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ABSTRACT

The highly nonlinear behavior associated with buckling and nonductile fracture of braces reduces
the ability of the special concentrically steel braced frame (SCBF) system to dissipate energy,
resulting in undesirable modes of behavior. We analyzed archetype buildings of SCBFs and
buckling restrained braced frames (BRBFs). The seismic demands of the system and structural
elements were computed and interpreted for 3-, 6-, and 16-story SCBFs and BRBFs under
various hazard levels. The analysis results show large seismic demands for the 3-story SCBF,
which may result in unexpected damage of structural and nonstructural elements.

We performed evaluations of seismic design parameters for 2-, 3-, 6-, 12-, and 16-story
SCBFs and BRBFs, which demonstrated that short-period braced frame systems, especially
SCBFs, had higher probabilities of collapse than longer-period braced frame systems. The
response was substantially improved by lowering the response reduction factor of the 2-story
SCBEF building; this reduced the collapse risk at the hazard level of 2% probability of exceedance
in 50 years.

The investigation of system performance and member behavior provides seismic
demands to more accurately assess the socioeconomic losses of SCBFs and BRBFs for
performance-based earthquake engineering.
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1 Introduction

1.1  MOTIVATION

Special steel moment-resisting frame (SMRF) systems were once considered to be one of the
best structural systems for use in areas of high seismicity. The simple configuration of structural
elements and straightforward design criteria of this structural system increased its popularity
among engineers, architects, and owners. However, the 1994 Northridge, 1995 Hyogo-ken
Nanbu, and other recent earthquakes have shaken the confidence of engineers in these systems
due to widespread brittle fractures that occurred in special welded steel beam-to-column
connections [FEMA 2000a]. The Federal Emergency Management Agency (FEMA) initiated a
six-year program of investigation and guideline development by the SAC Joint Venture
comprising the Structural Engineers of Northern California, Applied Technology Council, and
California Universities for Research in Earthquake Engineering [FEMA 1997a, 1997b, 1997c,
2000b, 2000c, 2000d].

Although the resulting guidelines have restored the confidence of engineers and the
public in the use of SMRF systems, requirements and restrictions are now more stringent for
designs using this structural system, and more rigorous checks are stipulated for quality control
to achieve the required ductility of beam-to-column connections. Research on SMRF systems
has also demonstrated that very large story drift may occur during a severe earthquake, leading to
serious damage to structural and nonstructural components. Because the design of SMRF
systems is usually controlled by code-designated story drift limits, the member sizes may be
much larger than those designed solely on the basis of force. This has resulted in cost increases
and complex construction configurations, and engineers and owners now seek more efficient and
economical systems.

The special concentrically steel braced frame (SCBF) system is one of the candidates that
are simple to design, effective in resisting lateral forces, and efficient in limiting lateral
deformation. Currently, SCBF systems make up about 40% of the market for office and hospital
buildings in California, and the trend is believed to be increasing [Ferch 2004]. Although SCBFs
are now widely used, damage to concentrically braced frames observed during past earthquakes,
including the 1985 Mexico [Osteraas and Krawinkler 1989], 1989 Loma Prieta [Kim and Goel
1992], 1994 Northridge [Tremblay et al. 1995; Krawinkler et al. 1996], and 1995 Hyogo-ken
Naubu [Architectural Institute of Japan 1995; Hisatoku 1995; Tremblay et al. 1996] events,
should be noted. The failure mode generally observed was fracture of the braces at the locations
of local buckling or plastic hinges. In some cases, fractures were observed at the weld of the
connections to the gusset plate or the weld in the boundary of the gusset plates. Research
demonstrated that this structural system is prone to concentrating the damage to a single story,



which results in significant story drift and floor acceleration [Khatib et al. 1988], and design
codes have been updated to reduce such common forms of damage.

Despite these code updates, the seismic performance of concentrically braced frames is
not considered as robust as it should be. Several factors may degrade the performance of SCBF
systems:

e Braces dissipate energy by yielding in tension and by inelastic buckling in compression.
Buckling of braces often decreases their ductility and energy-dissipating capacity under
cyclic loading [Black et al. 1980; Tang and Goel 1989; Kim and Goel 1992]. It is
observed that braces fracture after only a few cycles due to the limited ductility capacity.

e The nonlinear behavior of braces as well as braced frames is complex. Therefore, the
intensity and distribution of forces, and deformations over the building are difficult to
predict numerically. The failure of braces can result in large story drift and frame
instability. Some damage occurs because of the unexpected concentration of deformation
or force at a few stories [Aguero et al. 2006].

e There are a variety of failure modes for SCBF systems. From the observations of
previous earthquakes and experiments, damage occurs in braces, gusset plates, beam-
column connections, brace-to-framing connections, and beams and columns. The
occurrence of failure modes is sensitive to characteristics of earthquakes, structural
configurations, proportions of structural members, and detailing of the connections.

Several experiments have been conducted in recent years to assess the seismic responses
of concentrically braced frame systems. Despite the available experimental and field data, it is
difficult to establish confidence in current design methods. Research efforts have long strived to
develop quantitative probabilistic methods to evaluate the performance of structures [Hamburger
et al. 2003; Moehle et al. 2005]. These are quite versatile in terms of addressing engineering-
centric goals, such as continued occupancy or collapse prevention, or in terms of societal-centric
goals such as maximum probable losses (or down time or injuries) over the life of a structure or
given the occurrence of a scenario event (see, for example, Miranda and Aslani [2003]). Thus, a
significant opportunity exists to validate and improve design methods for concentrically braced
frame structures by developing and validating realistic numerical models and using these models
in combination with modern performance-based evaluation frameworks [Moehle 2003].

