

LA04 0.015 6.70 0.006 3.39 9.9 6.7 0.008 5.9 16.6 1319 127.5

LA05 0.011 6.59 0.003 0.75 7.2 4.3 0.003 5.8 16.5 1385 118.8

LA06 0.011 5.48 0.003 2.01 7.6 4.3 0.006 5.5 16.6 1303 99.6

LA07 0.012 6.66 0.009 4.43 8.6 5.5 0.009 6.4 16.5 1322 93.3

LA08 0.011 6.72 0.005 0.98 7.4 4.7 0.007 5.9 16.5 1354 89.8

LA09 0.036 22.20 0.017 8.68 23.2 15.8 0.020 20.1 16.6 1655 79.6

LA10 0.011 6.59 0.002 1.36 7.7 4.8 0.006 6.1 16.8 1460 74.0

LA11 0.018 12.78 0.006 2.70 11.4 7.6 0.009 7.8 16.6 1515 69.4

LA12 0.012 6.04 0.005 2.00 8.1 6.0 0.010 5.4 16.5 1492 65.2

LA13 0.013 7.41 0.001 0.36 8.5 5.5 0.008 6.4 16.5 1611 62.8

LA14 0.020 11.98 0.008 5.37 12.7 9.2 0.013 8.2 16.9 1744 58.1

LA15 0.015 10.58 0.008 5.89 9.9 6.9 0.008 7.0 16.4 1758 46.0

LA16 0.015 11.55 0.007 2.39 10.1 7.0 0.011 7.1 16.5 1790 40.2

LA17 0.023 16.61 0.017 12.22 14.6 10.7 0.007 8.2 16.6 1684 39.9

LA18 0.021 11.54 0.004 1.63 13.8 8.9 0.016 9.7 17.1 1632 34.0

LA19 0.012 6.14 0.005 2.72 7.9 5.6 0.010 5.5 16.7 1477 24.4

LA20 0.023 11.93 0.010 4.95 15.3 9.4 0.016 10.4 16.1 1613 15.0

Mean 0.016 9.74 0.007 3.72 10.7 7.2 0.010 7.6 16.6 1539 83.8

Mean+F 0.022 13.92 0.011 6.80 14.5 9.9 0.014 10.8 16.8 1694 135.4

Table A4.5 Results for Frame 6vb2
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A4.8  Appendix 4: Buckling-Restrained Braced Frame Output Summaries
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LA01 0.013 10.01 0.007 5.02 7.6 6.4 0.007 7.8 16.9 1653 139.5

LA02 0.012 7.28 0.002 1.08 7.0 5.9 0.009 7.0 17.3 1655 125.1

LA03 0.015 8.35 0.008 5.29 9.6 6.6 0.011 7.0 17.6 1406 98.1

LA04 0.011 5.90 0.004 1.86 6.2 5.2 0.006 6.4 16.9 1356 95.0

LA05 0.009 5.87 0.002 0.83 5.3 4.1 0.003 6.2 17.0 1393 81.1

LA06 0.008 5.44 0.003 2.00 4.6 3.8 0.004 5.8 17.0 1247 69.4

LA07 0.011 7.47 0.008 5.09 6.7 5.0 0.007 6.8 16.9 1374 62.0

LA08 0.011 6.43 0.002 0.78 6.2 4.9 0.006 6.3 17.0 1365 60.3

LA09 0.034 20.46 0.018 7.72 20.9 15.9 0.020 18.6 17.0 1700 49.5

LA10 0.010 7.00 0.003 1.56 5.8 4.8 0.006 6.6 17.1 1510 48.2

LA11 0.019 12.59 0.007 3.17 12.5 8.1 0.011 9.1 17.3 1481 48.2

LA12 0.011 6.20 0.002 0.66 6.7 5.8 0.009 5.8 17.3 1436 47.8

LA13 0.011 7.04 0.002 0.49 6.4 5.0 0.008 7.4 17.2 1551 43.8

LA14 0.017 11.33 0.007 4.51 11.3 7.3 0.011 8.4 17.2 1769 33.6

LA15 0.012 9.73 0.007 5.33 7.1 5.7 0.007 7.5 17.1 1709 28.9

LA16 0.015 9.95 0.004 1.85 9.7 5.9 0.008 7.8 17.0 1679 25.4

LA17 0.020 15.04 0.014 9.44 12.3 8.8 0.007 9.0 17.4 1718 24.6

LA18 0.020 11.33 0.005 2.57 13.0 8.5 0.014 10.8 17.4 1632 20.0

LA19 0.011 5.97 0.004 2.37 6.4 5.0 0.007 5.9 16.9 1489 19.2

LA20 0.021 11.98 0.010 5.29 13.7 9.4 0.014 11.0 16.5 1603 8.3

Mean 0.015 9.27 0.006 3.35 9.0 6.6 0.009 8.1 17.1 1536 56.4

Mean+F 0.021 13.04 0.010 5.85 12.9 9.3 0.013 11.0 17.4 1687 92.2

Table A4.6 Results for Frame 6vb3
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A5.3 Appendix 5:  Recommended Conventional Braced Frame Code Provisions

The following modifications are recommended for the Seismic Provisions for Structural
Steel Buildings (AISC, 1997).  They represent only the opinion of the researcher based on
the performance of frames in this study as well as on the use of those provisions in the
design of zipper and split-X frames.

Recommended Modifications to the AISC Seismic Provisions for Structural Steel
Buildings

13.4 Special Bracing Configuration Special Requirements

13.4a. V-Type and Inverted-V-Type Bracing

Currently reads:
Exception: Limitations 2 and 3 need not apply to penthouses, one-story
buildings, nor the top story of buildings.

Recommended Change:
Delete exception.  Replace with:

Exception: Limitations 2 and 3 need not apply to braced frames conforming to
Section 13.4c.

Add:
13.4c. Split-X and Zipper Configurations

1. Frames shall conform to either the Split-X or the Zipper configuration.
a. Split-X frames shall have alternating V-type and inverted-V-type

bracing each level so that each beam that is intersected by
braces below is intersected by braces above at the same
location.
Exception: This requirement need not apply to the top story of a
split-X frame conforming to 13.4a.3.

b. Zipper frames shall have stacked inverted-V-type bracing with
additional vertical braces extending between brace-to-beam
intersections.  Braces at the same level braces at the level below
shall be considered to adjoin the vertical brace.

2. Vertical braces in the Zipper configuration 
a. Vertical braces are required at the level above every pair of

inverted-V braces except above the roof level. 
b. The design tensile strength of a vertical brace and its

connections shall be at least equal to the largest nominal axial
tensile strength of any adjoining brace as defined in 13.3.a.a.
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A5.4  Appendix 5:  Recommended Conventional Braced Frame Code Provisions

c. The design compression strength of a vertical brace and its
connections shall be at least equal to the largest nominal axial
compression strength of any adjoining brace.

3. Beams that are intersected by braces shall comply with 8  in Table I-9-1.p
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A6.3 Appendix 6:  Recommended Buckling-Restrained Braced Frame Code Provisions

The following recommended provisions for buckling-restrained braced frames were
developed by the steel subcommittee of the seismology committee of the Structural Engineers
Association of Northern California (SEAONC) in conjunction with a joint committee formed by
the American Institute of Steel Construction (AISC) and the Structural Engineers Association
of California (SEAOC). Members of the SEAONC committee were Ian Aiken, Walterio Lopez,
Kevin Moore, Badri Prasad, and Mark Sinclair.  Members of the AISC/SEAOC committee
were, in addition to the SEAONC members, Greg Deierlein, Subhash Goel, Bob Lyons, Peter
Maranian, Eduardo Miranda, Egor Popov, Mark Saunders, and Bozidar Stojadinovic. The
writer was chair of both committees.  At the time of publication, these provisions have not
been formally adopted by SEAONC, AISC, or SEAOC.

