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ABSTRACT
ASCE 7-05 Design Rule for Relative Strength
in a Tall Buckling-Restrained Braced Frame Dual System
Lisa Jaylene Aukeman
In mid- to high-rise structures, dual systems (DS) enable a structural designer to
satisfy the stringent drift limitations of current codes without compromising ductility.
Currently, ASCE 7-05 permits a variety of structural systems to be used in combination
as a dual system yet the design requirements are limited to the following statement:
Moment frames must be capable of resisting 25% of the seismic forces while the moment
frames and braced frames or shear walls must be capable of resisting the entire seismic
forces in proportion to their relative rigidities.
This thesis assesses the significance of the 25% design requirement for the
secondary moment frames (SMF) in dual systems with consideration of current structural
engineering practice. Three 20-story buckling-restrained braced frame (BRBF) dual
system structures were designed with varying relative strengths between the braced and
special moment frame systems. The SMF system wa designed for 15%, 25%, and 40% of
seismic demands and the BRBF system design has been adjusted accordingly based on its
relative stiffness with respect to the moment frame. These structures were examined with
nonlinear static and nonlinear dynamic procedures with guidance from ASCE 41-06.
The drift, displacement and ductility demands, and the base shear distribution
results of this study show similar responses of the three prototype structures. These
results indicate a secondary moment frame designed to less than 25% of seismic demands
may be adequate for consideration as a dual system regardless of the 25% rule.

Keywords: Buckling-Restrained Braced Frames, Dual Systems, Mixed Systems, Tall
Buildings, 25% Rule
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1.0 Introduction to Dual Systems 1
1.0 INTRODUCTION TO DUAL SYSTEMS
Dual systems have been used for more than a century as a way to give structural
integrity to a building during an earthquake. Currently, ASCE 7-05 permits a variety of
structural systems for use in combination as a dual system, yet the design requirements
are limited to the following statement: “For a dual system, the moment frames shall be
capable of resisting at least 25% of the design seismic forces. The total seismic force
resistance is to be provided by the combination of the moment frames and the shear walls
or braced frames in proportion to their rigidities” (ASCE and SSEC 2006). This thesis
looks at the implications of the 25% rule and the affect on a dual system of designing a
moment frame to more than, and less than the described 25% limit.
Today dual systems consist of a primary system of braced frames or concrete
shear walls used in combination with a secondary steel moment resisting frame.
Specifically, dual systems comprised of steel moment frames (MFs) and bucklingrestrained braced frames (BRBFs) provide benefits from both an architectural as well as a
structural standpoint. While the use of MFs maintain space flexibility and architectural
openness, the BRBFs help provide stiffness and control story drifts in mid- to high-rise
structures (more than 160 ft), that may be seen in a fully MF structure (SEAOC
Seismology Committee 2007). This drift control by the BRBFs is particularly apparent in
the lower levels. In the upper levels, the MFs will be a more effective system for drift
control since moment frame systems usually see a higher displacement demand at the
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lower levels. This behavior is shown below in Figure A below, in which the resultant
displaced shape is linear with respect to the building’s height (Maley et al. 2010).

+

=

=
BRBF + MRF
DS
Figure A: Simplified displaced shape of respective systems in tall buildings
Source: Author, Using Excel

Buckling-restrained braces (BRBs) also provide damping to a structure in the
event of the earthquake due to their low post-yield stiffness and hysteretic behavior.
Typically, while dissipating energy, this behavior causes large residual displacements
after a large earthquake, which may result in significant damage to the nonstructural
components of the building. Providing a MF to remain elastic until after the BRBF yields
allows force re-distribution from the BRBFs to the MFs to restrict these large
displacements and protect the structure. The combined behavior includes the advantages
of serviceability (reduced residual displacement) and ductility (hysteretic behavior of
BRB is still engaged).
In general, the design intentions of a dual seismic force resisting system
composed of a BRBF and MF are the following:
•

BRBFs yield and dissipate energy during an earthquake; and
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•

MF limits story displacements by providing stiffness when the braces
yield.

Using both MFs and BRBFs together in a dual system allows the benefits of both
systems to be used and the short comings of the BRBF and MF to be mitigated by the
benefits other system (Degenkolb 1994).

1.1 History of Code Requirements
Requirements for dual systems were first written into code in the 1959 Blue Book
and the 1961 UBC. The primary system was required to be capable of resisting all lateral
forces independent of the provided secondary system (UBC 1961). In addition to the
primary system, the secondary system was required to be sufficient for a value of 25% of
the same lateral forces. As described in the 2000 commentary by the National Earthquake
Hazards Reduction Program (NEHRP), this 25% value was “judgmentally selected” and
not based on any advanced analysis rationale (FEMA 369).
Later, the 1988 UBC no longer required the primary system to have full capability
for lateral resistance because it was recognized that the secondary system would naturally
share a fraction of the initial lateral load. Rather, the 1988 UBC specified that “the two
systems shall be designed to resist the total lateral load in proportion to their relative
rigidities,” while the secondary system was still required to have 25% capacity (UBC
1988). With the available technology in the structural engineering industry in the late
eighties, a structural designer could capture a more realistic behavior of the structural
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systems as well as the interaction between the primary and secondary systems (SEAOC
Seismology Committee 2007).
The NEHRP expressed a concern in the 2000 commentary in regard to the
reduced design capacity of the primary system. If the primary system is no longer
adequate for the full seismic load, then the secondary system serves as a critical
contributor to the full seismic resistance and the original intent of providing a backup
system has been lost. While current code allowances for dual systems may still be
sufficient and safe, the concept behind the dual system has been altered by reducing the
overall strength of the dual system, allowing the design of the primary system to be based
on relative rigidity. In response to this concern, the SEAOC Seismology Committee is
expressing an interest in pursuing advanced analysis methods for the design of dual
systems, which this thesis intends to address.

1.2 Purpose
The SEAOC Seismology committee concludes in the Seismic Design
Recommendations Blue Book article suggesting “a rational approach to the definition of
the 25% strength basis for the secondary system needs to be established. For some
combinations of [dual] systems a greater or lesser strength basis may be beneficial or
warranted or a nonlinear analysis may be needed to justify use of the system” (SEAOC
Seismology Committee 2007). In order to be able to develop a more rational approach for
the 25% rule, structural engineers must understand how this 25% rule affects the
performance of dual systems.
ASCE 7-05 Design Rule for Relative Strength in a Tall BRBF
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This thesis will assess the current 25% requirement for dual systems with respect
to buckling-restrained braced frames (BRBF) and special moment resisting frames
(SMRF) with reduced beam sections (RBS) for a 20-story building. As In tall buildings,
high rotations in moment connections may be seen as a result of higher mode effects,
which in turn induce higher demands on moment frames of tall structures. Higher
demands in a DS MF are critical because the MFs at these upper levels are intended to
remain elastic and provide stiffness. From the illustration in Figure A above showing a
first mode response, the MRF relieve the BRBFs imposed deformations. If higher mode
effects occur during a seismic event, high rotational demands might damage the moment
connections and cause large displacements in the BRBFs. Also, if the backup MF system
is designed to take a fraction of primary lateral forces yet fails prematurely, the system
may not perform to the anticipated level and the intent of the dual system is not met; This
suggests that the design standards may need to be modified and that the assumed 25%
moment frame design rule for all dual systems may not be appropriate. In this thesis, a
response history analysis was conducted and the effect of designing a secondary system
for 15% (not meeting code requirements), 25%, and 40% (exceeding code requirements)
lateral force capacity were examined, resulting in conclusions on the effects of the
backup system strength on the behavior and intent of a the dual system (SEAOC
Seismology Committee 2007).
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1.3 Literature Review
Many studies validate dual systems as being effective in reducing drift and
resisting large earthquakes. However, the consequences of the 25% rule have not been
directly addressed nor has the rule’s effect on the overall dual system behavior been
determined by advanced nonlinear structural analysis.
The article “Reducing Residual Drift of Buckling-Restrained Braced Frames”
discussed the behavior and advantages of BRBFs in dual systems. A 3-story and 6-story
dual system was designed according to the 1997 UBC for a downtown Los Angeles
location of Site Class D. Maximum and residual drift ratios for each floor level showed
that the addition of the backup moment frame system greatly decreased the amount of
residual drift in the buildings. This thesis examines similar results as they apply to a 20story building for varying moment frames strengths (Kiggins and Uang 2006 ).
Jin et al. (2000) conducted a similar study, “Performance Based Analysis and
Modeling of a Dual Seismic Force-Resisting System” with a 13-story dual system of
eccentrically braced frames (EBFs) and MRFs. The building was designed for the 1995
Taiwan building codes and the 1994 UBC. Two dimensional models were used to
represent the building in Drain2DX. Both Static Pushover Analysis as well as Response
History Analysis showed the dual system maintained a consistent maximum drift ratio of
approximately 1% and 1.5-2% at each floor of the building, based on a serviceability
earthquake (SE) and maximum earthquake (ME), respectively. The authors concluded
that strength and ductility of the studied dual system met the desired requirement for both
serviceability and maximum earthquakes. The MFs were able to perform as a backup
ASCE 7-05 Design Rule for Relative Strength in a Tall BRBF
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system while the EBFs reached their capacity in the maximum earthquake analysis; This
is the intent of the design of a dual seismic-force resisting system. This thesis will
examine how the 25% rule that was followed in this study may have affected these results
(Jin et al. 2000).
Many well-known structures around the world have dual systems as their lateral
force-resisting systems. The Taipei 101, completed in 2004 in Taiwan was designed by
Thornton Thomasetti with a braced frame structural core for high shear stiffness and
outriggers to engage corner super columns. MRFs, designed to the code 25% design
strength, line the perimeter. In this case, the designers chose a dual system in order to
control drift during major earthquakes when the core braced frames are loaded beyond
elastic limits (Poon et al. 2002).
Another high rise structure in Taiwan also uses a combined braced and moment
frame lateral system for other reasons. A signature 47-story Taichung Tower holds
offices, hotel space, retail and a club facility for the city of Taichung, Taiwan. The tower
demonstrates a unique layout and architectural program in addition to being located in a
high seismic zone similar to UBC’s Seismic Zone 3. The island of Taiwan is also at risk
for typhoons, resulting in high wind design loads. The developer desired large open
spaces in office floors, maximum window space, and minimized column interference at
the exterior. Weiskopf & Pickworth (W&P), structural engineers, chose a dual lateral
force-resisting system with an off-center EBF core and an exterior special MRF. The
irregular plan posed an added challenge where the stiffness of the EBF and MRF systems
ASCE 7-05 Design Rule for Relative Strength in a Tall BRBF
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became a balancing act at the office levels in which open space needed to be maintained;
however, the moment frames allowed for openness while the EBF + MF together as a
dual system still formed a high performance and redundant system (Argiris 1995).
Dual systems are also seen in Mexico; Mexico City’s 57-story Torre Mayor,
designed by Enrique Martinez-Romero, S.A. Consulting Engineers, Mexico City,
required full operation, safety, and damage control after an earthquake under strict
Mexico City Building Codes. A dual system was chosen as the optimum system, using a
steel braced frame with concrete encased columns at the lower levels for additional
stiffness, strength and economy. The dual system, with the addition of viscous dampers,
reduces the overall displacements and story drifts protecting the structure (Rahimian and
Martinez-Romero, 2003).
In the 21st century, hospitals are being designed to remain fully operational after
an earthquake. Degenkolb Engineers has designed a variety of hospitals for different
clients using different systems to meet stringent code requirements and improve
earthquake performance for hospital structures. A dual system of EBFs with a full backup
steel MRF was chosen for the Veteran’s Affairs (VA) Palo Alto replacement hospital
after the VA Medical Center’s main hospital was heavily damaged in the 1989 Loma
Prieta earthquake. Since the facility is located within 10 miles of the San Andreas Fault,
it was designed to some of the world’s strictest seismic guidelines, which had been under
development since the 1971 San Fernando Earthquake. The VA liked the idea of MRF
for spatial planning and flexibility, but the single system was not adequate given the drift
ASCE 7-05 Design Rule for Relative Strength in a Tall BRBF
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limitations that had to be met. Since concrete shear walls were too functionally limiting, a
braced frame system was used. Jim Malley, Senior Principal and project manager says in
an interview with the author of the article entitled “Future Hospital Design: Focusing on
Performance” in Modern Steel Construction, “We wanted a lateral system that would
provide sufficient ductility, toughness and redundancy to resist the large expected ground
motions (Soulages and Rubbo, 1998).” Energy can be dissipated through yielding of the
EBF link beam and the backup MFs allow for lateral resistance at every frame line of the
structure. It was expressed in Modern Steel Construction (Soulages and Rubbo, 1998)
that the use of dual systems is not appropriate for non-critical buildings, however, the
added expense was justified given the necessity for continued operation.
A final example of dual systems in use is the Fox Tower: a 27-story high rise in
Portland, Oregon. A concrete shear wall core system in combination with a perimeter
moment frame system was chosen by KPFF Consulting Engineers to meet a fast-track
construction schedule and allowed an unobstructed building perimeter to view Mount
Hood. While the core was being constructed, the mill order for the moment frame steel
was being filled. Having the core walls completed before steel erection allowed Hoffman
Construction to proceed without temporary bracing of the steel frames until the
connections were secured (Ambrose, 2001). In the case of the Fox Tower, the dual lateral
force resisting system allowed for a faster construction time ultimately saving the owner
money.
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The design procedure discussed in Magnusson’s article “Earthquake-Resisting
Dual Systems and the 25% Rule” is consistent with ASCE 7-05 and was followed for the
models in this thesis. The procedure is paraphrased by Magnusson as follows:
1. Design the primary system to resist the full lateral forces without the aid of the
backup or secondary system,
2. Design the backup system to resist 25% of the design forces without the aid of
the primary system, and
3. Design the combined system, or “real” system, for the full lateral forces
(Magnusson 1997).
The design description of the three prototype models (Model 15, model 25 and
Model 40) is presented in this thesis in the three step procedure described here.

ASCE 7-05 Design Rule for Relative Strength in a Tall BRBF

2.0 Analytical Models 11
2.0 ANALYTICAL MODELS
BRBFs have been chosen along with SMRFs as the dual system for this thesis.
More information on BRBFs and their behavior is given below in Section 3.0 of this
document. These frames are considered to have non-moment resisting connections since
ASCE 7-05 does not require this type of detailing. SMRFs were chosen as the secondary
system for this project as appropriate for the seismic characteristics of building site. More
information on the design of SMRFs in this project is given below in Section 3.0.

2.1 Building Description
A 20-story, rectangular building was chosen to be examined for this study as a
part of a two-dimensional analysis. The typical bay sizes in the direction of interest were
24′-0″ with story heights of 13′-0″ and an 18′-0″ first floor lobby. Floor framing layout
and loading criteria are provided in Table 18 and Figure TT at the end of this document
(Appendix A). The moment frame line that is modeled is represented on gridlines B or C,
and the braced frame is located on the exterior of the building on gridlines A or E.
For the purposes of this thesis, only the lateral resisting elements were modeled
for half of the overall building. The braced frame and moment frame were modeled in
parallel connected by a rigid diaphragm. An elevation of the model reviewed for this
thesis is shown below in Figure B. The alternating pattern of the braces on the building
elevation helps reduce column sizes by coupling the tension and compression braces. In
Figure B, phantom lines in the MF represent gravity framing that has not been modeled
for the analysis in this thesis.
ASCE 7-05 Design Rule for Relative Strength in a Tall BRBF
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Figure B: Elevation of dual system
Source: Author, Using AutoCAD
Similar gravity loading criteria to the 20-story building model in the SAC
(Structural Engineers Association of California (SEAOC), Applied Technology Council
(ATC), and California Universities for Research in Earthquake Engineering (CUREe) )
project for assessment of moment frames in response to the 1994 Northridge Earthquake
was used (FEMA 355C 2000).
2.1.1 Site Information
The SAC project focused on theoretical structures located in Los Angeles, CA,
Boston, MA, and Seattle, WA. Researchers found during the design of the 20-story
moment frame structures that seismic forces governed the design of the Los Angeles
ASCE 7-05 Design Rule for Relative Strength in a Tall BRBF
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structure, while wind was anticipated to govern the design of the lateral system for
Boston and Seattle. Since the focus of this thesis is seismic analysis, Los Angeles,
California was chosen as the theoretical location for the buckling-restrained braced frame
dual system structures in this thesis project (FEMA 355 2000).
The design of these structures was site specific, based on the United States
Geological Survey (USGS) design values for latitude and longitude (34º 3' 36", -118º 15'
0") on stiff soil (Site Class C). The theoretical structures were located by the designer in
the financial district of Los Angeles; the response spectrum provided by USGS based on
these defined parameters is shown in Figure C below. This graph shows that the
maximum spectral acceleration seen at the site is approximately 2g (where g is the
acceleration due to gravity) for short period buildings, and attains around 0.4g at a period
of 2.0 seconds.
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Figure C: Design Spectrum, Sa vs T
Source: Author, Using Excel, Data from USGS
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2.1.2 Design Criteria
ASCE 7-05 (including Supplements 1 and 2) was referenced for the calculations
of seismic demands. The structural system is a dual system of buckling-restrained braced
frames with special moment resisting frames. Braced frame connections are not detailed
specifically for moment resistance and so are classified as non-moment-resisting
connections. From ASCE 7-05 Table 12.2-1 the Response Modification Factor,
Overstrength factor, and Displacement Modification Factors were used and provided
below in Table 1. Full seismic calculations for using the equivalent lateral force
procedure are provided in Table 2 (a) on page Error! Bookmark not defined..
Seismic Design Values For BRBF Dual Systems
R=
8
Ω0 =
2.5
Cd =
5
Table 1: Seismic design values for BRBF dual systems with non-moment-resisting
connections per ASCE 7-05 Table 12.2-1
Source: Author, Using Excel
2.1.3 Prototype Models
Three separate buildings were designed for this analysis. The baseline model is a
dual system based on the code requirements that have already been defined with a backup
special moment-resisting frame (SMRF) designed for 25% capacity of the seismic
demands on the structure. The remaining two models will have a backup SMRF designed
to 15% strength and 40% strength. By providing analysis results of a similar structure
that uses a stronger and weaker backup system, the effect of the 25% rule can be
examined. For the analysis portion of this thesis, the models with 15%, 25%, and 40%
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moment frame strength will be referred to as Model 15, Model 25, and Model 40
respectively.
For each of the three models, each BRBF will show some variation since the
design of the BRBF system was based on the relative stiffness contribution of the
respective moment frame

2.2 Buckling-Restrained Braced Frame
Buckling-restrained braces (BRBs) are manufactured with a steel core encased in
a mortar-filled steel tube. The steel is coated with a material which restricts any bonding
between the steel and mortar fill, allowing the core to elongate and compress as needed
without a concern for buckling. This buckling restraint allows the brace tension and
compression capacity to be nearly equal. The tension and compression capacity of a BRB
have been considered using the following relationships (Clark et al. 1999):
C max = βω A s F y

Eq. 1

T max = ω A s F y ,

where

Eq. 2
β is the adjustment factor for compression strength (dimensionless),
ω is the adjustment factor for strain hardening (dimensionless),
As is the steel core area in BRB (in2), and
Fy is the yield strength of steel core (ksi).

Near symmetry of tension and compression capacities induces a small unbalanced
loading on the braced frame beams. Manufacturing information for braces was per
Nippon Steel Corporation, Japan and testing data for brace properties was provided by
Seismic Isolation Engineering Inc. (SIE). A general diagram of the components of a BRB
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is shown in Figure D below, along with a qualitative partial hysteresis loop of a brace in
cyclic loading.

Figure D: Conceptual diagrams of Buckling-Restrained Brace elements
Source: Clark et al. 1999
Above, Figure D shows the low post yield stiffness of the BRBF. In a dual
system, the effect of low, post-yield BRBF stiffness on the building can be reduced with
an elastic moment frame.

2.3 Design Procedure
The three step design procedure described in the article “Earthquake-Resisting
Dual Systems and the 25% Rule” by Magnusson was followed to design the BRBFDS
for each model. Seismic forces were calculated using ASCE 7-05, and the minimum
allowable base shear described in the supplement 2 revision of ASCE 7-05 was adopted.
Seismic Calculations are provided below in Table 2 below. For preliminary force
calculations, the maximum allowable period Tmax defined in ASCE 7-05 §12.8.2 (shown
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in Table 2) was used for the calculation of lateral forces. After the design was complete,
this assumption was verified by the fundamental periods reported in ETABS. For all three
models, the fundamental period exceeded Tmax. The tributary seismic weight to the
frames considered for the structure was half the total building weight, since only two of
the four frame lines were modeled. As shown in Table 2 below, the design base shear
force, V, is 0.06W or 864 kips.
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Building Fundamental Period
Seismic Period exponent

T=
k=

2.13
1.67

Seismic Response Coefficient
Cs=
0.060
Tibutary Building Weight
ΣW=
14452
V=Cs*W= 864
Base Shear

sec

kips
kips

[ASCE 7-05 (12.8-12)]
[ASCE 7-05 (12.8-12)]
[ASCE 7-05 12.8.2]
[Per Loading Summary]
[ASCE 7-05 (12.8-1)]

Table 2: Seismic calculations for Model 25
Source: Author, Using Excel
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2.3.1 Magnusson Procedure Step 1: Design of BRBF
Design recommendations from AISC Steel Tips: Seismic Design of BucklingRestrained Braced Frames were followed for the design of the BRBF since AISC 341
(AISC and SSEC 2006) does not cover the design procedure of BRBFs. The BRB core
areas were sized based on
•

axial demands of the full equivalent static forces calculated using ASCE 7-05
§12.8, based on the maximum building period as defined in ASCE 7-05 §12.8.2
for a dual system;

•

gravity loads using a minimum anticipated core yield capacity of 38 ksi steel.
Demand to capacity ratios (DCR) were allowed to reach 95%-100% at levels 15-

20, 85%-95% at levels 8-14, and 80%-85% at the lower 8 floors. This is a technique
chosen by the designer to prevent soft story collapses by providing the most reserve
capacity at the lower levels, encouraging the order of failure events to occur from top to
bottom (Null and Sabelli 2001).
Exterior braced frame column demands were calculated considering tributary
gravity and seismic loads. The columns were designed to resist the brace capacities based
on the maximum expected yield strength, Fye, of 46 ksi for the braces as an overstrength
demand for earthquake forces. Columns were designed with a yield strength, Fy, of 50
ksi. Since the braces were arranged in an X-pattern (see Figure B above), the interior
column forces are reduced by the tension and compression couple which results from a
tension and compression brace sharing a column, demonstrated in Figure E below and a
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net vertical force close to zero on the interior columns. Since a single brace reaction must
be fully resolved in the column, columns on the exterior were designed for the highest
seismic demands.

Figure E: Free body diagram for typical braced frame loading due to seismic loads
Source: Author, Using Excel
Demand capacity ratios of the exterior columns were kept below 85% for all
columns; the highest DCRs occur at the upper levels, and most conservative (lowest
DCR) designs occur toward the bottom. Figure F below demonstrates the applied gravity
forces to the columns. Based on tributary area, interior columns receive double the
demands due to gravity loads causing axial shortening. As a result of axial shortening, the
interior columns would settle more than the exterior causing a sag in the frame line and
inducing large forces into the braces. To avoid shortening, the interior columns were
sized with approximately twice the cross sectional area as the exterior columns to allow a
more regular interaction of elements and force vertical deformation compatibility across
the column line.
Similar to the columns, beams in the braced frame were also designed for axial,
flexural and shear demands, based on the maximum force that can be delivered by the
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braces, assuming the maximum expected yield strength, Fye. All beam-to-column
connections were assumed to have pinned connections with the exception of gusset plate
locations. Where gusset plates are welded to the beams and columns, the connections
were assumed to have rotational fixity.

Figure F: Free body diagram for typical braced frame loading due to gravity loads
Source: Author, Using Excel

The preliminary braced frame design (based on static forces) was checked with
ETABS using response spectrum analysis (RSA) and the complete quadratic combination
(CQC) method to combine the effects of multiple modes for the USGS mapped spectra
from Figure C above. The analysis included the first three modes to capture a minimum
of 90 percent mass participation as recommended by ASCE 7-05 §12.9. The response
spectrum analysis yielded lower force demands, and the brace and column member sizes
were reduced.
Gusset plates were sized based on the ultimate brace capacity forces to ensure that
the connections will remain elastic during an earthquake. The design was governed by
gross section yielding, block shear and net section rupturing. A yield strength and
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ultimate capacity of 50 ksi and 65 ksi respectively was used for the gusset material. All
gusset plates were ¾″-1″ thick and ¾″-1″ diameter A360 bolts were used to connect the
braces to the gussets.
2.3.2 Magnusson Procedure Step 2: Design of SMRF
The preliminary design for the moment frames used the portal method to
distribute earthquake forces using 15%, 25% or 40% of the calculated equivalent static
base shear. MRF beams have four bays of fixed rotation on each end; see Figure B above.
Reduced beam sections were sized per requirements of the Seismic design Manual
(also referred to as AISC 341) and Steel Tips: Design of Reduced Beam Section (RBS)
Moment Frame Connections (Moore and Feng 2011). The beam-column interaction was
checked for strong column-weak beam interaction (SCWB) at each level and doubler
plates were added to panel zones where necessary; since doubler plates were provided,
the effect of panel zone yielding, or inelastic panel zone deformation, was neglected in
this analysis. DCRs for reduced beam sections were designed near 100% at the upper
levels and more conservatively at the lower levels, ranging from 75%-90%, based on
forces from the calculated response spectrum analysis by ETABS (as opposed to the
linear static) forces along with dead and live loads. Since BRBF yielding occurs in the
upper levels of the braced frame first, an effort was made to also control the moment
frame failure order. Under a large earthquake, when braces exceed their capacity, the load
is anticipated to shift into the moment frame. If the moment frame prematurely loses
stiffness from yielding, farther excitation will result in further lateral displacement and
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collapse may occur. With this in mind, it is important to direct initial yielding at the top
of the building and allow yielding to work its way from the top of the building down to
avoid a soft story collapse.
2.3.3 Magnusson Procedure Step 3: Adjustments for Dual System Interaction
By combining the MF system with the BRBF in ETABS, the interaction
between the two systems based on stiffness allowed a reduction (about 10%-20%) in the
brace sizes for both the 25% and 40% MF dual system models. For Model 15, braces
were reduced at most 0.25 in2 and for most floors, no reduction was made at all since the
braced frame was significantly stiffer than the moment frame. Member sizes are provided
in Table 19, Table 20 and Table 21 at the end of this document (Appendix A) and can be
compared for reference of the size reduction. Since the 15% moment frame model brace
design is close to the original braced frame design, the reduction of brace sizes can be
seen in the remaining two models. For this procedure, the demands from the ETABS
RSA were used including the behavior of the first three modes to capture at least 90%
mass participation. The modal responses were combined using the CQC method.
The highest reduction in braced frame strength was made to the 40% moment
frame model. In the case of each model, the forces attracted by the moment frame based
on the relative stiffness between the MF and BF did not exceed the capacity of the
moment frame system. Regardless of the strength of the moment frame system, the
models showed the moment frame to attract less base shear than the total shear it was
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designed for, since the BRBF system is inherently much stiffer. Results of the elastic
shear distribution and frame interaction is shown in Section 2.4 to follow.