The provisions are presented here because their development was integral with the research
described in this report.  The studies of buckling-restrained braced frames were devised to
address concerns raised by the AISC/SEAOC committee regarding the performance of this
system.  The results of the research were used to support the provisions, both in specific
items, such as in the testing protocol, and in demonstrating that the system can be expected
to behave adequately.  Also, the writer’s work in developing these provisions was made
possible by the fellowship.

Recommended Additions to the NEHRP Recommended Provisions for Seismic
Regulations for New Buildings and Other Structures

Table 5.2.2 Design Coefficients and Factors for Basic Seismic-Force-Resisting
Systems:

Basic Seismic Response System Deflection Height Limit (ft)

Force-Resisting 

System

Modification Overstrengt Amplificatio
Coefficient h Factor n Factor

R SS Co d

Seismic Design Category

B & C D E F

Building Frame Systems

Buckling-Restrained 8 2 5½ NL 160 160 100
Braced Frame

Dual Systems

Buckling-Restrained 9 2½ 5½ NL NL NL NL
Braced Frame
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A6.4  Appendix 6:  Recommended Buckling-Restrained Braced Frame Code Provisions

Recommended Additions to the AISC Seismic Provisions for Structural Steel
Buildings

i. Symbols

A Area of the yielding segment of steel core, in.  (BRBF)sc
2

P Axial yield strength of steel core, kips (BRBF)ysc

Q Maximum unbalanced load effect applied to beam by braces, kips. (BRBF)b

$ Compression strength adjustment factor  (BRBF)

w Tension strength adjustment factor.  (BRBF)

ii. Glossary

Buckling-Restrained Braced Frame (BRBF).  A diagonally braced frame meeting the requirements of section
BRB in which all members of the bracing system are subjected primarily to axial forces and in which the limit
state of compression buckling of braces is precluded at forces and deformations corresponding to 1.5 times
the Design Story Drift.

Buckling-Restraining System.  A system of restraints which resists buckling of the steel core in BRBF.  This
system includes the casing on the steel core and structural elements adjoining its connections.

Casing.  An element that resists forces transverse to the axis of the brace thereby restraining buckling of the
core.  The casing requires a means of delivering this force to the remainder of the buckling-restraining system.
The casing resists little or no force in the axis of the brace.

Steel Core.  The axial-force-resisting element of braces in BRBF.  The steel core contains a yielding segment
and connections to transfer its axial force to adjoining elements; it may also contain projections beyond the
casing and transition segments between the projections and yielding segment.

BRB. BUCKLING-RESTRAINED BRACED FRAMES (BRBF)

BRB.1. Scope:  Buckling-Restrained Braced Frames (BRBF) are expected to withstand significant inelastic
deformations when subjected to the forces resulting from the motions of the Design Earthquake. BRBF
shall meet the requirements in this Section.

BRB.2. Bracing Members

BRB.2a. Composition:  Bracing members shall be composed of a structural steel core and a
system that restrains the steel core from buckling.

BRB.2a.1. Steel Core: The steel core shall be designed to resist the entire axial force
in the brace.

BRB.2a.1a.  Required Strength of Steel Core:  The required axial strength of the brace shall
not exceed the design strength of the steel core, P , determined as nsc
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P  = φ P (BRB-1)nsc ysc

where φ = 0.9

P = F  Aysc y sc

F  = specified minimum yield strength of steel corey

A  = gross area of steel coresc

BRB.2a.1.b. Detailing:

BRB.2a.1.b.1 Plates used in the Steel Core that are 2 -in thick or thicker shall satisfy
the minimum toughness requirements of Section 6.3.

BRB2.a.1.b.2 Splices in the steel core are not permitted.

BRB.2a.2. Buckling-Restraining System: The buckling-restraining system shall consist of
the casing for the steel core. In stability calculations, beams, columns, and gussets adjoining the
brace shall be considered parts of this system.

BRB.2a.2.a. Restraint:  The buckling-restraining system shall be designed to limit  local
and overall buckling of the brace without restraining the steel core from the transverse
expansion and longitudinal contraction in compression for axial deformations corresponding
to 1.5 times the Design Story Drift.

BRB.2b. Testing: The design of braces shall be based upon results from qualifying cyclic tests
in accordance with the procedures and acceptance criteria of Appendix ABRB. Qualifying test results
shall consist of at least two successful cyclic tests: one is required to be a test of a brace
subassemblage that includes brace connection rotational demands complying with ABRB4 and the
other may be either a uniaxial or a subassemblage test complying with ABRB5.  Both test types are
permitted to be based upon one of the following:

BRB.2b.1. Types of Qualifying Tests:

BRB.2b.1.a. Tests reported in research or documented tests performed for other projects
that are demonstrated to reasonably match project conditions.

BRB.2b.1.b. Tests that are conducted specifically for the project and are representative
of project member sizes, material strengths, brace-end connection configurations, and
matching assembly and quality control processes.

BRB.2b.2 Applicability:  Interpolation or extrapolation of test results for different member
sizes shall be justified by rational analysis that demonstrates stress distributions and magnitudes
of internal strains that are consistent with or less severe than the tested assemblies and that
considers the adverse effects of larger material and variations in material properties.  Extrapolation
of test results shall be based upon similar combinations of steel core and buckling-restraining
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system sizes.  Tests shall be permitted to justify a design when the provisions of Appendix ABRB
are met.  

BRB.2b.3. Compression Strength Correction Factor ($$):  Shall be calculated as the ratio of
the maximum compression force to the maximum tension force of the Test Specimen measured
from the qualification tests specified in Appendix ABRB6.3 for the range of deformations
corresponding to 1.5 times the Design Story Drift.  The larger value of $$ from the two required brace
qualification tests shall be used.

BRB.2b.4. Tension Strength Adjustment Factor (TT):  Shall be calculated as the ratio of the
maximum tension force measured from the qualification tests specified in Appendix ABRB6.3 (for
the range of deformations corresponding to 1.5 times the Design Story Drift) to the nominal yield
strength of the Test Specimen.  The larger value of TT from the two required qualification tests shall
be used.  Where the tested steel core material does not match that of the prototype, w shall be
based on coupon testing of the prototype material.

BRB.3. Bracing Connections

BRB.3a. Required Strength:  The required strength of bracing connections in tension and

compression (including beam-to-column connections if part of the bracing system) shall be ββwP .ysc

BRB.3b. Gusset Plate and Steel Core Stability: The design of connections shall include
considerations of local and overall buckling.  Plate lengths used in these calculations shall include
consideration of inelastic extension of the steel core corresponding to 1.5 times the Design Story Drift.
Moments shall be considered for design of unrestrained portions of the steel core.

BRB.4. Special Requirements Related to Bracing Configuration 

BRB.4a. V-Type and Inverted-V-Type Bracing:  V-type and inverted-V-type braced frames shall
meet the following requirements:

BRB.4a.1. A beam that is intersected by braces shall be continuous between columns.

BRB.4a.2. A beam that is intersected by braces shall be designed to support the effects of
tributary dead and live loads assuming that the bracing is not present.  The dead and live load
effects shall be determined using the appropriate load combinations as specified by the governing
building code.

BRB.4a.3. Unbalanced Load.

BRB4.a.3.1. Strength.  The required strength of a beam that is intersected by braces shall
include the effects of dead and live loads in conjunction with an earthquake load Q  applied atb

the brace intersection point.  Q  is the maximum unbalanced vertical load applied to the beamb

by the braces calculated using ββwP  for the brace in compression and wP  for the brace inysc ysc

tension.  The required flexural strength shall not exceed M  as defined in LRFD Chapter F.y

BRB4.a.3.2.  Beam Stiffness.  Beam deflections under the load combination D+Q  (as definedb

in BRB4.a.3.1) shall not exceed L/240, where L is the beam span between column lines.
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BRB4.a.3.3.  Deformation.  For the purposes of brace design and testing, the calculated
maximum deformation of braces shall be increased by including the effect of the vertical
deflection of the beam under the loading defined in BRB4.a.3.1.

BRB.4a.4. Lateral support of the beam shall be provided when required for stability. The
analysis shall include consideration of Q  and the axial force in the beam.b

BRB.4b. K-Type Bracing:  K-type braced frames are not permitted for BRBF.

BRB.5. Columns:  Columns in BRBF shall meet the following requirements:

BRB.5a. Width-thickness Ratios: Width-thickness ratios of stiffened and unstiffened
compression elements of columns shall meet the compactness requirements in Table I-8-1. 

BRB.5b. Splices: In addition to meeting the requirements in Section 8.3, column splices in
BRBF shall be designed to develop at least the nominal shear strength of the smaller connected
member and 50 percent of the flexural strength of the smaller connected member.  Splices shall be
located in the middle one-third of the column clear height.

BRB.6. Beams: The required strength of a beam that is intersected by a brace shall include
the effects of dead and live loads in conjunction with an earthquake load corresponding to the
maximum brace forces.  The maximum brace tension force shall be taken as wP . The maximumysc

brace compression force shall be taken as ββwP .ysc
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CBRB COMMENTARY ON BUCKLING-RESTRAINED BRACED FRAMES (BRBF)

CBRB.1. Scope: Buckling-restrained braced frames are a special class of concentrically braced frames.
Just as in Special Concentrically Braced Frames (SCBF), the centerlines of BRBF members that meet at a
joint intersect at a point to form a complete vertical truss system that resists lateral forces.  BRBF have more
ductility and energy absorption than SCBF because overall brace buckling, and its associated strength
degradation, is precluded at forces and deformations corresponding to the design story drift.  See Sections 13
and 14 for the effects of buckling in SCBF.   Figure C-13.1 shows possible BRBF bracing configurations; note
that neither x-bracing nor k-bracing is an option for BRBF.

BRBF are characterized by the ability of bracing elements to yield inelastically in compression as well as in
tension.  In BRBF the bracing elements dissipate energy through stable tension-compression yield cycles
(Clark et. al, 1999). Figure C-BRB.2 shows the characteristic hysteretic behavior for this type of brace as
compared to that of a buckling brace. This behavior is achieved through limiting buckling of the steel core within
the bracing elements.   Axial stress is de-coupled from flexural buckling resistance; axial load is confined to
the steel core while the buckling-restraining mechanism, typically a casing, resists overall brace buckling and
restrains high-mode steel core buckling (rippling).

Buckling-restrained braced frames are composed of columns, beams, and bracing elements, all of which are
subjected primarily to axial forces.  Braces of BRBF are composed of a steel core and a buckling-restraining
system encasing the steel core.  Figure C-BRB.1 shows a schematic of BRBF bracing element (adapted from
Tremblay et al., 1999).  More examples of BRBF bracing elements are found in Watanabe et al., 1988; Wada
et. al., 1994; and Clark et al., 1999.  The steel core within the bracing element is intended to be the primary
source of energy dissipation.  During a moderate to severe earthquake the steel core is expected to undergo
significant inelastic deformations. 

BRBF can provide elastic stiffness that is comparable to that of EBF or SCBF.  Full-scale laboratory tests
indicate that properly designed and detailed bracing elements of BRBF exhibit symmetrical and stable
hysteretic behavior under tensile and compressive forces through significant inelastic deformations (Watanabe
et. al, 1988; Wada et. al, 1998; Clark et. al, 1999; Tremblay et. al, 1999). The ductility and energy dissipation
capability of BRBF is expected to be comparable to that of SMF and greater than that of SCBF.  This high
ductility is attained by limiting buckling of the steel core. 

The axial yield strength of the core, P , can be defined without dependence on other variables. This ability toysc

control P  significantly reduces the adverse effects of relying on nominal yield strength values. Carefulysc

proportioning of braces throughout the building height can result in specification of required P  values that meetysc

all of the strength and drift requirements of the Applicable Building Code.

These provisions are based on the use of brace designs qualified by testing.  They are intended to ensure that
braces are used only within their proven range of deformation capacity, and that yield and failure modes other
than stable brace yielding are precluded at the maximum inelastic drifts corresponding to the design
earthquake.  For analyses performed using linear methods, the maximum inelastic drifts for this system are
defined  as those corresponding to 150% of the Design Story Drift.  For nonlinear time-history analyses, the
maximum inelastic drifts can be taken directly from the analyses results.  This approach is consistent with the
linear analysis equations for Design Story Drift in the 1997 Uniform Building Code and the 2000 NEHRP
Recommended Provisions.  It is also noted that the consequences of loss of connection stability due to the
actual seismic displacements exceeding the calculated values may be severe; braces are therefore required
to have a larger deformation capacity than directly indicated by linear static analysis.
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Although this system has not been included in 1997 Uniform Building Code and the 2000 NEHRP
Recommended Provisions, these provisions have been written assuming that future editions of NEHRP and of
national codes will define system coefficients and limits for Buckling-Restrained Braced Frames.  The assumed
values for the response modification coefficient, system over strength factor, are deflection amplification factor
are 8, 2, and 5.5 respectively.  Height limits matching those for eccentrically braced frames are also expected.

The design engineer utilizing these provisions is strongly encouraged to consider the effects of configuration
and proportioning of braces on the potential formation of building yield mechanisms.  It is also recommended
that engineers refer to the following documents to gain further understanding of this system: Watanabe et al.,
1988, Reina et al., 1997, Clark et al., 1999, Tremblay et al., 1999, and Kalyanaraman et al., 1998.

During the planning stages of either a subassemblage or uniaxial brace test, certain conditions may exist that
cause the Test Specimen to deviate from the parameters established in the testing appendix.  These conditions
may include:  

• Availability of beam, column, and brace sizes that reasonably match those to be used in the actual
building frame

• Test Set-up limitations in the laboratory
• Actuator and reaction-block capacity of the laboratory
• Transportation and field-erection constraints
• Actuator to subassemblage connection conditions that require reinforcement of Test Specimen

elements not reinforced in the actual building frame

In certain cases, both building official and qualified peer reviewer may deem such deviations acceptable.  The
cases in which such deviations are acceptable are project-specific by nature and, therefore, do not lend
themselves to further description in this Commentary.  For these specific cases, it is recommended that the
Engineer of Record demonstrate that the following objectives are met:

• reasonable relationship of scale
• similar design methodology
• adequate system strength
• stable buckling-restraint of the steel core 
• adequate rotation capacity
• adequate cumulative strain capacity

CBRB.2. Bracing Members

CBRB.2a. Composition

CBRB.2a.1. Steel Core: The steel core is composed of a yielding segment and steel core projections;
it may also contain transition segments between the projections and yielding segment.  The area of the yielding
segment of the steel core is expected to be sized so that its yield strength is fairly close to the demand
calculated from the Applicable Building Code base shear.  Designing braces close to the predicted required
strengths will help ensure distribution of yielding over multiple stories in the building.  Conversely, over-designing
some braces more than others (e.g., by using the same size brace on all floors), may result in an undesirable
concentration of inelastic deformations in only a few stories.  The length and area of the yielding segment, in
conjunction with the lengths and areas of the non-yielding segments, determine the stiffness of the brace.  The
yielding segment length and brace inclination also determin the strain demand corresponding to the Design
Story Drift.
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In typical brace designs, a projection of the steel core beyond its casing is necessary in order to accomplish
a connection to the frame.  Buckling of this unrestrained zone is an undesirable yield mode and must therefore
be precluded. 

CBRB.2a.2. Buckling-Restraining System: This term describes those elements providing brace stability
against overall buckling.  This includes the casing as well as elements adjoining the brace.  The adequacy of
the buckling-restraining system must be demonstrated by testing. 