2.4 Elastic Analysis
Despite the varying relative stiffnesses between the three models, all three structures
showed little variance in modal frequencies and mass participation. The reduction in
brace sizes was slight for each model with the addition of the moment frame. Adding a
moment frame caused an increased stiffness consistent with the increased moment frame
strength. Modal information has been shown for each model in Table 3 below.
Model 15
Mode 1
Mode 2
Mode 3

% Mass
Period (s) Participation
2.24
74.5
0.79
15
0.46
4.9
Sum:
Σ 94.4

Model 25

% Mass
Period (s) Participation
Mode 1
2.23
74.4
Mode 2
0.8
15.1
Mode 3
0.47
4.8
Σ 94.3

Model 40

% Mass
Period (s) Participation
2.19
75.2
0.79
14.5
0.46
4.6
Σ 94.3

Mode 1
Mode 2
Mode 3

Table 3: ETABS periods and mass participation for dual system models
Source: Author, Using Excel
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The fundamental period for each structure was verified using the Raleigh Ritz
approximation as suggested in ASCE 41-06 and shown in Equation 3 below.

∑w δ
g∑ F δ

2

T = 2π

i

i

i

Eq. 3
i

where T is the building fundamental period (seconds),
wi is the weight of floor level i (kips),
δi is the lateral displacement at level i caused by story force Fi (in),
Fi is the story force at level i (kips), and
g is acceleration due to gravity (in/s2)
Results of Raleigh Ritz approximation of Equation 3 closely match the
fundamental periods reported by ETABS and are displayed below in Table 4.
Fundamental
Period (s)
Model 15
2.23
Model 25
2.22
Model 40
2.19
Table 4: Raleigh Ritz Approximation
Source: Author, Using Excel
Since a minimum strength (25% of design forces) is required by code for a
secondary moment frame in a dual system, the base shear demands were examined in the
moment frames of each elastic model. The MF story shear demands for each model are
shown in Figure G below, along with the total system design story shears calculated per
ASCE 7-05 using the equivalent static force procedure (ESFP). Despite the differences
in fundamental periods and modal participation, the elastic analysis data below is
reported using a fundamental period of 2.2 seconds and the corresponding linear static
story shears.
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Model 15 MF Shear

Model 25 MF Shear

Model 40 MF Shear

Total Story Shear

20
18
16

Story Level, i
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8
6
4
2
-0.010

0
0.000

0.010

0.020

0.030

0.040

0.050

0.060

0.070

Static Base Shear Distribution, V/W

Figure G: Elastic Shear calculated by ESFP showing relative stiffness of MF to BF
for Model 15, Model 25 and Model 40
Source: Author, Using Excel
Model 15 demonstrates reverse story shear at story 4, 8, 12, 16 and 20 (roof) and
similar behavior is seen in Models 25 and 40 at story 8, 12, and 20 as shown above in
Figure G. This particular behavior corresponds with the levels where braces occur in
adjacent bays and the stiffness of the adjacent braces is much stiffer than the moment
frame. Because of the increased stiffness of adjacent braces, the braces attract over 100%
of the story shear and the moment frame acts in resistance to the braced frame. The
highest shear demands in the moment frame are apparent when the braces are separated
by two center bays which occur on alternating levels. See Figure B for reference of brace
configuration and the corresponding levels. The shear distribution trend seen here is
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particularly representative of the X-pattern brace configuration that was chosen for this
thesis. From the linear static analysis, a maximum story shear ratio in the moment frame
in Model 15 as well as Model 25 is 21%, which occurs in level 19, and 23% at level 17 in
Model 40.

Base Shear, V/W

BF Shear
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MF Shear

BF Shear

MF Shear
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0.010
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0.013
20%

17%
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22%

Model 15

Model 25

Model 40

0%
Model 15 Model 25 Model 40

Figure H: Elastic base shear distribution as absolute and relative base shear
quantities for Models 15, 25 and 40
Source: Author, Using Excel
The total base shear and base shear ratio for each model from the linear static
analysis is shown above in Figure H. Results of the linear analysis show Model 40,
designed for 40% of the expected base shear, received 22% of the total base shear (or
0.013W). A total of 19% of the expected base shear, or 0.011W, was attracted by the
Model 25 MF, and 17% of the base shear, or 0.010W, was attracted by the Model 15
moment frame. These results suggest that the difference in strength of the MF has limited
effect on the relative distribution of base shear between the MF and BRBF; a 25% design
strength increase (between Model 15 and Model 40 ) only resulted in a 5% (22%-17%
shown in Figure H) change in relative stiffness between the MF and BRBF.

ASCE 7-05 Design Rule for Relative Strength in a Tall BRBF

3.0 Modeling for Nonlinear Analysis 28
3.0 MODELING FOR NONLINEAR ANALYSIS
Before a nonlinear analysis was carried out for the models that have been
presented in this thesis, a simplified model was used to demonstrate whether the
modeling techniques and assumptions for the dual system analysis would represent real
life behavior of a steel building frame system.

3.1 UC Berkeley Testing on Single BRBF
A report by Lopez et al. entitled “Lessons Learned from Large-Scale Tests of
Unbonded Braced Frame Subassemblages” was published in 2002 documenting the
results of cyclic testing of an unbonded braced frame (buckling-restrained braced frame).
The tests were ordered by Rutherford and Chekene as a verification of analytical
performance for the lateral force resisting system of a new laboratory building on the UC
Berkeley campus. One of three tests was a cyclic testing of a concentrically modeled
unbonded (buckling-restrained) braced frame, as shown below in Figure I. Dimensions
and member sizes were provided by the published document and the test set-up is shown
in Figure I below. Rutherford and Chekene used OpenSees to analytically model the
behavior of the frame. The frame was also modeled in Perform 3D to calibrate the
modeling assumptions of this thesis to be consistent with true life performance (Lopez et
al. 2002).
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Figure I:: Test setup for UC Berkeley Unbonded Braced Frame
Source: Lopez et al. 2001
The core area of the unbonded brace in this test,, manufactured by Nippon Steel
Corporation, was 6.33 in2; braces examined in this thesis range from 2 in2 to 10.5 in2. The
test used bolted brace
race connections with welded
elded gusset plates which were verified using
the design checks and methods mentioned in Section 2.3.1. In Perform 3D,
3D moment
rotation hinges weree assigned with beam properties at a distance of half the beam depth
from the gusset at the top of the frame and moment rotation hinges with axial interaction
were placed at a distance equal to half the column depth from the gusset on each side at
the base of the frame. Beams
eams and columns were assumed to be rigid where they were
welded to the gusset plates. The nonlinear BRB element in Perform 3D was used and is
further discussed in section 3.2 of this document (Lopez et al. 2002).
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Lateral displacements up to 2% story drift (approximately 2.5″) were imposed in
the test; the cyclic response of the frame is shown below in Figure J along with the
pushover curve from the same frame modeled in Perform 3D using the calibrated
assumptions in the thesis.
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Figure J: Testing data compared to analytical modeling in Perform 3D
Source: Test data by Lopez et al. 2002, replotted by Author, using Excel
Since the Perform 3D prediction closely matched the real behavior of the test
frame, the assumptions for this thesis have been considered appropriate for further
analysis of the dual systems.
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3.2 Modeling Assumptions
All analyses were done using Perform 3D based on expected strength properties
for materials rather than design values since the goal of this thesis is to capture the
realistic interaction and behavior of this particular dual system under nonlinear seismic
analysis. Expected yield strengths, Fye, for each member were used for analysis and are
shown in Table 5 below, along with the nominal yield strength, Fy, and the modulus of
elasticity, E.
Member
Beams
Columns
Braces

Modulus of Elasticity, E (ksi)
Fy (ksi) Fye (ksi)
50
55
29000
50
55
29000
38
46
29000
Table 5: Material Properties
Source: Author, Using Excel

2D models were used in Perform 3D to analyze the dual system interaction
between the braced frame and moment frames. The building model elevation from above
in Figure B shows how the structure was represented in 2D by considering one exterior
braced frame line and one interior moment frame line, i.e. half of the building's lateral
system in series. The two frames were connected by assigning equal lateral displacements
(rigid diaphragm) to all nodes at a given level. Out of plane translation and rotation were
restricted. Beam and column hinges were modeled according to ASCE 41-06 Table 5-6.
Experimental testing data were used to define the BRB properties as BRBs are not
addressed by the ASCE 41-06.
ASCE 41 makes a distinction between primary and secondary elements, and
separate performance criteria are assigned to an element based on its classification as
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primary or secondary. Throughout this document, the moment frame is referred to as a
secondary system to the braced frame. ASCE 41 defines a secondary system as one that
does not contribute to the lateral behavior of the building and only supports vertical
loads. Since all elements (moment frame and braced frame) are acting together as a single
dual system and all are contributing to the primary resistance of lateral forces,
performance criteria for primary elements have been assigned to all nonlinear
components. Secondary systems (MF) as previously discussed for dual systems are
modeled using ASCE 41 performance criteria for primary elements.
A typical braced frame is shown below in Figure K along with a simplified stick
model demonstrating the locations of linear and nonlinear elements.

Figure K: Analytical interpretation of typical braced frame
Source: Author, Using Excel

ASCE 7-05 Design Rule for Relative Strength in a Tall BRBF

3.0 Modeling for Nonlinear Analysis 33
Column hinges are placed at a distance d/2 above the gusset or beam connection
where d is the depth of the column or beam the hinge is placed on. Gusset regions are
considered relatively rigid and modeled with a stiffness of 10 times the stiffness of the
elastic section. Beams and columns are also assigned as rigid for d/2, where d is the depth
of the corresponding column or beam in the connection as shown in Figure K.
BRB compound elements make up the braces and gusset region in the brace work
point length, which is further described by Figure M on page 35. In addition, the beams
of the braced frame are assigned a linear hinge release at the ends since the connections
are not relied upon for moment-resistance. An analytical linear hinge release at the beam
column connection causes a potential hinge location at a distance of half the beam depth
outside the gusset at beam mid-span. Specific properties of individual nonlinear elements
discussed in more detail in the remainder of this section.
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Figure L: Analytical Interpretation of RBS Moment Connection
Source: CSI 2006a, redrawn by author using AutoCAD
Moment rotation hinges are placed at the centerline of the RBS cut in the beam
flanges as shown in Figure L where a and b are defined by AISC 341 in the design of
reduced beam sections. The remaining length of the beam in the model is given elastic
properties while the beam column interface is assumed rigid.

3.2.1 BRB Perform 3D Element Compounds
A schematic diagram of a brace element is shown below in Figure M. The
nonlinear BRB element in Perform 3D was used with a yield length (Ly) of
approximately 75% of the overall brace length (Ly+2Lny). The remaining 25% of the
brace (2Lny) is modeled as a linear elastic bar with a stiffness of ten times the yield
length stiffness. The remaining work point length is also modeled as rigid to account for
the beam or column interface region as well as the gusset connection since it is expected
to be far more stiff than the yield region of the brace. These proportions are based on
preliminary suggested assumptions by Nippon Steel Corporation and are considered
adequate for analysis. In projects facing construction, the structural designer must work
closely with the brace manufacturer as the unbonded yield length may vary depending on
the demands and the length of the connection required.
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Figure M: Diagram of Buckling-Restrained Brace
Source: Author, Using AutoCAD
Since BRB elements are not addressed by ASCE 41, the force-displacement
behavior for the BRB elements in this thesis are based off testing data for a variety of
brace capacities. Testing of BRBs by SIE specific to braces manufactured by Nippon
Steel were referenced for modeling BRB properties. A typical hysteresis plot is shown in
Figure N along with the linear approximation used in Perform 3D.
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Figure N: Hysteresis response of Buckling-Restrained Brace
Source: Black et al. 2004, Normalized curves added by Author
Testing results of various brace sizes were normalized by the yield force and yield
displacement and scaled up by the yield capacity and displacement for each BRB in the
model. While the maximum tension and compression forces are typically unequal by the
β adjustment factor for compression, test results were nearly symmetrical and this
adjustment factor was assumed to be close to one for this design and the BRB behavior
was modeled to have symmetrical tension and compression behavior. For each brace the
yield force (FY) was calculated as Acore*Fye, where the yield displacement (DY or ∆y) is
considered the axial elongation of the yield length at FY based on the first cycle of
loading. Testing shows a hysteretic strain hardening behavior of BRB elements which is
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modeled in Perform 3D by an additional input force, FU to represent the last cycle yield
capacity.
As shown above in Figure N, cyclic tests reached a maximum demand of 3%
strain in the steel core (approximately 15 times the yield strain). This limit is considered
the maximum desired capacity of a BRB; however, it may be possible for the core to
yield further. In “Component Testing, Seismic Evaluation and Characterization of
Buckling-Restrained Braces” failure mechanisms such as plastic buckling of the inner
core and eventual cracking of the concrete or mortar may occur at high axial demands but
have not been seen in a laboratory setting of brace only testing; demands this high could
break testing equipment. These potential failure mechanisms have not been included for
this thesis because the deformations of this magnitude would likely cause failures
elsewhere in the structure before the braces.
In order to classify a structure’s performance, ASCE 41-06 provides the following
limit states; Collapse Prevention (CP), Life Safety (LS), and Immediate Occupancy (IO)
are defined below in Table 6 below in terms of yield deformation, ∆y.

CP

LS

IO

Buckling Restrained
15∆y
0.75CP = 11.25∆y
0.67LS = 7.54∆y
Brace
Table 6: Performance Criteria for BRB elements
Source: Author Using Excel
Since ASCE 41 does not give modeling criteria specifically for BRB elements,
the deformation limit for CP was used as a reference based on the available test data. The
LS and IO limits were proportioned from the CP limit state with consideration of ASCE
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41 guidelines for other elements. The force displacement relationship modeled for BRB
elements in perform is shown in Figure N on page 36.
3.2.2 Moment Rotation Hinge
Nonlinear behavior is designed to occur in the RBS of the moment frame and may
also form outside the gusset sections in the braced frame. A force displacement
relationship used for the moment rotation hinge properties is shown in the normalized
diagram in Figure O where Q represents the moment capacity as a function of the
rotational displacement, θ. The displacement values defined by ASCE 41 associated with
points B, C and E were used and the hinges were modeled as tri-linear to allow a strain
hardening slope.

Figure O: Backbone Curve for nonlinear elements as defined in ASCE 41-06
Source: Perform 3D User Guide

Since Perform 3D assumes a rigid-plastic relationship, no rotation is calculated
before the yield capacity is reached. Figure O is adapted to the Perform 3D inputs as
shown in Figure P below.
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Figure P: Perform 3D inputs for moment rotation hinge
Source: Author, Using Excel
The yield point is defined as follows:
MY = Z x F ye

DY =

,

Z x Fye L

,
6EI
where MY is the beam yield moment (k-in),
Zx is the plastic section modulus of the beam or RBS (in3),
Fye is the expected yield strength (ksi),
L is the length of beam (in),
E is the modulus of elasticity (ksi), and
I is the beam moment of inertia (in4).

Eq. 4
Eq. 5

Combining both Figure O and Figure P for rigid plastic behavior, the rotational
limits of DL and DX are defined by ASCE 41-06 Table 5-6. Using the modeling
parameters for rotational capacities of a, b, and c for reduced beam sections and compact
sections as appropriate. To meet the stability requirements for Perform 3D nonlinear
analysis, DU is assumed to be 2% less than DL, and DR is assumed 5% less than DX
based on Perform 3D criteria for a tri-linear backbone relationship. RBS strain hardening
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values were taken as the factor Cpr, also considered in design while all other moment
rotation hinges were assumed to have a strain hardening ratio equal to 3% of the elastic
stiffness.
Axial force interaction was not recorded during the analysis for beam
deformations since the diaphragms are rigid. Since the beams were designed to resist
demands based on the maximum force that can be delivered by the braces, and the brace
capacities were explicitly modeled, the effect of the axial load on beams was considered
to have minimal effect for the analysis.
3.2.3 P-M2-M3 Rotation Hinge
Since the columns have been designed to carry axial load, the moment-axial
interaction was monitored using a PMM Rotation hinge. Axial elements with average
compressive stresses in excess of 20% yet below 50% of the total axial buckling capacity
are considered to be deformation controlled, while demands above 50% are considered to
be controlled by strength. For this reason, hinge properties include section strength
properties, the moment-axial interaction and the rotational limits according to ASCE 41
with a similar backbone relationship as shown above in Figure O.
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Figure Q: Axial interaction on moment rotation column hinges
Source: Perform 3D User Guide
The yield point including axial effects is defined as follows:


P 
MY = 1.18Z x Fye 1 −
≤ Z x Fye
 P 
ye


,

Eq. 6


Z x Fye L 
1 − P 
Eq. 7
6 EI  Pye 
,
where all variables have previously been defined and P/Pye is calculated using with

θy =

consideration of both the upper and lower axial compressive limit of the column section.
A graphical display of this interaction and the resulting reduction in ductility based on
higher axial loads is shown above in Figure Q.

3.3 Perform Modal Analysis
Previously, the first period for Model 15, Model 25 and Model 40 was reported in
Table 3 as 2.24, 2.23, and 2.19 seconds respectively. Fundamental periods from Perform
3D are 4-5% lower on average and the mass participation reported in Perform 3D
averages 1% higher than those reported in ETABS. Values for the second and third
modes are 3-4% higher for each model in Perform 3D than those reported in Table 3 from
ASCE 7-05 Design Rule for Relative Strength in a Tall BRBF

3.0 Modeling for Nonlinear Analysis 42
ETABS, while mass participation factors are 2-4% less in Perform than ETABS. These
variations are within an acceptable difference since more detail was provided in Perform
3D for the nonlinear analysis.
Model 15
Mode 1
Mode 2
Mode 3

% Mass
Period (s) Participation
2.12
75
0.77
14.6
0.45
4.8
Sum:
Σ 94.4

Model 25

% Mass
Period (s) Participation
Mode 1
2.13
74.8
Mode 2
0.76
14.7
Mode 3
0.45
4.8
Sum:
Σ 94.3

Model 40

% Mass
Period (s) Participation
2.09
75.6
0.76
14.1
0.45
4.5
Sum:
Σ 94.2

Mode 1
Mode 2
Mode 3

Table 7: Perform 3D periods and mass participation for dual system models
Source: Author, Using Excel
Looking at the fundamental period for each model, both ETABS and Perform 3D
shows that the overall building stiffness increases with the increase of moment frame
strength. Similar periods between models show the ASCE 7-05 approach of reducing the
total braced frame strength based on the relative stiffness between the moment frame and
braced frame has little impact on the overall elastic building stiffness. Results show that a
structure with a dual seismic force resisting system will have an increased lateral strength
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directly related to the secondary moment frame strength, and the structure’s lateral
strength will be more than 100% of the design forces, even with the braced frame
reduction allowed by ASCE 77-05.
4.0 NONLINEAR ANALYSIS
Nonlinear building response was assessed by means of nonlinear static (pushover)
and nonlinear dynamic analys
analyses. Both procedures were executed according to the ASCE
41. The following sections have been presented with reference to the SAC project and
FEMA 355C.

4.1 Preliminary Calculations
Preliminary calculations have been provided below in order to predict and
understand the interaction between a MF and BF.. By simplifying the dual system, a
single braced frame and moment frame of similar dimensions can be joined assuming
assum
equal lateral displacements
displacements.

Figure R:: Schematic relationship between B
BRBF
RBF and MRF in series
Source: Author
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In Figure R above, dimensions have been chosen to represent the bay sizes used

' 6" and E ≈ 21−
' 0" . If a lateral force is
for the analysis of this thesis. Assume A ≈ 1−
applied producing a lateral displacement, the following relationships are made based on
the geometry of the frames: The column rotation angle, θ , can be approximated by

θ=

∆x
,
H

Eq. 8

where ∆x is the lateral displacement of the frame (in), and
H is the story height (in).
The vertical displacement of the RBS hinge is described by ∆ A . Using the small
angle theorem,

∆A =θA =

∆
A,
H

Eq. 9

where ∆A is the vertical displacement of the RBS (in), and
A is the distance from column center line to the centerline
of the RBS (in).
The total RBS rotation, θ RBS , has two components: rotation due to column hinge
rotation, and beam hinge rotation. The RBS rotation due to beam rotation, θ E , is assessed
below,

∆ 
2 A 
2θ
H 
θE = A = 
E
E
,

Eq. 10

where E is the distance between center lines of RBS (in).

The total RBS rotation, θRBS, is defined below in Eq. 11:
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θ RBS = θ + θ E =

∆  2A 
1 +
.
H
E 

Eq. 11

From the calculations for nonlinear modeling, based on the typical yield length
(Ly), a brace yields at an elongation, DY = 0.157" or a lateral frame displacement

∆ Yield , x =

DY
0.157in
=
= 0.232in .
cos(θ b ) cos(47.3°)

Eq. 12

A typical RBS is expected to yield at a total RBS rotation angle,

θYield,RBS = 0.009 radians . Using the equations above, when the brace yields, the RBS is
still elastic since

θ RBS =

0.232in 
2(18in) 
1 +
 = 0.0017 < θYield, RBS .
13 ft ×12in / ft  23 ft ×12in / ft 

Eq. 13

BRB and RBS limit states have both been defined as a ductility factor or function of yield
displacement or rotation. These limit states are given below in the Table 8.
BRB Ductility
Limit States

µ BRB

=∆

∆ yield

RBS Ductility

µ RBS = θ θ
yield , RBS

Yield
1.0
1.0
IO
7.54
2.43
LS
11.25
3.69
CP
15.0
4.86
Table 8: BRB and RBS Limit states defined by ductility
Source: Author, Using Excel
 When the brace yields, the RBS rotation and ductility is reported below:

θ RBS = 0.0017 radians , or

Eq. 14
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µ RBS =

θ RBS
θYield,RBS

=

0.0017
= 0.19 .
0.009

Eq. 15

Since the BRB yields first, the RBS remains elastic at this stage, and ductility of the RBS
is less than 1. Taking the inverse ratio of the RBS ductility when the brace yields gives
the expected BRB ductility when the RBS yields:

µ BRB =

θYield, RBS 0.009
=
= 5.3 .
θ RBS
0.0017

Eq. 16

 If BRB reaches IO at 7.54DY



∆ x, IO = 7.54(0.157in ) = 1.75in  or 1.1% Drift  and

,






θ RBS = 7.54 0.0017 radians  = 0.0128



 µ RBS = 0.0128 = 1.42 


θ Y ,RBS

.

Eq. 17

Eq. 18

 If BRB reaches LS at 11.25DY

θ RBS



∆ x , IO = 2.61in  or 1.7% Drift  , and




0.0191


= 11.25 0.0017 radians  = 0.0191  µ RBS =
= 2.12  .
θ Y ,RBS





Eq. 19
Eq. 20

 If BRB reaches CP at 15DY

θ RBS



∆ x , IO = 15(0.157in ) = 3.48in  or 2.2% Drift  , and




0.0255


= 15 0.0017 radians  = 0.0255  µ RBS =
= 2.83  .
θ Y ,RBS





Eq. 21
Eq. 22

The limit states, yielding sequence and ductility relationship between the BRB and RBS
along with the story drift angle calculated above are summarized below in Table 9.
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BRB Yields
RBS Yields
BRB IO
BRB LS
RBS IO
BRB CP

µBRB
1
5.3
7.5
11.3
12.9
15

µRBS
*Elastic*
1
1.4
2.1
2.4
2.8

θ
0.1%
0.8%
1.1%
1.7%
1.9%
2.2%

Table 9: Hand calculations for ductility factors and story drift angle
Source: Author, Using Excel
Table 9 shows the order at which the limit states are expected to be reached by the
dual system in Figure R. As shown, the BRB will yield first. Next, the RBS will yield at a
brace ductility factor of 5.3. As displacements continue to increase, the BRB will reach
IO and LS before the RBS reaches IO. Table 9 quantifies the lateral displacement
required to force rotation on a RBS. Finally, if the BRB reaches CP, the structure is at a
drift limit similar to code limitations (2% or 0.02hsx). At BRB CP, the load is expected to
move out of the BF since significant strength loss may have occurred in the yielding core
of the BRB elements. Here the performance advantage of the DS is seen since the MF
RBS sections remain in the IO range and fully capable of carrying load shed from the
BRB that may no longer be fully functional. While the values of Table 9 are based on a
single bay and typical member sizes, the relationship between the nonlinear events are
consistent with the results presented in this thesis as it is based on relative strength and
ductility of elements.
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4.2 Nonlinear Static Analysis
Both a modal and uniformly loaded pushover were executed to describe the
relative behavior between the BF and MF for each model. Diagrams of the applied
loading are shown below in Figure S. Equal story shears were applied to each level for
the uniform loading, while the modal loading was applied based on the first mode force
distribution in which story forces vary with respect to story elevation as calculated in the
linear static procedure. The resultant force of the uniformly loaded structure is located at
mid height while the resultant of the Modal pushover is located near 2/3 height.