CBRB.2b. Testing of braces is considered necessary for this system.  The applicability of tests to the
designed brace is defined in Appendix ABRB.  Section C9.2a, which describes in general terms the applicability
of tests to designs, applies to BRBF.  

BRBF designs require reference to successful tests of a similarly-sized test specimen and of a brace
subassemblage that includes rotational demands.  The former is a uniaxial test intended to demonstrate
adequate brace hysteretic behavior.   The latter is intended to verify the general brace design concept and
demonstrate that the rotations associated with frame deformations do not cause failure of the steel core
projection, binding of the steel core to the casing, or otherwise compromise the brace hysteretic behavior. A
single test may qualify as both a subassemblage and a brace test subject to the requirements of ABRB; for
certain frame-type subassemblage tests, obtaining brace axial forces may prove difficult and separate brace
tests may be necessary.  A sample subassemblage test is shown in Figure CABRB.1 (from Tremblay, 1999).

Tests cited serve another function in the design of BRBF: the maximum forces that the brace can deliver to the
system are determined from test results. Calculation of these maximum forces is necessary for connection
design and for the design of beams in V- and inverted-V configurations (see BRB4a.3).  In order to permit a
realistic design of these beams, two separate calculations are made. The compression-strength adjustment
factor, ββ, accounts for the compression overstrength (with respect to tension strength) noted in buckling-
restrained braces in recent testing (SIE, 1999).  The tension strength adjustment factor, w, accounts for material
overstrength (R ) and strain hardening.  Figure C-BRB.3 shows a diagrammatic bilinear force-displacementy

relationship in which the compression strength adjustment factor ββ and the tension-strength adjustment factor
w are related to brace forces and nominal material yield strength.  These quantities are defined as

where P  is the maximum compression force and T  is the maximum tension force within deformationsmax max

corresponding to 150% of the Design Story Drift (these deformations are defined as 1.5∆  in the Appendix onbm

testing).

CBRB.3. Bracing Connections: Bracing connections must not yield at force levels corresponding to
the yielding of the steel core; they are therefore designed for the maximum force that can be expected from the
brace.  Since steel core projection lengths in the brace may change due to inelastic deformations, gusset-plate
and steel core-projection stability calculations should consider the maximum length, not the initial length, of
the steel core projection.
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In the actual building frame, the use of slip-critical bolts designed at factored loads is encouraged (but not
required) to greatly reduce the contribution of bolt slip to the total inelastic deformation in the brace. Because
of the way bolt capacities are calibrated, the engineer should recognize that the bolts are going to slip at load
demands 30% lower than published factored capacities. This slippage is not considered to be detrimental to
behavior of the BRBF system and is consistent with the design approach found elsewhere in Section 7.2. See
also commentary on Section C7.2. Bolt holes may be drilled or punched subject to the requirements of LRFD
Specification Section M2.5.

CBRB.4Special Requirements  Related to Bracing Configuration 

CBRB.4a. In SCBF, V-bracing has been characterized by a change in deformation mode after one of the
braces buckles (see C13.4a).  This is due to the negative post-buckling stiffness, as well as the difference
between tension and compression capacity, of traditional braces.  Since buckling-restrained braces do not
exhibit the negative secant stiffness associated with post-buckling deformation, and have only a small difference
between tension and compression capacity, the practical requirements of the design provisions for this
configuration are relatively minor.  Figure C-BRB.4 shows the deformation mode that develops after one brace
has yielded but before the yielding of the opposite brace completes the mechanism.  This mode involves flexure
of the beam and elastic axial deformation of the un-yielded brace; it also involves inelastic deformation of the
yielded brace that is much greater than the elastic deformation of the opposing brace.  The drift range that
corresponds to this deformation mode depends on the flexural stiffness of the beam.   Therefore, where V-
braced frames are used, it is required that a beam be provided that has sufficient stiffness, as well as strength,
to permit the yielding of both braces within a reasonable story drift considering the difference in tension and
compression capacities determined by testing.  

The beam is expected to undergo this deflection, which is permanent, during moderate seismic events; a limit
is therefore applied to this deflection. Additionally, the required brace deformation capacity must include the
additional deformation due to beam deflection under this load. Since other requirements such as the brace
testing protocol (ABRB6.3) and the stability of connections (BRB.3c) depend on this deformation, engineers
will find significant incentive to avoid flexible beams in this configuration. Where the special configurations
shown in Figure C13.4 are used, the requirements of this section are not relevant.
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Figure C-BRB.1 Details of a Buckling-Restrained Brace  (Courtesy of
R. Tremblay)

Figure C-BRB.2 Buckling-Restrained
(Unbonded) Brace Hysteretic behavior
(Courtesy of  Seismic Isolation
Engineering)

Figure C-BRB.3 Diagram of Brace Force-Displacement

Figure C-BRB.4 Post-yield, Pre-
mechanism Change in Deformation
Mode for V- and Inverted-V BRBF
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APPENDIX ABRB

QUALIFYING CYCLIC TESTS OF BUCKLING-RESTRAINED BRACES

ABRB1. Scope and Purpose: This Appendix includes requirements for qualifying cyclic tests of individual
buckling-restrained braces and buckling-restrained brace subassemblages, when required in these provisions.
The purpose of the testing of individual braces is to provide evidence that a buckling-restrained brace satisfies
the requirements for strength and inelastic deformation in these provisions; it also permits the determination
of maximum brace forces for design of adjoining elements. The purpose of testing of the brace subassemblage
is to provide evidence that the brace-connection-frame subassemblage design can satisfactorily accommodate
the deformation and rotational demands associated with the design.  Further, the subassemblage test is
intended to demonstrate that the hysteretic behavior of the brace in the subassemblage is consistent with that
of the individual brace elements tested uniaxially.

Alternative testing requirements are permitted when approved by the Engineer of Record and the regulatory agency.

This Appendix provides only minimum recommendations for simplified test conditions. If conditions in the actual
building so warrant, additional testing shall be performed to demonstrate satisfactory and reliable performance of
buckling-restrained braces during actual earthquake ground motions.

ABRB2. Symbols:  The numbers in parentheses after the definition of a symbol refer to the Section number in which the
symbol is first used. 

D  Deformation quantity used to control loading of Test Specimen (total brace end rotation for theb

Subassemblage Test Specimen; total brace axial deformation for the Brace Test Specimen) (ABRB6).

D  Value of deformation quantity, D , corresponding to the Design Story Drift (ABRB6). bm b  

D  Value of deformation quantity, D , at first significant yield of Test Specimen (ABRB6).by b

ABRB3. Definitions

Brace Test Specimen.  A single buckling-restrained brace element used for laboratory testing intended to
model the brace in the Prototype.  

Design Methodology. A set of step-by-step procedures, based on calculation or experiment, used to
determine sizes, lengths, and details in the design of buckling-restrained braces and their connections.

Inelastic Deformation.  The permanent or plastic portion of the axial displacement in a buckling-restrained
brace, divided by the length of the yielding portion of the brace, expressed in percentage form.

Prototype.  The brace, connections, members, steel properties, and other design, detailing, and
construction features to be used in the actual building frame.

Subassemblage Test Specimen.  The combination of the brace, the connections and testing apparatus
that replicate as closely as practical the axial and flexural deformations of the brace in the  Prototype.

Test Specimen.  Brace Test Specimen or Subassemblage Test Specimen.
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ABRB4. Subassemblage Test Specimen: The Subassemblage Test Specimen shall satisfy the following
requirements: 

1. The mechanism for accommodating inelastic curvature in the Subassemblage Test Specimen brace
shall be the same as that of the Prototype. The measured rotational deformation demands on the
Subassemblage Test Specimen brace shall be equal to or greater than those of the Prototype.