F

H

H

F

Uniform
Modal
Figure S: Force distribution along building height for uniform and modal pushover
Source: Author, Using Excel
The base shear in both the braced frame and moment frame were recorded
separately as a function of the roof drift angle, and the sum of the BRBF and MF
represents the force displacement relationship for the total system under the given load
pattern. The results are shown below in Figure T and Figure U (page 51) for Model 15,
Figure V and Figure W (page 52) for Model 25, and Figure X and Figure Y (page 54) for
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model 40. Figure Z (page 56) provides a comparison of the pushover plots along with the
target displacement.
The base shear value that causes first yield (can be assumed approximately at the
force magnitude where the initial elastic slope becomes nonlinear) is close to the design
base shear of 0.06W (see Figure Z on page 56). In Figure T through Figure Y, yielding of
the braces at the upper level causes the initial change in stiffness; however, the capacity
continues to increase as the design was more conservative in the lower levels. The high
system capacity shows the conservatism that was incorporated in the design of these
structures consistent with current practices. First, the nominal material strengths were
used for design along with Φ factors used in AISC. Next, realistic yet conservative design
DCRs of the elements was used as previously discussed for braces and columns. For the
nonlinear analysis, all the safety factors were removed from the element capacities in
order to get a realistic behavior. As a result, after the braces yield, the braces strain
harden and more elements are loaded up to their ultimate capacity until finally a lowerlevel column is loaded beyond its allowable axial-flexure interaction envelope. While this
is not a desirable failure mechanism, the structure has been loaded well beyond its design
force and has been displaced to almost two times the target displacement as described in
ASCE 41-06.
Figures T through Z also show an ultimate system capacity significantly higher
than the design base shear. Since nonlinear elements were given strain hardening
properties, the overall capacity was increased. The maximum capacity shown in the
ASCE 7-05 Design Rule for Relative Strength in a Tall BRBF

4.0 Nonlinear Analysis 50
pushover plots below is the point just before strength degradation occurs: the maximum
base shear seen by the structures when all the braces are in the strain hardening region
and many of the RBS sections have also yielded. The design force, however, is the
magnitude of the base shear that causes the first element to yield based on nominal
strengths and safety factors. Since all elements could not have been designed to yield
concurrently, the pushover capacity is much higher than the design force. ASCE 7-05
requires drags and collectors among other elements that are desired to remain elastic to be
designed for a demand level increased by the Ω0 factor (2.5 for BRBF dual systems). In
this case, a factor of 2.5 brings the design base shear or design yield force (approximately
0.06W for all models) up to 0.15W. This seems to be a realistic number as for all three
models the ultimate capacity of the dual systems is 0.14W- 0.17W for the uniform
pushover and ranges from 0.12W-0.14W for the modal pushover.
Based on the pushover plots in pages 51 through 56, the MF has a lower elastic
stiffness than the BRBF, and the strength is dependent on the load pattern. The change in
stiffness seen by changing the load patterns is expected since the two force patterns
induced different failure modes. The uniformly loaded structure has a resultant shear
force at half the height of the structure; uniform loading will generate more of a shearlike failure in the building as high demands will be seen at low levels and lower
displacements. The modal pushover causes more of a top-down failure sequence. Since
the structure was designed for a loading with this pattern, a more ductile response is
anticipated and is shown by the pushover plots. The results of the uniformly loaded
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pushover in Figure T, Figure V, and Figure X show that the capacity of the MF is higher
than that of the BF. Here the braces at the lowest levels are pushed to their limits before
the braces at the upper levels and the load moves into the moment frame when BRB
elements go inelastic. Since the design DCRs were lowest in the MF at the bottom, the
net lateral load required for failure is highest.
Figure U and Figure W show similar behavior for models 15 and 25 respectively
subjected to the modal pushover load patter where the moment frame capacity just
reaches the capacity of the braced frame in the nonlinear range. Figure Y shows the
Model 40 MF has a significantly higher capacity than the BF.
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Figure T: Model 15 pushover with uniform load pattern
Source: Author, Using Excel
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Figure U: Model 15 pushover with mode 1 load pattern
Source: Author, Using Excel
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Figure V: Model 25 pushover with uniform load pattern
Source: Author, Using Excel
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Figure W: Model 25 pushover with mode 1 load pattern
Source: Author, Using Excel
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Figure X: Model 40 pushover with uniform load pattern
Source: Author, Using Excel
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Figure Y: Model 40 pushover with mode 1 load pattern
Source: Author, Using Excel
It is important to understand the interaction between the stiff braced frame system
and the flexible moment frame. When the structure is displaced into the inelastic region
and the forces are reversed in a nonlinear static cyclic pushover or a nonlinear analysis,
the dual system will likely unload, resulting in a permanent residual deformation of the
structure. Although there is zero total force in the structure, the “unloaded” MF and BF
are most likely subject to a net force because the MF and BF have different unloading
stiffness. This zero force point for the structure at a given deformation will demonstrate a
residual force in the moment frame at that deformation. Furthermore, if the braced frame
is unloaded into the negative force region, the moment frame may experience positive
directional shear in opposition to the braced frame. This shear reversal is a result of the
combination of a stiff and flexible lateral system.
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Since ASCE 7-05 allows a reduction in strength of the braced frame, the overall
force displacement relationships of the different models were compared for each load
pattern. Only small strength reductions were made to the braced frames due to the small
relative stiffness of the MF to BF. As a result, the largest difference in force-displacement
relationship was seen as a result of the moment frame strength rather than the reduced
braced frame strength. This can be observed in the graphs provided (Figure T through
Figure Z), as each BRBF has approximately the same maximum strength equal to 0.06W.
A comparison of the force displacement relationship between Models 15, 25, and
40 is shown below in Figure Z. Using the described design procedures, increasing the
moment frame design force from 25% to 40% seismic capacity (a 15% increase) resulted
in a increased system strength by approximately 15% (0.15W to 0.17W). Similarly,
reducing the moment frame design force from 25% to 15% resulted in approximately
10% system strength reduction (0.15W to 0.14W), which is displayed in Figure Z.
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Figure Z: Pushover results for models 15, 25 and 40 with uniform and Mode 1 load
pattern
Source: Author, Using Excel
For each model, the target displacement was calculated based on the modal
pushover analyses for the design earthquake values using ASCE 41-06 §3.3.3.3.2 and
described in Eq. 23.

 Te 2 
δ t = C0 C1C 2 S a  2  g ,
Eq. 23
 4π 
where δt is the Target Roof Displacement,
C0 is a Modification factor per ASCE 41-06 (dimensionless),
C1 is a Modification factor per ASCE 41-06 (dimensionless),
C2 is a Modification factor per ASCE 41-06 (dimensionless),
Sa is the response spectrum acceleration (%g)
Te is the effective fundamental period (seconds), and
g is gravity (k/(in/s2)).
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The target displacements, as well as the target displacement normalized by
building height, h, for the three models, are summarized below in Table 10,

δt (in)
δt/h (radians)
Model 15
21.9
0.0069
Model 25
21.6
0.0068
Model 40
21.5
0.0068
Table 10: Target displacements
Source: Author, Using Excel
To compare the nonlinear interaction between the MF and BF the relative story
shear distribution at the target displacement for each structure is shown in Figure AA and
Figure BB below. In Figure AA, the story shear demand in the moment frame varries
with the brace configuration as seen in the elastic model. As expected, the MF in Model
40 sees the highest demands, while the MF in Model 15 sees the lowest.
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Figure AA: Shear distribution at δt based on mode 1 nonlinear pushover analyses
Source: Author, Using Excel
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Figure BB: Nonlinear base shear distribution at δt as absolute and relative base
shear quantities for Models 15, 25 and 40
Source: Author, Using Excel
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The relative contribution to the listed lateral resistance from the moment frames at
target displacement in the nonlinear pushover (30%, 37%, and 46% for Models 15, 25,
and 40 respectively) is higher than for the elastic model (17%, 19% and 22% for Models
15, 25, and 40 respectively) as shown in Figure BB and Figure H (page 27). In Model 15,
Model 25 and Model 40, the MF demands exceed the design base shear and appropriately
shares more of the lateral load in the inelastic range greatly increasing the system strength
as intended. The total system capacity shown in Figure BB is significantly higher than the
design strength. Combining the BRBF and MRF system increased the strength to be
greater than 100% of the design strength. Since the BRBF was only allowed a reduction
in strength based on the relative rigidity between the BRBF and MRF, the added moment
frame ultimately increases the capacity beyond the design strength. Aside from the
additional strength provided by the moment frame, safety factors have been applied to the
design as per design practice, and as displayed in Table 5 on page 31, expected material
strengths were used in the nonlinear analysis rather than design strengths (typically a
10% increase).

4.3 Nonlinear Dynamic Analysis
To explore the structural response due to the variability of seismic ground
motions, a suite of 7 earthquakes was selected. Median and 84th percentile response
quantities are reported. The Perform 3D model included vertical gravity loading on the
structure in combination with the effects of these ground motions.
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4.3.1 Ground Motions
The 7-record suite was scaled to the design spectrum using an amplitude scaling
procedure. This method of scaling was chosen in order to maintain the ground motion
variability and to excite the buildings through a broader range of response. The ground
motions were scaled according to ASCE 41 1.6.2.2. ASCE 41 recommends the average
SRSS of periods between 0.2T and 1.5T is not to be taken less than 1.3 times the 5%damped design spectrum (where T is the fundamental period of the structure). A list of
ground motions, their peak ground accelerations (unscaled) and the amplitude scale
factors used for this analysis is shown in Table 11 and the response spectrum for the suite
is shown below in Figure CC.
Peak Ground
Acceleration (g)
(unscaled)
Northridge
Canoga Park
0.356
Loma Prieta
Capitola
0.529
Imperial Valley
Bonds Corner
0.775
Imperial Valley
El Centro
0.352
Kalamata
Kalamata
0.248
Coalinga
Pleasant Valley
0.380
Northridge
Saticoy Station
0.368
Table 11: Earthquake record data
Source: Author, Using Excel
Earthquake

EQ1
EQ2
EQ3
EQ4
EQ5
EQ6
EQ7

Record Station

Scale Factor
2.15
2.55
2.03
2.18
3.88
3.52
1.77
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Figure CC: Earthquake spectral scaling for response spectrum
Source: Degenkolb Engineers, Using Excel
The response history analysis executed with Perform 3D to was terminated when
any single nonlinear element reached its maximum inelastic displacement or rotation
capacity (DX). When deformations are imposed beyond this limit, nonlinear elements
have no analytical force displacement relationship assigned. For all three models, only
the Imperial Valley – El Centro earthquake induced deformations high enough to
terminate the analysis. This ground motion exhibited a large pulse around 6 seconds into
the record, causing a large roof displacement and high ductility demands in the BRB
elements until termination. For the results presented, all data from the Imperial Valley –
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El Centro record includes only building response data for the first 6.5 seconds. The
remaining 6 records did not induce deformations beyond DX and the entire record was
examined.

4.3.2 Damping
A large portion of the structural system damping has been accounted for by the
hysteretic characteristic of the BRB elements which have been explicitly modeled with
the BRB element compounds in Perform 3D. In addition to BRB yielding, yielding of the
moment frame as well as damage to architectural features and cladding are expected
throughout a seismic event and will also contribute an amount of damping to the building
response. To account for MF yielding and nonstructural damage, modal damping and
Raleigh damping have also been included in the nonlinear model.
Modal damping is defined by a damping matrix, C and is defined by the following
equation (Perform User Guide):

Mφ
4π
ξn T n ,
Eq. 24
φn Mφn
n =1 Tn
where n is the mode for which damping is being calculated
(dimensionless),
N is the total number of damped modes (dimensionless), and
Tn is the period of mode n (sec),
ξn is the modal damping ratio of mode n,
M is the mass matrix for the structure, and
Φn is the shape of mode n.
n= N

C=∑

To reduced computational time, Perform 3D reduces this matrix to a banded
matrix similar to the stiffness matrix of the structure which results in a slight energy
unbalance in the analyses; however, the energy unbalance has been shown to be
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negligible. A modal damping of 1.9% has been implemented, although the effective
damping achieved after the matrix is banded is unknown.

C = αM + β K ,

Eq. 25

where K is the structure’s stiffness matrix (k,in),
α is a scalar adjusctment factor (dimensionless), and
β is a scalar adjusctment factor (dimensionless).
Raleigh damping which varies by period has also been added. This damping
relationship is defined in Eq. 25 where αM (or αM) produces significant damping in long
periods and βK (or βK) accounts for additional damping in short period modes.

Figure DD: Raleigh damping ratio variation with period
Source: CSI 2006a
The Raleigh damping model is displayed in Figure DD above. Where TA and TB
have been assigned to 0.5T1 and 1.5T1 respectively where T1 is the fundamental period
calculated by Perform 3D. The combination of 0.1% Raleigh damping and 1.9% Modal
damping gives a total of 2% damping at 0.5T1 and 1.5T1 in addition to the hysteretic
damping which results from BRB yielding.
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4.3.3 Statistical Consideration of Results
The buildings’ response to seven ground motions has been examined for this
thesis and the results for ductility, drift and displacement and story shear distribution
have been displayed in tables and graphs of this section. Listing the results in increasing
order of demands, the smallest earthquake response quantity would be considered as the
first data point and the most severe response quantity would be the seventh data point.
The median is reported as the value of the 4th (or middle) data point, while the 84th
percentile result is approximated as data point 6 (since 6/7=0.86 which is nearest 0.84).
This method was used for the SAC project (FEMA 355).

4.4 Response History Analysis Results
Six of seven ground motions examined for the structures caused inelastic
behavior; however, the structures did not reach collapse prevention (CP) limit state for
any nonlinear element. One record, Imperial Valley, El Centro earthquake (EQ 4)
induced brace ductility demands as high as 24∆y at the lower levels which was caused by
a large pulse in the first six to eight seconds of the record. Drift ratios resulting from this
amount of displacement were significantly higher than the other six records considered.
Since the accepted collapse prevention ductility for BRB elements is 15∆y for this thesis,
data was not collected beyond the time step at which 15∆y was reached.
The following items have been studied for all three models based on the nonlinear
dynamic (ND) behavior under the seven ground motions previously described:
• Maximum MF story shear demands;
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• Distribution of base shear demands in the MF at the instant of maximum MF story
shear and a comparison to the 25% design rule in ASCE 7-05;
• Distribution of base shear demands in the MF at the instant of maximum net (MF
+ BRBF) story shear and a comparison to the 25% design rule in ASCE 7-05;
• BRB and RBS maximum ductility ratios as multiples of the yield deformation or
rotation;
• Drift profiles at maximum roof displacement; and
• Maximum story drift ratios.

4.4.1 Base Shear
The base shear distribution was considered for the point in time at which the base
shear is at a maximum for each earthquake. The results of Model 25 are shown below in
Figure EE. The data for EQ 4 included in the data of Figure EE shows the highest
demands imposed onto the structure as a result of the Imperial Valley – El Centro ground
motion record before a BRB reached the maximum ductility ratio. This record imposed
the highest deformations in all three models. The data below in Figure EE demonstrates
the highest base shear in the moment frame resulted from EQ 4; the MF was engaged and
shared the lateral load as the BRBF went more fully nonlinear. The median MF base
shear demand was 0.085W. Figure EE shows that the mean total base shear imposed on
Model 25 exceeds the ultimate pushover capacity (0.15W) shown by the uniform
pushover in Figure V (page 52). This is because the force distribution imposed by the
earthquake accelerations is unique to the record, causing the structure to be engaged
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differently. Also, the hysteretic behavior of the BRB elements has been modeled
explicitly. As seen in testing and modeled, because of cyclic strain hardening, the
capacity of the BRB elements increases as the members cycles back and forth. Previously
Figure J showed an example of the hysteresis of a BRB element tested by Nippon Steel.
The shear distribution ratio in the 25% model for each ground motion is also
provided for the instant of maximum total base shear below in Figure JJ. The median MF
contribution is 51% of the maximum overall dynamic base shear demand. In the case of
model 25, the median MF base shear and the median total base shear are not a result of
the same ground motion. This is simply because the ground motions excite the building
differently, engaging more and less of the MF.

Normalized Base Shear, V/W

BF Shear

MF Shear

0.30
0.25
0.20
0.15
0.10

0.085

0.05
0.00
EQ1

EQ2

EQ3

EQ4

EQ5

EQ6

EQ7 Median

Figure EE: Model 25 normalized base shear demands from nonlinear dynamic
analysis at maximum total base shear
Source: Author, Using Excel
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%BF

%MF

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

51%

EQ1

EQ2

EQ3

EQ4

EQ5

EQ6

EQ7 Median

Figure FF: Model 25 base shear distribution from nonlinear dynamic analysis at
maximum total base shear
Source: Author, Using Excel
A similar trend was seen for Models 15 and 40, and a comparison of the median
base shear demands is shown below in Figure GG.
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Figure GG: Comparison of median values at maximum total base shear
Source: Author, Using Excel
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Recall, that the design base shear was calculated to be 0.06W for all three
structures using a response modification factor (R-factor), equal to 8, which has been
defined in ASCE 7-05 with the understanding that the structure will behave in a ductile
fashion during a major seismic event. For Model 25, the moment frame was designed for
25% of 0.06W, or 0.015W, where W is the total seismic weight of the structure.
Based on the results shown above in Figure GG, the median dynamic base shear
in the moment frame varies only slightly between models 25 and 40; however, a higher
force is induced in the BF in Model 40 leaving the relative contribution of the MF at 35%
in Model 40 compared to 51% in Model 25. The MF demands for Model 15 are 6% less
than Model 25. The MF demands for all three models shown in Figure GG are compared
to the design base shear below in Table 12.
Similar results have been considered for each earthquake at the instant during the
earthquake at which the moment frame demand was the greatest. In some cases, the
overall maximum base shear demand did not occur at the same time as the maximum
moment frame base shear demand during the time history analysis. The median result for
this state is shown below in Figure HH for each model.
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Figure HH: Comparison of median values at maximum dynamic MF base shear
Source: Author, Using Excel
Figure HH shows a more regular trend as the MF base shear increases with MF
strength between the models. Base shear is the minimum in the Model 15 MF, and a
maximum in Model 40 when the overall MF demands are a maximum during the
response history.
Below in Table 12, the ratio of nonlinear demands versus the design base shear is
displayed. For Model 15, the MF base shear recorded from the RHA at the instant of
maximum base shear as well as the instant of maximum net base shear is 7.4 times the
design base shear. As the MF design strength increases, the comparison to the design
base shear reduces. Model 25 reaches 5.7 times the design base shear, while Model 15 is
3.4 and 3.8 for the data recorded. These results show that increasing the design strength
of the MF in Model 15 by 25% causes a 50% difference in comparison to the ASCE 7-05
design values.
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ASCE 7-05 Design Forces

Model 15
Model 25
Model 40

Nonlinear Dynamic Analysis

Design MF Base Shear
(VDesign )

MF Base Shear at
Max Total Base Shear

Max. MF Base Shear

0.009W
0.015W
0.024W

0.067W
0.085W
0.082W

0.078W
0.085W
0.091W

VMF at Max Total / VDe sign
7.43
5.67
3.40

VMax MF / VDesign
8.64
5.67
3.80

Model 15
Model 25
Model 40

Table 12: Comparison of Median Nonlinear Dynamic MF base shear demands to
ASCE 7-05 design base shear.
Source: Author, Using Excel
The median MF base shear results from the response history analysis have also
been compared to the MF base shear demands at target displacement during the modal
pushover. The modal pushover has been chosen over the uniform pushover since it
demonstrates some uniqueness to the structure’s first mode response. Similar to the
results shown in Table 12, the MF base shear results have been included and the ratios to
the pushover demands are displayed in the lower portion of Table 13. These results show
that the MF base shear in the Response History Analysis is much higher than the
demands at target displacement of the Modal Pushover. The MF demands are 2.3-2.7
times higher in Model 15, 2.1 times in Model 25 and 1.4-1.6 times higher than the
pushover results in Model 40. Since a structure is expected to have capacity beyond the
target displacement for life safety performance it is expected that when the dual system
structure is subject to a significant earthquake, the MF will be stressed beyond what has
been calculated at target displacement.
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Model 15
Model 25
Model 40

Nonlinear Modal Pushover
MF Base Shear at Target
Displacement
0.029W
0.040W
0.057W

Model 15
Model 25
Model 40

Nonlinear Dynamic Analysis
MF Base Shear at
Max. MF Base Shear
Max Total Base Shear
0.067W
0.078W
0.085W
0.085W
0.082W
0.091W
VMF at Max Total / Vat δt
2.31
2.13
1.43

VMF at Max MF / Vat δt
2.68
2.13
1.60

Table 13: Comparison of Median Nonlinear Dynamic MF base shear demands to
Modal Pushover MF demands at δt.
Source: Author, Using Excel
The MF demands recorded from the nonlinear dynamic analysis can be compared
to the overall capacity of the MF (maximum base shear) shown in the pushover curves
displayed in Figure U, Figure W, and Figure Y. Table 14 below shows the results of this
comparison. The capacities observed in the modal pushover are a result of the first mode
only force distribution linearly increased, while the demands seen in the NDA include
dynamic variability from the ground motions and effects of higher modes. While Model
15 and Model 25 show demands beyond their modal pushover capacities in the NDA, the
base shear demands in Model 40 from the NDA are within 10%.
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Nonlinear Modal Pushover
Max MF Capacity
Model 15
Model 25
Model 40

0.051W
0.060W
0.090W

Nonlinear Dynamic Analysis
MF Base Shear at
Max. MF Base Shear
Max Total Base Shear
0.067W
0.078W
0.085W
0.085W
0.082W
0.091W

VMF at Max Total / VMF capacity VMF at Max MF / VMF capacity
1.31
1.52
Model 15
1.42
1.42
Model 25
0.91
1.01
Model 40

Table 14: Comparison of Median Nonlinear Dynamic MF base shear demands to
Modal Pushover MF demands at δt.
Source: Author, Using Excel
The base shear ratios comparing the NDA to the ASCE 7-05 design base shear
and nonlinear static base shear at target displacement maintain a similar trend as the NDA
demands decrease as the strength of the MF increases.

4.4.2 Story Shear
The story shears displayed below in Figure II, Figure JJ and Figure KK represent
the instance at which the total story shear is maximum during the response history for
Models 15, 25, and 40 respectively with the median results indicated as previously
defined. For the remainder of this section, the total story shear that is reported is the
summation of the BF and MF story shear at the same instant in time throughout the
earthquake records. The data points shown in the figures of this section demonstrate the
distribution of data that was collected from the seven earthquake records. Results of the
El Centro ground motion are included up to approximately 6.5 seconds where the BRB
elements have exceeded their maximum ductility for all three models. In the graphs
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below, the open data points and solid lines represent the story shear demands in the
moment frame, while the solid data points and dashed lines represent the total story shear
or the sum of braced and moment frame shear forces.
In all three models, the median results of the maximum net story shears
demonstrate a mostly smooth trend for the total story shear. The zigzag pattern, similar to
that previously seen in the elastic and the pushover analysis, is a result of the brace
pattern on the structure’s elevation.
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Figure II: Model 15 nonlinear dynamic maximum total story shear demands
Source: Author, Using Excel
Figure II and Figure JJ show the story shear distribution at the instant at which
the total story shear demands are a maximum. Model 25 distributes forces with a similar
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trend as Model 15. Near the x-axis of the figure the overall maximum base shear is
defined as the lowest data points at y=1 (story shear at level 1).
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Figure JJ: Model 25 nonlinear dynamic maximum total story shear demands
Source: Author, Using Excel
A slightly more irregular trend is observed in Figure KK for the overall story
shear; however, the moment frame story shears are nearly linear between levels 7 and 12.
The MF base shear (the story shear at story level 1) is nearly equivalent between Model
25 and Model 40 (shown in Figure LL). Since the pitch of the first level brace is steeper,
the maximum total base shear seen in a NDA is higher for all three models.

ASCE 7-05 Design Rule for Relative Strength in a Tall BRBF

4.0 Nonlinear Analysis 75

MF Story Shear Data Point
Median MF Story Shear

Total Story Shear Data Point
Median Total Story Shear

20
18
16

Story Level, i

14
12
10
8
6
4
2
0
0.00

0.05

0.10

0.15

0.20

0.25

Normalized Story Shear, V/W
Figure KK: Model 40 nonlinear dynamic results for maximum total story shear
demands
Source: Author, Using Excel
The median results of Figure II through Figure KK are plotted simultaneously on
Figure LL. This graph shows levels 4 through 10 show the biggest difference in how
forces are distributed based on the available MF strength. Following Figure LL, Table 15
reports the ground motion record that contributed the median result of the nonlinear
dynamic analysis for total story shear. This table shows the median earthquake record
varies for each model and that the difference in MF strength distribution does in fact
behave differently in response to different ground motions.
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Figure LL: Comparison of nonlinear dynamic median results for maximum net
story shear demands
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Story
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Model 15
Kalamata - Kalamata
Loma Prieta - Capitola
Loma Prieta - Capitola
Loma Prieta - Capitola
Loma Prieta - Capitola
Loma Prieta - Capitola
Imperial Valley - Bonds Corner
Imperial Valley - Bonds Corner
Loma Prieta - Capitola
Imperial Valley - Bonds Corner
Imperial Valley - Bonds Corner
Northridge - Saticoy Station
Coalinga - Pleasant Valley
Kalamata - Kalamata
Coalinga - Pleasant Valley
Kalamata - Kalamata
Coalinga - Pleasant Valley
Kalamata - Kalamata
Imperial Valley - Bonds Corner
Northridge - Saticoy Station

Model 25
Coalinga - Pleasant Valley
Kalamata - Kalamata
Imperial Valley - Bonds Corner
Imperial Valley - Bonds Corner
Kalamata - Kalamata
Imperial Valley - Bonds Corner
Loma Prieta - Capitola
Loma Prieta - Capitola
Loma Prieta - Capitola
Loma Prieta - Capitola
Loma Prieta - Capitola
Imperial Valley - Bonds Corner
Kalamata - Kalamata
Kalamata - Kalamata
Loma Prieta - Capitola
Northridge - Saticoy Station
Kalamata - Kalamata
Northridge - Saticoy Station
Loma Prieta - Capitola
Coalinga - Pleasant Valley

Model 40
Imperial Valley - Bonds Corner
Loma Prieta - Capitola
Coalinga - Pleasant Valley
Northridge - Saticoy Station
Coalinga - Pleasant Valley
Loma Prieta - Capitola
Loma Prieta - Capitola
Loma Prieta - Capitola
Imperial Valley - El Centro
Coalinga - Pleasant Valley
Coalinga - Pleasant Valley
Coalinga - Pleasant Valley
Coalinga - Pleasant Valley
Northridge - Saticoy Station
Imperial Valley - Bonds Corner
Coalinga - Pleasant Valley
Imperial Valley - Bonds Corner
Coalinga - Pleasant Valley
Coalinga - Pleasant Valley
Imperial Valley - Bonds Corner

Table 15: Ground motion records contributing the nonlinear dynamic median
results for total story shear from Figure LL.
Source: Author, Using Excel
Story shear results were also recorded for the instant at which the maximum
moment frame story shear was observed. This data is unexpectedly different from the
median results of maximum total story shear, as the maximum MF story shear often
occurs when the total story shear is very low, or even negative. These results are provided
below in Figure MM through Figure PP.