2. The axial yield strength of the steel core of the brace in the Subassemblage Test Specimen shall not
be less than that of the Prototype based on nominal material properties.

3. The cross-sectional shape and orientation of the steel core projection of the Subassemblage Test
Specimen brace shall be the same as that of the brace in the Prototype.

4. The same documented design methodology shall be used for design of the Subassemblage and brace
and of the Prototype and for comparison of the rotational deformation demands on the Subassemblage
brace and on the Prototype in the construction. 

5. The calculated margins of safety for the Prototype connection design, steel core projection stability,
overall buckling and other relevant Subassemblage Test Specimen brace construction details,
excluding the gusset plate, for the Prototype, shall equal or exceed those of the Subassemblage Test
Specimen construction.

6. Lateral bracing of the Subassemblage Test Specimen shall replicate the lateral bracing in the
Prototype.

Extrapolation beyond the limitations stated in this section shall be permitted subject to qualified peer review
and building official approval.

ABRB5. Brace Test Specimen:  The Brace Test Specimen shall replicate as closely as is practical the pertinent
design, detailing, construction features, and material properties of the Prototype. 

ABRB5.1 Design of Brace Test Specimen:  The same documented design methodology shall be used
for the Brace Test Specimen and the Prototype.  The design calculations shall demonstrate, at a minimum,
the following requirements:

1. The calculated margin of safety for stability against overall buckling for the Prototype shall equal
or exceed that of the Brace Test Specimen.

2. The calculated margins of safety for the Brace Test Specimen and the Prototype shall account for
differences in material properties, including yield and ultimate stress, ultimate elongation, and
toughness.

ABRB5.2 Manufacture of Brace Test Specimen: The Brace Test Specimen and the Prototype shall
be manufactured in accordance with the same quality control and assurance processes and procedures.

ABRB5.3 Similarity  of Brace Test Specimen and Prototype: The Brace Test Specimen shall meet
the following requirements:
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1. The cross-sectional shape and orientation of the steel core shall be the same as that of the
Prototype.

2. The axial yield strength of the steel core of the Brace Test Specimen shall not vary by more than
50% from that of the Prototype based on nominal material properties.

3. The material for, and method of, separation between the steel core and the buckling restraining
mechanism in the Brace Test Specimen shall be the same as that in the Prototype.

Extrapolation beyond the limitations stated in this section shall be permitted subject to qualified peer review
and building official approval. 

ABRB5.4  Connection Details:  The connection details used in the Brace Test Specimen shall represent
the Prototype connection details as closely as practical. 

ABRB5.5  Materials

1. Steel Core:  The following requirements shall be satisfied for the steel core of the Brace Test
Specimen:

a. The nominal yield stress of the Prototype steel core shall be the same as that of the Brace
Test Specimen. 

b. The specified minimum ultimate stress and strain of the Prototype steel core shall meet or
exceed those of the Brace Test Specimen.

2. Buckling-Restraining Mechanism: Materials used in the buckling-restraining mechanism of  the
Brace Test Specimen shall be the same as those used in the Prototype.

ABRB5.6 Welds: The welds on the Test Specimen shall replicate those on the Prototype as close
as is practical.  The following parameters shall be the same or more stringent in the Prototype as in the
Test Specimen: Welding Procedure Specification, minimum filler metal toughness, welding positions, and
inspection and nondestructive testing requirements and acceptance criteria.

ABRB5.7 Bolts: The bolted portions of the Brace Test Specimen shall replicate the bolted portions of
the Prototype as closely as possible.

ABRB6. Loading History

ABRB6.1 General Requirements:  The Test Specimen shall be subjected to cyclic loads according
to the requirements prescribed on Sections ABRB6.2 and ABRB6.3. Additional increments of loading
beyond those described in Section ABRB6.3 are permitted.  Each cycle shall include a full tension and
full compression excursion to the prescribed deformation.

ABRB6.2 Test Control: The test shall be conducted by controlling the level of axial or rotational
deformation, (D ) imposed on the Test Specimen.   As an alternate, the maximum rotationalb

deformation may be applied and maintained as the protocol is followed for axial deformation.
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ABRB6.3 Loading Sequence:  Loads shall be applied to the Test Specimen to produce the following
deformations, where the deformation is the steel core axial deformation for the Test Specimen and the
rotational deformation demand for the Subassemblage Test Specimen brace:

1. 6 cycles of loading at the deformation corresponding to D  = Db by

2. 4 cycles of loading at the deformation corresponding to D  = 0.50 Db bm

3. 4 cycles of loading at the deformation corresponding to D  = 1 Db bm

4. 2 cycles of loading at the deformation corresponding to D  = 1.5 Db bm

5. Additional complete cycles of loading at the deformation corresponding to D  = 1 D  asb bm

required for the Brace Test Specimen to achieve a cumulative inelastic axial deformation of  at
least 140 times the yield deformation (not required for the Subassemblage Test Specimen).

The Design Story Drift shall not be taken as less than 0.01 times the story height for the purposes of
calculating D .  D  need not be taken as greater than 5D . bm bm by

Other loading sequences are permitted to be used to qualify the Test Specimen when they are
demonstrated to be of equal or greater severity in terms of maximum and cumulative inelastic deformation.

ABRB7. Instrumentation: Sufficient instrumentation shall be provided on the Test Specimen to permit
measurement or calculation of the quantities listed in Section ABRB9.

ABRB8. Materials Testing Requirements

ABRB8.1 Tension Testing Requirements: Tension testing shall be conducted on samples of steel
taken from the same material as that used to manufacture the steel core. Tension-test results from certified
mill test reports shall be reported but are not permitted to be used in place of specimen testing for the
purposes of this Section. Tension-test results shall be based upon testing that is conducted in accordance
with Section ABRB8.2.

ABRB8.2 Methods of Tension Testing: Tension testing shall be conducted in accordance with ASTM A6,
ASTM A370, and ASTM E8, with the following exceptions:

1. The yield stress, F , that is reported from the test shall be based upon the yield strength definitiony

in ASTM A370, using the offset method of 0.002 strain.

2. The loading rate for the tension test shall replicate, as closely as is practical, the loading rate used
for the Test Specimen.



EERI          2000 NEHRP Professional Fellowship in Earthquake Hazard Reduction       Final Report

A6.19 Appendix 6:  Recommended Buckling-Restrained Braced Frame Code Provisions

ABRB9. Test Reporting Requirements

For each Test Specimen, a written test report meeting the requirements of this Section shall be prepared. The
report shall thoroughly document all key features and results of the test. The report shall include the following
information:

1. A drawing or clear description of the Test Specimen, including key dimensions, boundary conditions
at loading and reaction points, and location of lateral bracing if any.

2. A drawing of the connection details showing member sizes, grades of steel, the sizes of all connection
elements, welding details including filler metal, the size and location of bolt holes, the size and grade
of bolts, and all other pertinent details of the connections.

3. A listing of all other essential variables as listed in Section ABRB4 or ABRB5 as appropriate.

4. A listing or plot showing the applied load or displacement history.

5. A plot of the applied load versus the deformation (D ). The method used to compute the inelastic axialb

deformation shall be clearly shown. The locations on the Test Specimen where the loads and
displacements were measured shall be clearly identified.

6. A chronological listing of significant test observations, including observations of yielding, slip,
instability, transverse displacement along the Test Specimen and fracture of any portion of the Test
Specimen and connections, as applicable.

7. The results of the material tests specified in Section ABRB8.

8. The manufacturing quality-control and quality-assurance plans used for the fabrication of the Test
Specimen. These shall be included with the Welding Procedure Specifications and welding inspection
reports.

Additional drawings, data, and discussion of the Test Specimen or test results are permitted to be included in
the report.