ASCE 7-05 Design Rule for Relative Strength in a Tall BRBF

4.0 Nonlinear Analysis 78

MF Shear Data Point

Total Story Shear Data Point

MF Median
20

Total Shear Median

18
16

Story Level, i

14
12
10
8
6
4
2

-0.10

-0.05

0
0.00
0.05
0.10
0.15
Normalized Story Shear, V/W

0.20

0.25

Figure MM: Model 15 nonlinear dynamic results for maximum moment frame story
shear demands
Source: Author, Using Excel
Figure MM shows the results for Model 15. The median results for maximum MF
story shear are more linear than was observed for maximum total shear; however, in this
case, the total story shear is negative at levels 2, 8, 12, and 16. This behavior is seen at
every fourth floor of Model 15. At these levels, the braces are in adjacent interior bays
just as observed in the elastic analysis of this thesis. Low or negative net story shear force
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is a result of the difference in stiffness of the two systems. Where the BRBFs are in
adjacent bays, the BF stiffness is maximized at that level (levels 4, 8, 12, 16, and 20 as
shown in elevation in Figure B).
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Figure NN: Model 25 nonlinear dynamic results for maximum moment frame story
shear demands
Source: Author, Using Excel
As the moment frame design strength is increased from 15% to 25% of the base
shear, the relative distribution of forces is directly affected. In Model 25 shown in
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Figure NN, the braced frame attracts almost no force at levels 12 and 16, where the total
story shear is approximately equal to the moment frame shear. For all other levels, the
vertical trend of MF story shear is more linear.
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Figure OO: Model 40 nonlinear dynamic maximum moment frame story shear
demands
Source: Author, Using Excel
Finally, increasing the design strength 25% to 40% seismic demands the relative
distribution becomes more regular as the median results above in Figure OO show the BF
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and MF consistently work together resisting unidirectional forces. A comparison of the
median results for Models 15, 25, and 40 in the maximum moment frame story shear
state is shown below in Figure PP.
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Figure PP: Comparison of median nonlinear dynamic results for maximum MF
story shear demands
Source: Author, Using Excel
The results presented in Figure PP show a trend related to the brace pattern of the
BRBF. As previously mentioned, the low or negative outlier values for the median total
story shear are levels where braces are in adjacent bays (with exception of level 2).
Figure PP also shows a linear trend in total story shear for the other levels, disregarding
levels of adjacent braces.
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Since the BRBF design was based on the relative stiffness of the BRBF to the
MF, the most flexible MF required a stronger and therefore stiffer braced frame in order
to adequately resist the linear dynamic forces it was designed for. This design method
caused the highest stiffness difference between the BRBF and MF to exist in Model 15,
and the smallest difference to occur in Model 40. It is clear from Figure PP that the
reverse shear behavior is most distinct in Model 15 and hardly seen in Model 40.
Story
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Model 15
Coalinga - Pleasant Valley
Loma Prieta - Capitola
Imperial Valley - Bonds Corner
Imperial Valley - Bonds Corner
Imperial Valley - Bonds Corner
Loma Prieta - Capitola
Loma Prieta - Capitola
Imperial Valley - El Centro
Imperial Valley - El Centro
Loma Prieta - Capitola
Imperial Valley - Bonds Corner
Kalamata - Kalamata
Kalamata - Kalamata
Northridge - Canoga Park
Kalamata - Kalamata
Northridge - Canoga Park
Loma Prieta - Capitola
Northridge - Saticoy Station
Imperial Valley - Bonds Corner
Imperial Valley - Bonds Corner

Model 25
Coalinga - Pleasant Valley
Imperial Valley - Bonds Corner
Imperial Valley - Bonds Corner
Imperial Valley - Bonds Corner
Kalamata - Kalamata
Loma Prieta - Capitola
Kalamata - Kalamata
Northridge - Saticoy Station
Loma Prieta - Capitola
Loma Prieta - Capitola
Loma Prieta - Capitola
Imperial Valley - Bonds Corner
Imperial Valley - Bonds Corner
Kalamata - Kalamata
Imperial Valley - Bonds Corner
Coalinga - Pleasant Valley
Loma Prieta - Capitola
Northridge - Saticoy Station
Kalamata - Kalamata
Imperial Valley - Bonds Corner

Model 40
Imperial Valley - Bonds Corner
Imperial Valley - Bonds Corner
Imperial Valley - Bonds Corner
Imperial Valley - Bonds Corner
Northridge - Canoga Park
Loma Prieta - Capitola
Northridge - Canoga Park
Coalinga - Pleasant Valley
Loma Prieta - Capitola
Loma Prieta - Capitola
Imperial Valley - Bonds Corner
Imperial Valley - Bonds Corner
Imperial Valley - Bonds Corner
Imperial Valley - Bonds Corner
Coalinga - Pleasant Valley
Imperial Valley - Bonds Corner
Kalamata - Kalamata
Kalamata - Kalamata
Coalinga - Pleasant Valley
Coalinga - Pleasant Valley

Table 16: Ground motion records contributing the nonlinear dynamic median
results for maximum MF story shear from Figure PP.
Source: Author, Using Excel
The ground motions that caused the median result for maximum MF story shear
are listed for each model in Table 16. The Imperial Valley, Bonds Corner ground motion
caused the median MF story shear results around levels 1-5 for the three models and for
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levels 11-14 of Models 25 and 40 as well. For the remaining data, all seven records are
seen as a median result for at least one model.

4.4.3 Ductility Ratios
For each structure, the ductility ratios have been calculated as the ratio of element
demand to yield capacity. As shown below in Figure QQ (a), the 84th percentile RBS
ductility ratio for all three models ranges from 1.25 to 1.75 which is classified by ASCE
41-06 as the Immediate Occupancy performance category; only mild plastic behavior was
seen from the RHA. The 84th percentile results also show that Model 40 is likely to see
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Figure QQ: Nonlinear Dynamic Ductility Ratios
Source: Author, Using Excel
The results for maximum BRB ductility demands reported in Figure QQ (b) for
levels 1 through 9 show a clear trend in the 84th percentile data as Model 40 experiences
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the least ductility and Model 15 experiences the most. 84th percentile ductility values at
levels 12 through 16 for Model 25 correspond to relatively higher story drifts in Figure
SS. Also for model 25, in which BRB ductility is highest, the RBS ductility is also higher
because demands shed from the BRBF into the MF as intended.
The 84th percentile results of all three models for BRB ductility in Figure QQ (b)
range from 6.5 to 8.0. BRB element testing shows core yielding beyond 15 times the
yield displacement is unsafe. For all BRB elements in the three models, the 84th
percentile data presented above is also within the Immediate Occupancy to Life Safety
range. Both RBS and BRB ductility responses show the 3 prototype structures behave
similarly.

4.4.4 Displacement and Drift
The drift profile corresponding to the maximum roof displacement normalized by
the roof height is displayed in Figure RR (a) through (c) for Models 15, 25 and 40 as
labeled. The results of EQ 4 (El Centro) have been included up to the time at which the
BRBs reached their yield limit which was defined in Table 6. Similar behavior is
observed between the three models. The magnitude of the median roof drift is
approximately 0.005 radians for all models (approximately 15 inches) which is less than
the target displacement roof drift of 0.0068 radians.
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Floor level, i
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8
6
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4
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2
0
0

0.003

0.006
∆/h

0.009

(c) Model 40

Figure RR: Nonlinear Dynamic Maximum Roof Displacement
Source: Author, Using Excel
The displacement data for Model 40 shows the least variability between
earthquake records while Model 15 demonstrates more scattered results at the lower
levels. For all three structures, the El Centro record induced the highest roof
displacements before reaching the brace ductility limit which caused analysis
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termination. For the El Centro ground motion specifically, the stronger moment frame
structures underwent less roof displacement at the time the lowest level braces reached
their maximum allowable ductility.
For each structure, the maximum story drift angle has been calculated from the
results of the nonlinear dynamic analysis with the following equation:

θ=

(∆ i

− ∆ i −1 )
hi

,

Eq. 26

where θ is the story drift angle (radians),
∆ is the absolute floor displacement (in),
h is the story height (in), and
i is the story level of interest (dimensionless).
and the floor displacements, ∆i and ∆i-1 used for the calculations are recorded at the same
time step.
The median and 84th percentile value for the story drift angle for each level are
shown below in Figure SS and Table 17 displays a median of the story results reported in
Figure SS.
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20
18
16
Model 15: Median
Model 15: 84th Percentile
Model 25: Median
Model 25: 84th Percentile
Model 40: Median
Model 40: 84th Percentile

Story Level, i

14
12
10
8
6
4
2
0
0

0.005

0.01

0.015

Interstory Drift Angle, Radians

Figure SS: Nonlinear dynamic story drift results for Models 15, 25, and 40
Source: Author, Using Excel
Average Median
Average 84th Percentile
Model 15
0.00750
0.00940
Model 25
0.00826
0.00958
Model 40
0.00787
0.00908
Table 17: Median story drift angles, radians

The varying design criteria between models results in unique story drift demands.
Model 15 experiences the largest range of drift values as the difference between the
median and 84th percentile results is the highest. Model 25 experiences the overall highest
84th percentile story drift ratio equal to 0.012 radians at level 14. Model 40 shows the
smallest range between the median and 84th percentile results decrease. Different trends
can be observed for the upper and lower portions of the structure; a change in curvature
of the displaced shape is observed near level 9. This behavior corresponds to the way the
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BF and MF engage each other as shown in Figure A. These results show that no
conclusive statement can be made about which design is optimal for minimizing story
drift. ASCE 7-05 provides a limit of 0.020hsx for drift in Table 12.12-1. Figure SS shows
that all three models performed well within the code limits for story drift. If a stricter drift
limit of 0.010hsx is used, only Model 40 would pass. Such a drift limit could apply to high
performance structures and hospitals.
The varying design criteria between models results in unique story drift demands.
While no single model experiences either the highest or the lowest story drift in Figure
SS, the overall median and 84th percentile result for all three models is reported in Table
17.
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5.0 CONCLUSIONS
Comments are given below on the design method and analysis results previously
shown in this thesis.

5.1 Final assessment of results
After results of the elastic and nonlinear pushover analyses were reported, the
results of the nonlinear dynamic analyses focused on the story shear distribution,
maximum ductility ratios, drift and displacements, which were presented in Section 4.0
of this document. A final assessment of results is provided in each section below.

5.1.1 Story Shear
The stronger moment frames in general carried more shear force in the linear
static analysis, the nonlinear pushover analysis, as well as the response history analysis.
When the story shear was examined at the instant of maximum total story shear,
the MF demands increased consistently with the MF strength and the total story shears
showed little variation (see Figure LL).
Figure PP also showed that shear reversal, or negative shear, was more apparent
in Model 15 where the stiffness difference was the highest between the BF and the MF.
Further discussion of shear reversal at particular levels is discussed in section 5.2.2.

5.1.2 Ductility Demand
As expected from the simple, two-frame, single degree-of-freedom hand
calculation that was presented in section 4.1, the BRB elements underwent more postyield deformation than the MF reduced beam sections. Since this is one of the overall
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objectives of a dual system, the design was successful for all three models in this respect.
After the braces reached first yield, the BF stiffness tangent became very small and the
MF was engaged to control displacement. The RBS ductility demands attained by the MF
are approximately 2—only mildly inelastic.
In level 12-16, particularly high ductility demands are observed correspond to
locations where the story drift is also high. High ductility is expected at high
displacements since there is more rotation/elongation. The 84th percentile ductility
demands for the BRBs remained below 8.3, within the Immediate Occupancy to Life
Safety range.

5.1.3 Drift and Displacement
Drift and displacement demands did not show one model as performing
significantly better than another. The MF designed to 40% of the design base shear
resulted in the least scatter of results from the 7 ground motions; however, all models
performed adequately based on ASCE 7-05 table 12.12-1 where story drift must be
limited to less than 0.02hsx. Figure SS shows that the 84th percentile interstory drift for all
three models is approximately 0.01hsx. The general displacement profile for each
structure was close to linear as expected for a BRBF and MF Dual System.
RHA results shown in Figure SS for Model 40 show the most linear displacement
profile. When the MF strength (and stiffness) is reduced, the overall trend of results
becomes less linear and more scattered.
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The overall median drift results for the buildings do not show a trend as the
lowest drift median, 0.0075 radians, is observed from Model 15 while the highest drift
median value, 0.00826 radians, is recorded from Model 25. However, similar to the
visual observation of the displacement results previously discussed. Higher MF strength
produced less variability of results. The range of data between the median values and the
84th percentile results is the largest in Model 15 and the smallest in Model 40. In terms of
84th percentile demands from the RHA, the story drift demands remained below 0.012.

5.2 Implications of Prototype Design
ASCE 7-05 requires a secondary system to be designed for a minimum of 25%
seismic forces; however, the results show that Model 15 performs similarly to Model 25
and Model 40 and there appears to be no apparent reason not to allow its consideration as
a dual system per ASCE 7-05. All three models showed the overall structural response to
inelastic drift from the RHA was well within the code limitations.

5.2.1 Buckling-Restrained Braced Frame Design
As discussed in Section 2.3.1, the alternating braces were placed as shown in the
elevation of Figure B (page 12) to reduce column sizes. The alternating pattern yielded
interesting results since each braced frame level has a varying lateral stiffness, causing an
irregular pattern of forces attracted by the MF in design and an irregular trend of brace
sizes up the elevation. If the brace sizes (rather than DCR) were consistently increased
down the elevation, a more linear trend may have been seen in the reported ductility
results.
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The beam-column connections in the braced frame were modeled as non-moment
resisting where gusset plates would not occur. This assumption should be investigated
further.