ABRB10. Acceptance Criteria: At least one subassemblage test shall be performed to satisfy the
requirements of Section ABRB4.  At least one brace test shall be performed to satisfy the requirements of
Section ABRB5.  Within the required protocol range all tests shall satisfy the following requirements:

1. The plot showing the applied load vs. displacement history shall exhibit stable, repeatable behavior with
positive incremental stiffness.

2. There shall be no fracture, brace instability or brace end connection failure.

3. For brace tests, each cycle to a deformation greater than D  the maximum tension and compression forcesby

shall not be less than 1.0 P . ysc

4. For brace tests, each cycle to a deformation greater than D  the ratio of the maximum compression forceby

to the maximum tension force shall not exceed 1.3.



EERI          2000 NEHRP Professional Fellowship in Earthquake Hazard Reduction       Final Report

A6.20  Appendix 6:  Recommended Buckling-Restrained Braced Frame Code Provisions

Other acceptance criteria may be adopted for the Brace Test Specimen or Subassemblage Test Specimen
subject to qualified peer review and building official approval.

COMMENTARY ON APPENDIX ABRB

CABRB1. Scope and Purpose: Development of the testing requirements in these provisions was motivated
by the relatively small amount of test data on this system available to structural engineers. In addition, no data
from the response of BRBFs to severe ground motion is available.  Therefore, the seismic performance of these
systems is relatively unknown compared to more conventional steel-framed structures.

The behavior of a Buckling Restrained Brace Frame differs markedly from conventional braced frames and other
structural steel seismic-force-resisting systems.  Various factors affecting brace performance under earthquake
loading are not well understood and the requirement for testing is intended to provide assurance that the braces
will perform as required, and also to enhance the overall state of knowledge of these systems.

It is recognized that testing of brace specimens and subassemblages can be costly and time-consuming.
Consequently, this Appendix has been written with the simplest testing requirements possible, while still
providing reasonable assurance that Prototype BRBFs based on brace specimens and subassemblages tested
in accordance with these provisions will perform satisfactorily in an actual earthquake. 

It is not intended that these provisions drive project-specific tests on a routine basis for building construction
projects. In most cases, tests reported in the literature, or supplied by the brace manufacturer, can be used
to demonstrate that a brace and subassemblage configuration satisfies the strength and inelastic rotation
requirements of these provisions. Such tests, however, should satisfy the requirements of this Appendix.

The provisions have been written allowing submission of data on previously tested, subject to conditions on
similarity.  As the body of test data for each brace type grows, the need for additional testing is expected to
diminish.  The provisions allow for manufacturer-designed braces, through the use of the Design Methodology.

Most testing programs developed for primarily axial-load-carrying components focus largely on uniaxial testing.
However, these provisions are intended to direct the primary focus of the program toward testing of a
subassemblage that imposes combined axial and rotational deformations on the brace specimen.  This reflects
the view that the ability of the brace to accommodate the necessary rotational deformations cannot be reliably
predicted by analytical means alone.  Subassemblage test requirements are discussed more completely in
Section CABRB4.

Where conditions in the actual building differ significantly from the test conditions specified in this Appendix,
additional testing beyond the requirements described herein may be needed to assure satisfactory brace
performance.  Prior to developing a test program, the appropriate regulatory agencies should be consulted to
assure the test program meets all applicable requirements. 

CABRB2. Symbols: The provisions require the introduction of several new variables.  The quantity )bm

represents both an axial displacement and a rotational quantity.  Both quantities are determined by examining
the profile of the building at the Design Story Drift, ) , and extracting joint lateral and rotational deformationm

demands.

Determining the maximum rotation imposed on the braces used in the building may require significant effort.
The engineer may prefer to select a reasonable value (i.e. interstory drift), which can be simply demonstrated
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Figure CABRB.1 Example of Test Subassemblage

to be conservative for each brace type, and is expected to be within the performance envelope of the braces
selected for use on the project.

The brace deformation at first significant yield is used in developing the test sequence described in Section
ABRB6.3.  The quantity is required to determine the actual cumulative inelastic deformation demands on the
brace.  If the nominal yield stress of the steel core were used to determine the test sequence, and significant
material over-strength were to exist, the total inelastic deformation demand imposed during the test sequence
would be overestimated.

CABRB3. Definitions: Two types of testing are referred to in this Appendix.  The first type is subassemblage
testing, described in ABRB4, an example of which is illustrated in Figure CABRB.1.  The second type of testing
described in ABRB5 as Brace Specimen Testing is permitted to be uniaxial testing.

CABRB4. Subassemblage Test Specimen: The objective of subassemblage testing is to verify the ability
of the brace, and in particular its steel core extension and buckling restraining mechanism, to accommodate
the combined axial and rotational deformation demands without failure. 

It is recognized that subassemblage testing is more difficult and expensive than uniaxial testing of brace
specimens.  However, the complexity of the brace behavior due to the combined rotational and axial demands,
and the relative lack of test data on the performance of these systems, indicates that  subassemblage testing
should be performed.

Subassemblage testing is not intended to be required for each project.  Rather, it is expected that brace
manufacturers will perform the tests for a reasonable range of axial loads, steel core configurations, and other
required parameters, and that this data will be available to engineers on subsequent projects.  Manufacturers
are therefore encouraged to conduct tests that establish the device performance limits to minimize the need
for testing on subsequent projects. 

A variety of subassemblage configurations are possible for imposing combined axial and rotational deformation
demands on a test specimen. Some potential subassemblages are shown in Figure CABRB.2.  The
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Figure CABRB.2 Schematic of Possible Test Subassemblages

subassemblage need not include connecting beams and columns provided that the test apparatus duplicates,
to a reasonable degree, the combined axial and rotational deformations expected at each end of the brace.
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Rotational demands may be concentrated in the steel core extension in the region just outside the buckling
restraining mechanism.  Depending on the magnitude of the rotational demands, limited flexural yielding of the
steel core  extension may occur.  Rotational demands can also be accommodated by other means, such as
tolerance in the buckling restraint layer or mechanism, elastic flexibility of the brace and steel core extension,
or through the use of pins or spherical bearing assemblies.  It is in the engineer’s best interest to include in a
subassemblage testing all components that contribute significantly to accommodating rotational demands.
The use of pins, while accommodating rotational demands, creates the potential for instability; and should be
carefully considered by the engineer.

It is intended that the Subassemblage Test Specimen be larger in axial-force capacity than the Prototype.
However, the possibility exists for braces to be designed with very large axial forces. Should the brace yield
force be so large as to make subassemblage testing impractical, the engineer is expected to make use of the
provisions that allow for alternate testing programs, based on building official approval and qualified peer review.
Such programs may include, but are not limited to, non-linear finite element analysis, partial specimen testing,
and reduced-scale testing, in combination with full-scale uniaxial testing where applicable or required.

The steel core material was not included in the list of requirements. The more critical parameter, calculated
margin of safety for the steel core projection stability, is required to meet or exceed the value used in the
Prototype.  The method of calculating the steel core projection stability should be included in the Design
Methodology.

CABRB5. Brace Test Specimen: The objective of Brace Test Specimen testing is to establish basic design
parameters for the BRBF system.

It is recognized that the fabrication tolerances used by brace manufacturers to achieve the required brace
performance may be tighter than those used for other fabricated structural steel members.  The engineer is
cautioned against including excessively prescriptive brace specifications, as the intent of these provisions is
that the fabrication and supply of the braces is achieved through a performance-based specification process.
It is considered sufficient that the manufacture of the Test Specimen and the Prototype braces be conducted
using the same quality control and assurance procedures, and the braces be designed using the same Design
Methodology.

The engineer should also recognize that manufacturer process improvements over time may result in some
manufacturing and quality control and assurance procedures changing between the time of manufacture of the
Brace Test Specimen and of the Prototype.  In such cases reasonable judgement is required.

If the steel core or steel core projection is not biaxially symmetric, the engineer should ensure that the same
orientation is maintained in both the Test Specimen and the Prototype.

The allowance of previous test data (similarity) to satisfy these provisions is less restrictive for uniaxial testing
than for subassemblage testing.  Subassemblage Test Specimen requirements are described in Section
CABRB4.

A considerable number of uniaxial tests have been performed on some brace systems and the engineer is
encouraged, wherever possible, to submit previous test data to meet these provisions.  Relatively few
Subassemblage tests have been performed.  This type of testing is considered a more demanding test of the
overall brace performance.
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CABRB5.4  Connection Details: In many cases it will not be practical or reasonable to test the exact brace
connections present in the Prototype.  These provisions are not intended to require such testing.  In general,
the demands on the steel core extension to gusset-plate connection are well defined due to the known axial
capacity of the brace and the limited flexural capacity of the steel core extension.  The subsequent design of
the bolted or welded connection is relatively well-understood and it is not intended that these connections
become the focus of the testing program.

For the purposes of utilizing previous test data to meet the requirements of this Appendix, the requirements for
similarity between the Brace and Subassemblage Brace Test Specimen can be considered to exclude the steel
core extension connection to frame.

CABRB5.5  Materials: The intent of the provisions is to allow test data from previous test programs to be
presented where possible.  The steel material of the Steel Core of a previously tested Specimen may differ from
that of the Prototype provided that the specified nominal yield stress is the same, and that the specified
minimum ultimate stress and percent elongation is higher in the Prototype brace; in such cases the tension
strength adjustment factor (BRB.2b.4.) must be calculated based on nominal properties rather than from test
data.

CABRB5.7. Bolts: For the Brace Test Specimen, it is crucial to treat the ultimate load that can be expected
in the braces as the load at which bolt slippage should be prevented. Prevention of bolt slippage increases the
chances of achieving a successful test and protects laboratory setup. In terms of the nomenclature used by
the Research Council on Structural Connections (RCSC), prevention of bolt slippage implies using service-level
load capacities when sizing bolted connections. Bolted connections sized using service-level capacities per
RCSC will provide at least a 90% reliability that the bolts will not slip at the maximum force developed by the
braces during the test. 

The intent of this provision is to ensure that the bolted end-connections of the Brace Test Specimen reasonably
represent those of the Prototype. It is possible that due to fabrication or assembly constraints variations in
faying-surface preparation, bolt-hole fabrication, and bolt size may occur. In certain cases, such variations may
not be detrimental to the qualification of a successful cyclic test. Final acceptability of variations in brace-end
bolted connection rest on the opinion of the building official or qualified peer reviewer.

CABRB6.3 Loading Sequence: The Subassemblage Test Specimen is required to undergo combined axial
and rotational deformations similar to those in the Prototype. It is recognized that identical braces, in different
locations in the building, will undergo different maximum axial and rotational deformation demands.  In addition,
the maximum rotational and axial deformation demands may be different at each end of the brace. The engineer
is expected to make simplifying assumptions to determine the most appropriate combination of rotational and
axial deformation demands for the testing program.

Some subassemblage configurations will require that one deformation quantity be fixed while the other is varied
as described in the test sequence above.  In such a case, the rotational quantity may be applied and
maintained at the maximum value, and the axial deformation applied according to the test sequence.  The
engineer may wish to perform subsequent tests on the same subassemblage specimen to bound the brace
performance.

The loading sequence requires each tested brace to achieve ductilities corresponding to 1.5 times the Design
Story Drift and a cumulative inelastic axial ductility capacity of 140.  Both of these requirements are based on
a study in which a series nonlinear dynamic analyses was conducted on model buildings in order to investigate
the performance of this system; the ductility capacity requirement represents a mean of response values and
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the cumulative ductility capacity requirement is a mean plus standard deviation value (Sabelli, 2001).  In that
study, buildings were designed and models of brace hysteresis selected so as to maximize the demands on
braces.  It is therefore believed that these requirements are more severe than the demands that typical braces
in typical designs would face under their design-basis ground motion, perhaps substantially so.  It is also
expected that as more test data and building analysis results become available these requirements may be
revisited.

The ratio of brace yield deformation (D ) to the brace deformation corresponding to the Design Story Drift (D )by bm

must be calculated in order to define the testing protocol.  This ratio is typically the same as the ratio of the
displacement amplification factor (as defined in the Applicable Building Code) to the actual overstrength of the
brace; the minimum overstrength is defined in section BRB.2a.1.a.  Engineers should note that there is a
minimum brace deformation demand corresponding to 1% story drift (ABRB2); provision of overstrength beyond
that required to so limit the Design Story Drift may not be used as a basis to reduce the testing protocol
requirements.  

Table C-ABRB.1 shows an example brace test protocol.  For this example, it is assumed that the brace
deformation corresponding to the Design Story Drift is four times the yield deformation; it is also assumed that
the Design Story Drift is larger than the 1% minimum.  The test protocol is then constructed from steps 1-4 of
ABRB6.3.  In order to calculate the cumulative inelastic deformation, the cycles are converted from multiples
of brace deformation at the Design Story Drift (D ) to multiples of brace yield deformation (D ).  Since thebm by

cumulative inelastic drift at the end of the 1.5D  cycles is less than the minimum of 140D  required for bracebm by

tests, additional cycles to D  are required.  At the end of three such cycles, the required cumulative inelasticbm

deformation has been reached.

Cycle Deformation Inelastic Cumulative 
Deformation Inelastic Deformation

6 @ D  = 6*4*(D  – D ) = 0D 0D  = 0Dby by by by by by

4 @ 0.5D  = 4 @ 2.0D  = 4*4*(2.0D  – D ) = 16D 0D      +16D = 16Dbm by by by by by by  by

4 @ D  = 4 @ 4.0D  = 4*4*(4.0D  – D ) = 48D 16D    +48D = 64Dbm by by by by by by by

2 @ 1.5D = 2 @ 6.0D  = 2*4*(6.0D  – D ) = 40D 64D    +40D  = 104Dbm by by by by by by by

3 @ D  = 3 @ 4.0D  = 3*4*(4.0D  – D ) = 36D 104D  +36D = 140Dbm by by by by by by by

Cumulative Inelastic Deformation at End of Protocol = 140 Dby

Table C-ABRB.1 Example Brace Testing Protocol

Dynamically applied loads are not required by these provisions. The use of slowly applied cyclic loads, widely
described in the literature for brace specimen tests, is acceptable for the purposes of these provisions. It is
recognized that dynamic loading can considerably increase the cost of testing, and that few laboratory facilities
have the capability to apply dynamic loads to very large-scale test specimens. Furthermore, the available
research on dynamic loading effects on steel test specimens has not demonstrated a compelling need for such
testing.

If rate-of-loading effects are thought to be potentially significant for the steel core material used in the Prototype,
it may be possible to estimate the expected change in behavior by performing coupon tests at low (test cyclic
loads) and high (dynamic earthquake) load rates.  The results from brace tests would then be factored
accordingly. 
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CABRB8. Materials Testing Requirements: Tension testing of the steel core material used in the manufacture
of the Test Specimens is required. In general, there has been good agreement between coupon test results and
observed tensile yield strengths in full-scale uniaxial tests. Material testing required by this appendix is
consistent with that required for testing of beam-to-column moment connections. For further information on this
topic refer to Section CS8.

CABRB10. Acceptance Criteria: The acceptance criteria are written so that the minimum testing data that must
be submitted is at least one Subassemblage Test and at least one uniaxial test. In most cases the
Subassemblage Test also qualifies as a uniaxial test provided the requirements of section ABRB5 are met.
If project specific subassemblage testing is to be performed it may be simplest to perform two subassemblage
tests to meet the requirements of this section.  For the purposes of these requirements a single
subassemblage test incorporating two braces in a chevron or other configuration is also considered acceptable.