5.2.2 Moment Frame Design
By varying the design forces of the MF between 15%, 25% and 40% of seismic
demands, this analysis showed only a slight variation of strength reduction of the primary
system between models.
The moment frames were designed to a specific strength (i.e. 15%, 25%, and
40%) of the total base shear. To achieve the said strength, only five column lines (four
bays) of lateral resistance were necessary. Since the braces were scattered across the
entire building length engaging 7 columns (6 bays), the stiffness ratio of the BF to MF
was amplified by the relative aspect ratios (height/length) of the BF to MF. A different
configuration could potentially produce significantly different results

5.2.3 Dual System Interaction
The dual system interaction was greatly affected by the brace pattern. The
implications due to shear reversal observed in this thesis have not been closely examined.
Further analysis of steel dual systems, specific to those which contain alternating brace
patterns, is suggested to understand shear reversal between a combined stiff and flexible
system.
As suggested, the results presented in this thesis may vary dramatically between
different dual system layouts. It is suggested by the author that this research be continued
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with additional variations to more fully understand the design implications of mixing a
strong and flexible system in a dual seismic force resisting system.

5.2.4 Final Remarks
In general, the allowed BRBF relative stiffness strength reduction per ASCE 7-05
did not seem to cause any deficiencies with the dual system performance. Each model
was found to easily satisfy the drift and ductility limitations described in the ASCE 7-05
and AISC 341. Since the strength of the MF was varied in each model, the precise role of
the MFs is not apparent. An additional study should be completed for a BRBF with no
secondary system to quantify the overall MF contribution to the dual system behavior.
ASCE 7-05 requires a secondary system to be designed for a minimum of 25% of
the seismic base shear; however, the results show that the Model 15 performs similarly to
the Model 25. Thus there appears to be no clear argument to not categorize the seismic
force resisting system as a dual system. Clearly, the design technique presented here8 for
a dual seismic force resisting system provides a high performance structure. This paper
shows that advanced analysis is required in order to fully quantify the system
performance and required MF strength with respect to the performance criteria, and to
quantify the added cost of the backup MF system.
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6.0 APPENDIX

Dead Load
2 1/2" Normal Weight Concrete Fill Over
3"x18 ga Metal Deck
Steel Framing (Assumption)
Ceiling/Flooring
Mechanical/Electrical
Roofing
Penthouse
Total Floor Dead Load (psf)
Partitions (psf)
Total Design Load (psf)

Roof
(DLrf)

53

Typical Floor
Seismic Mass
(SW)
53

13
3
7

13
3
7

13
3
7
7

Typical Floor
(DLflr)

76
0
76

76
10
86

Load (psf)

Live Loads
Typical Floor

13
3
7
40
116

83
83

116

Load (psf)
(Governs over 50 psf +
15psf (partitian load))

80

Typical Roof
Design Live Load Proposed

53

Roof
Penthouse
(DLph )
53

20
20

80

Cladding Load
Floor 1 = 15'-6"*[2*(102'+146')]*0.025=
Floor 2 to 19=
13'*[2*(102'+146')]*0.025=
Roof = (13'/2+42/12')*[2*(102'+146')]*0.025=
Penthouse 12'*[2*(22'+42')]*0.025=
=

192
161
124
38

kips
kips
kips
kips

Building Area
Abldg=

Building Envelope=

104'*148'=

15392 sf

ADL=

Floor Slab Envelope (DL)=

102'*146'=

14892 sf

ALL=

Floor Slab Envelope (LL)=

100*144=

14400 sf

APH=

Penthouse Envelope =

22'x42'=

924 sf

Floor Seismic Dead Weights
Level Calculation

Weight [k]

Whole
Half
2
Mass [k-s /ft]

Roof

[DLrf*ADL]+[DLph *Aph ]+Cladph +Cladrf

1506

46.76

23.38

2-19

[SWflr*ADL]+Cladflr 2-19

1442

44.78

22.39

[SWflr*ADL]+Cladflr 1

1473
28933

45.74
899

22.87
449

1

Σ
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Point Loads on EW Braced Frame Members (DL)
Level Calculation
Force [k]

(half)

Roof

DLrf*[21'x12']

20.9

10.5

2-19

DLflr 2-19 *[21'x12']

19.2

9.6

DLflr 1 *[21'x12']

19.2

9.6

1

Point Loads on EW Braced Frame Members (LL)
Level Calculation
Force [k]

(half)

Roof

LLrf*[20'x12']

4.8

2.4

2-19

LLflr 2-19*[20'x12']

19.2

9.6

LLflr 1*[20'x12']

19.2

9.6

1

Distributed Loads on EW Frame Members (Cladding)
Level Calculation
Force [klf]
Roof 0.025ksf *(13'/2+42/12')
0.250
2-19 0.025ksf *13'
0.325
1
0.025ksf *15'-6"
0.388
Point Loads on EW Moment Frame Members (DL)
Level Calculation
Force [k]

(half)

Roof

DLrf*[30'x12']

29.9

14.94

2-19

DLflr 2-19 *[30'x12']

27.4

13.68

DLflr 1 *[30'x12']

27.4

13.68

1

Point Loads on EW Moment Frame Members (LL)
Level Calculation
Force [k]

(half)

Roof

LLrf*[30'x12']

7.2

3.6

2-19

LLflr 2-19*[30'x12']

28.8

14.4

LLflr 1*[30'x12']

28.8

14.4

1

Table 18: Load takeoff and calculations for analytical modeling
Source: Takeoff Items per SAC, Calculations by Author
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Figure TT: Building plan referenced for load takeoff and design
Source: Author Using AutoCAD
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20
19
18
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1

MODEL A MEMBER SUMMARY
COLUMNS
BEAMS
BRACES
Braced Frame
Braced Frame
Moment Frame
Moment Frame
Core
A2, A3,
Area
A1-A2
A2-A3
A3-A4 C2-C3, C3-C4,
C2, C6
C3-C5
A1, A7
A4, A5,
2
A6-A7
A5-A6
A4-A5 C4-C5, C5-C6
in
A6
W14X48 W14X53
W14X68 W14X132 W21X50 W21X50 W21X68
W21X44
2.00
W14X48 W14X53
W14X68 W14X132 W21X50 W21X68 W21X57
W21X44
2.50
W14X53 W14X132 W14X82 W14X132 W21X93 W21X68 W21X57
W21X44
3.50
W14X53 W14X132 W14X82 W14X132 W21X68 W21X93 W21X57
W21X44
3.25
W14X68 W14X176 W14X145 W14X145 W21X57 W21X68 W21X111
W21X44
5.00
W14X68 W14X176 W14X145 W14X145 W21X57 W21X111 W21X83
W21X44
3.75
W14X132 W14X193 W14X132 W14X159 W21X111 W21X83 W21X57
W21X44
6.00
W14X132 W14X193 W14X132 W14X159 W21X83 W21X111 W21X57
W21X44
4.75
W14X132 W14X211 W14X132 W14X211 W21X57 W21X83 W21X111
W21X44
7.00
W14X132 W14X211 W14X132 W14X211 W21X57 W21X122 W21X93
W21X44
5.25
W14X132 W14X233 W14X132 W14X257 W21X122 W21X93 W21X57
W21X50
6.75
W14X132 W14X233 W14X132 W14X257 W21X93 W21X122 W21X57
W21X50
5.75
W14X145 W14X257 W14X145 W14X311 W21X57 W21X93 W21X122
W21X50
8.00
W14X145 W14X257 W14X145 W14X311 W21X57 W21X122 W21X93
W21X50
6.00
W14X193 W14X342 W14X159 W14X342 W21X132 W21X111 W21X57
W21X50
8.00
W14X193 W14X342 W14X159 W14X342 W21X111 W21X132 W21X57
W21X50
7.25
W14X193 W14X342 W14X176 W14X398 W21X57 W21X111 W21X132
W21X50
9.00
W14X193 W14X342 W14X176 W14X398 W21X57 W21X132 W21X111
W21X50
8.75
W14X257 W14X455 W14X283 W14X550 W21X132 W21X111 W21X57
W21X50
9.00
W14X257 W14X455 W14X283 W14X550 W21X111 W21X132 W21X57
W21X50
10.75

Table 19: Member sizes for Model 15
Source: Author Using Excel
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20
19
18
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1

MODEL B MEMBER SUMMARY
COLUMNS
BEAMS
BRACES
Braced Frame
Braced
Frame
Moment
Frame
Moment Frame
Core Area
A2, A3,
A1-A2
A2-A3
A3-A4 C2-C3, C3-C4,
2
A1, A7
A4, A5,
C2, C6
C3-C5
in
A6-A7
A5-A6
A4-A5 C4-C5, C5-C6
A6
W14X48 W14X53 W14X68 W14X132 W21X50 W21X50 W21X68
W21X44
2.00
W14X48 W14X53 W14X68 W14X132 W21X50 W21X68 W21X57
W21X44
2.25
W14X53 W14X132 W14X82 W14X132 W21X93 W21X68 W21X57
W21X44
3.25
W14X53 W14X132 W14X82 W14X132 W21X68 W21X93 W21X57
W21X44
3.00
W14X68 W14X176 W14X132 W14X176 W21X57 W21X68 W21X111
W21X44
4.75
W14X68 W14X176 W14X132 W14X176 W21X57 W21X111 W21X83
W21X50
3.50
W14X132 W14X193 W14X132 W14X193 W21X111 W21X83 W21X57
W21X50
5.75
W14X132 W14X193 W14X132 W14X193 W21X83 W21X111 W21X57
W21X50
4.50
W14X132 W14X211 W14X132 W14X233 W21X57 W21X83 W21X111
W21X62
6.75
W14X132 W14X211 W14X132 W14X233 W21X57 W21X122 W21X93
W21X62
5.00
W14X132 W14X233 W14X132 W14X283 W21X122 W21X93 W21X57
W21X68
6.50
W14X132 W14X233 W14X132 W14X283 W21X93 W21X122 W21X57
W21X68
5.50
W14X145 W14X257 W14X145 W14X311 W21X57 W21X93 W21X122
W21X68
7.75
W14X145 W14X257 W14X145 W14X311 W21X57 W21X122 W21X93
W21X68
5.75
W14X193 W14X342 W14X159 W14X342 W21X132 W21X111 W21X57
W24X76
7.75
W14X193 W14X342 W14X159 W14X342 W21X111 W21X132 W21X57
W24X76
7.00
W14X193 W14X342 W14X176 W14X398 W21X57 W21X111 W21X132
W24X76
8.75
W14X193 W14X342 W14X176 W14X398 W21X57 W21X132 W21X111
W24X76
7.50
W14X257 W14X455 W14X283 W14X550 W21X132 W21X111 W21X57
W24X76
8.75
W14X257 W14X455 W14X283 W14X550 W21X111 W21X132 W21X57
W24X76
10.50

Table 20: Member sizes for Model 25
Source: Author Using Excel
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20
19
18
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1

MODEL C MEMBER SUMMARY
COLUMNS
BEAMS
BRACES
Braced Frame
Braced
Frame
Moment
Frame
Moment Frame
Core Area
A2, A3,
A1-A2
A2-A3
A3-A4 C2-C3, C3-C4,
2
A1, A7
A4, A5,
C2, C6
C3-C5
in
A6-A7
A5-A6
A4-A5 C4-C5, C5-C6
A6
W14X48 W14X53 W14X82 W14X132 W21X50 W21X50 W21X68
W21X50
2.00
W14X48 W14X53 W14X82 W14X132 W21X50 W21X68 W21X57
W21X50
2.25
W14X53 W14X132 W14X132 W14X176 W21X93 W21X68 W21X57
W21X50
3.25
W14X53 W14X132 W14X132 W14X176 W21X68 W21X93 W21X57
W24X62
3.00
W14X68 W14X176 W14X132 W14X193 W21X57 W21X68 W21X111
W24X62
4.75
W14X68 W14X176 W14X132 W14X193 W21X57 W21X111 W21X83
W24X62
3.75
W14X132 W14X193 W14X132 W14X233 W21X111 W21X83 W21X57
W24X62
5.25
W14X132 W14X193 W14X132 W14X233 W21X83 W21X111 W21X57
W24X76
4.25
W14X132 W14X211 W14X145 W14X257 W21X57 W21X83 W21X111
W24X76
6.50
W14X132 W14X211 W14X145 W14X257 W21X57 W21X122 W21X93
W24X76
4.75
W14X132 W14X233 W14X159 W14X311 W21X122 W21X93 W21X57
W24X76
6.25
W14X132 W14X233 W14X159 W14X311 W21X93 W21X122 W21X57
W24X76
5.25
W14X145 W14X257 W14X193 W14X370 W21X57 W21X93 W21X122
W24X94
7.50
W14X145 W14X257 W14X193 W14X370 W21X57 W21X122 W21X93
W24X94
5.50
W14X193 W14X342 W14X233 W14X426 W21X132 W21X111 W21X57
W24X94
7.25
W14X193 W14X342 W14X233 W14X426 W21X111 W21X132 W21X57
W24X94
6.75
W14X193 W14X342 W14X257 W14X455 W21X57 W21X111 W21X132
W24X94
8.50
W14X193 W14X342 W14X257 W14X455 W21X57 W21X132 W21X111
W24X94
7.00
W14X257 W14X455 W14X283 W14X605 W21X132 W21X111 W21X57
W24X94
8.50
W14X257 W14X455 W14X283 W14X605 W21X111 W21X132 W21X57
W24X94
10.25

Table 21: Member sizes for Model 40
Source: Author Using Excel
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