Depending on the means used to connect the Test Specimen to the Subassemblage or test apparatus, and
the instrumentation system used, bolt slip may appear in the load vs. displacement history for some tests.
This may appear as a series of spikes in the load vs. displacement plot and is not generally a cause for
concern, provided the behavior does not adversely affect the performance of the brace or brace connection.

These acceptance criteria are intended to be minimum requirements.  The 1.3 limit in Section ABRB10.5 is
essentially a limitation on β.  These provisions were developed assuming that β < 1.3 so this provision has been
included in the test requirements.  Most currently available braces should be able to satisfy this requirement.

APPENDIX REFERENCES

1. Astaneh, A., 1998, “Seismic Behavior and Design of Gusset Plates for Braced Frames,” Steel Tips,
Structural Steel Education Council, Moraga, California.

2. Sabelli, R., 2001, “Research on Improving the Design and Analysis of Earthquake-Resistant Steel Braced
Frames,” EERI/FEMA NEHRP Fellowship Report, Oakland, California.

3. Seismic Isolation Engineering for Nippon Steel Corporation, 1999, “Tests of Nippon Steel Corporation
Unbonded Braces.”  Report to Ove Arup & Partners, California.
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Figure A7.1
Brace Force-Deformation Relationship

Figure A7.2
Elevation of Chevron-braced Frame

Testing of buckling-restrained braced frames has shown stable, balanced hysteresis (Clark,
2000; SIE, 199).  This type of brace behavior avoids many of the problems associated with
traditional chevron-braced frames, such as low or negative post-elastic stiffness and beam
flexural ductility demands (Khatib, 1988).  However, tension and compression yield strengths
are not precisely equal for many buckling-restrained braces; typically, the compression
strength is six to ten percent higher than the tension strength.  While this difference is much
less than the corresponding difference between tension and compression capacity for
conventional braces, it nevertheless has an influence on the postelastic behavior of chevron-
braced buckling-restrained braced frames and on brace ductility demands. 

In order to quantify this effect, frame behavior must be analyzed step by step using realistic
brace force-deformation relationships.  As
part of this study, equations of frame
behavior were derived based on statical
relations; this work was done by the author
in conjunction with Peter Maranian.  Brace
force-deformation relationships were
based on simplifications of the behavior
observed from tests; key assumptions
were that braces have equal tension and
compression stiffness (both initial and
post-yield), and that braces have a known
compression yield to tension yield strength
ratio, as shown in Figure A7.1.  The
equations may not be valid if the brace
behavior deviates significantly from this
model.  These derivations show that beam
stiffness has a small but significant effect
on both frame behavior and brace ductility
demand for typical braces.  At the limits of
the permissible ratio of compression to
tension capacity (1.3 in the recommended
design provisions in Appendix 6), this
effect can increase the maximum brace
ductility demand by over 100%.  These
effects were confirmed by the nonlinear
analyses of braced-frame structures
presented in Section 3.

To illustrate the effect, a single-story
chevron braced frame will be considered.
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Figure A7.3
Frame Push-Over Diagram

Figure A7.4
Frame Deformation Mode After Yield of One
Brace

The frame has two braces in the chevron configuration, as shown in Figure A7.2.  These
braces are identical and symmetrically configured.  It is assumed that the brace compression
yield strength is ten percent greater than the tension yield strength.  The braces connect to a
beam of moderate stiffness.  For simplicity, the frame members are considered pinned, so
that all of the shear must be resisted by the braces.  

Figure A7.3 shows a push-over diagram
of the frame, with five points identified.
Figure A7.4 shows force-deformation
diagrams for the two braces, identifying
the same 5 points.  Point 1 indicates the
beginning of lateral loading.  As the
frame displaces laterally, the forces in
the braces are of equal magnitude until
point 2; at that point the tension capacity
is reached and the brace in tension
yields.  Once that yielding occurs, the
stiffness of the brace in tension  is
greatly reduced, and it takes very little
additional load.  Instead of the truss-type
mode of behavior, the frame now resists
lateral load similarly to an eccentrically
braced frame, with the brace in
compression resisting the load in
conjunction with the beam, which resists
the vertical component of the brace
force.  This mode is shown in Figure
A7.5.  As the lateral displacement
increases, so does the vertical
displacement at the beam midpoint.
The compression capacity of the brace
is eventually reached (point 3), at which
point the frame essentially yields.
Lateral displacement increases with
relatively little increase in resistance until
the maximum displacement is reached
(point 4).  If the lateral load is removed
from the frame at this point, the
displacement decreases to point 5.
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Figure A7.5
Brace Force-Displacement Diagrams

The vertical displacement at the beam midpoint does not decrease as the frame goes from
point 4 to point 5, however, as is shown in the equations that follow; rather, as the two braces
unload they maintain vertical equilibrium with the beam, ending at a condition where both
braces have equal residual compression force.  This residual force reduces the effective
difference in compression and tension strength for the next cycle of loading, regardless of
direction.  If the  braces have no post yield stiffness, the residual brace force will be such that
the effective difference will be zero after the first cycle, and the beam vertical displacement will
not change thereafter.  If the post-yield stiffness is low and the frame is subjected to several
inelastic cycles, the vertical beam displacement and residual compression force in the braces
will approach asymptotically the values for zero post-yield stiffness.

Equations for Computing Element Deformation Demands
The recommended provisions presented in Appendix 6 are based on an equivalent lateral
force procedure in which seismic deformation demands are estimated from the elastic
response of the structure to a static load by multiplying the elastic displacements by a
Displacement Amplification Factor, C .  Expected brace deformation demands must bed

known in order to qualify braces by testing.  As has been discussed, the stiffness of the beam
in chevron braced frames with respect to vertical displacement can have an effect on the
deformation demands of the braces.  Equations for quantifying this effect have been
developed in order to permit a more accurate estimation of brace deformation demands.

The equations presented below were developed based on satisfying the equilibrium of vertical
forces at the beam midpoint.  Brace forces and deformations are computed directly at points
2 through 5 of the pushover curves shown in Figures A7.3 and A7.4; these quantities are
calculated from frame element properties and from the estimated maximum displacement, ) .m
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The quantities of greatest interest are ) , the maximum brace extension, ) , the residual1 1 4  5

brace deformation, P , the residual brace force, and ) , the maximum (and residual) beam1 Z 5  3

vertical displacement.   For construction of a frame pushover diagram, other brace forces may
be of interest.  The lateral displacement at any point can be computed from the brace
deformations. 

Simplified equations for the case of zero post-yield brace stiffness are also given.  The
simplified equations for residual brace forces and deformations, as well as beam vertical
displacement, represent the asymptotes of the full equations.

Symbols

A Yielding Area of Bracey

F Yield Strength of BraceyBR

K Brace Axial Stiffnessbr

K Brace Post-Yield Axial Stiffnessbr2

K Beam Vertical Stiffness at Midpointz

P Axial Force in First Brace to Yield1

P P  at point 2,3, etc. of Pushover1 1 2,3, etc.

P Axial Force in Second Brace to Yield2

P P  at point 2,3, etc. of Pushover2 22,3, etc.

$ Ratio of Brace Compression Yield Strength to Tension Yield Strength

(See Figure A7.1 and Appendix 6)

) Axial Deformation of First Brace to Yield1

) )  at point 2,3, etc. of Pushover1 12,3, etc.

) Axial Deformation of Second Brace to Yield2

) )  at point 2,3, etc. of Pushover2 22,3, etc.

) Design Story Drift (FEMA, 1997)m

) Vertical Displacement at Beam MidpointZ

) )  at point 2,3, etc. of PushoverZ Z2,3, etc.

2 Brace Angle to horizontal
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Equations

First Brace to Yield
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Second Brace to Yield

Beam Vertical Displacement
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Simplified Equations

If ,
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