Most previous analytical studies investigated the behavior of structural components in a
braced frame or the behavior of tested specimens. Such preliminary studies indicate the need for
additional system studies. Studies are still limited regarding system performance [Uriz and
Mabhin 2008].

1.2 OBJECTIVES

The objectives of this study were to:

o Investigate the sensitivity of global and local engineering demands to parameters used in
the design and analysis of concentrically braced frames

e Develop further understanding of the seismic behavior of concentrically braced frame
systems in terms of the engineering demand parameters



Use performance-based evaluation concepts to understand the trade-offs between the
stiffness, strength, and ductility, and the global and local demands associated with
various performance goals

The objectives were achieved by:

1.3

Evaluating and improving numerical models to predict the response of concentrically
braced frames consistent with the efficiency and accuracy needs of performance-based
earthquake engineering (PBEE)

Studying the sensitivity of seismic demands to seismic hazard and structural
characteristics

Examining various engineering demand parameters to characterize performance
Applying a probabilistic PBEE framework to the assessment of structural performance

Assessing the design parameters of current codes for steel braced frames using the
methodology of FEMA P695 (ATC-63)

Identifying the global and local seismic demands for performance-based design

Developing schemes to improve system performance

SCOPE

Performance-based earthquake evaluation criteria have been developed by several researchers to
assess the seismic hazard, structural responses, expected damage, and possible losses for various
hazard levels and structural systems. Figure 1.1 illustrates the framework of PBEE as developed
by the Pacific Earthquake Engineering Research Center (PEER) of the University of California,
Berkeley [Moehle 2003]. By constructing an appropriate conditional probability function, the
relationship between ground motion intensity and socioeconomic variables is established using
the total probability theorem.
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Figure 1.1 lllustration of PBEE framework.



The engineering demand parameter (EDP) model relies on extensive numerical
simulations to characterize the relationship between the intensity measure and the EDPs. The
damage model, which relates the EDPs to the damage measures, is usually constructed by
summarizing the observations from test data and field work to relate EDPs to damage. The loss
model defines the relationship between the damage measure and the decision variables, which
are usually expressed in terms of death, dollar losses, and downtime; the construction of this
model requires efforts from industry to help estimate the possible losses.

The research presented here emphasizes the demand model for braced frame systems. We
constructed efficient and accurate nonlinear numerical models, and then carefully calibrated
them with existing test data for braces and two-story braced frames. To determine the accuracy
of the extensive nonlinear dynamic analyses performed for simulations for system behaviors, we
compared the results for system performance of the numerical models with results from a more
sophisticated but more computational expensive finite-element model, which has been proved to
accurately simulate global and local failure of braced frames.

The investigated braced frame systems included SCBF systems conforming to current
building codes [ASCE 2005] as well as previous versions of the codes, and BRBF systems.
Because of the large variety of possible brace configurations, it was not practical to include all
configurations. We discuss only structures with a double-story X configuration, which is
currently one of the most efficient and commonly used configurations.

To verify the capacity of the braced frame systems to resist collapse under extreme
ground motion excitations, we evaluated the design parameters detailed in the current code for
SCBF and BRBF systems. Structures with different numbers of stories, representing various
period ranges, were analyzed with the selected ground motions. The response reduction factor
(R-factor) was the primary design parameter evaluated, but the discussion also includes
overstrength factor and the deflection amplification factor Cy.

To understand how the collapse-resisting capacity of braced frame buildings can be
improved, our study evaluated the effects of changing the response reduction factor. In this
report we propose new design parameters to better control the deformation concentration
observed in high-rise SCBF buildings.This research also identifies the global and local force and
deformation demands of SCBF and BRBF for various hazard levels using the SAC ground
motion set [Somerville 1997], representing various hazard levels. Simple methods to estimate the
out-of-plane deformation of buckling braces and column axial force demands are proposed.

This report is organized as follows. Chapter 2 reviews recent studies on the numerical
simulation of braced system behavior and the evaluation of design parameters of braced frame
systems. Chapter 3 describes the construction of the numerical models and their calibration using
test data and results of more detailed finite-element models. Chapter 4 examines in detail the
performance of a 3-story SCBF designed with different criteria and a 3-story BRBF. Chapter 5
evaluates the seismic performance factors (R-factor, ), and Cq4 factor) found in current design
codes using the methodology of FEMA P695 [2009]. Chapter 6 presents the global force and
deformation demands of SCBF and BRBF systems having different number of stories; the effects
of changing the design criteria to improve the system performance of SCBF are evaluated.
Chapter 7 examines the force and deformation demands of braces, beams, and columns under
various hazard levels; this chapter also proposes simple methods to estimate the out-of-plane
deformation of buckling braces and column axial force demands. Concluding remarks and
recommendations are given in Chapter 8.



2 Literature Review

The typical failure modes experienced by SCBF buildings due to earthquake excitation include
damage to braces, brace-to-framing connections, columns, and base plates [Kato et al. 1980;
Hanson and Martin 1987; Osteraas and Krawinkler 1989; Architectural Institute of Japan 1995;
Tremblay et al. 1995; Bonneville and Bartoletti 1996; WJE 1998; Naeim 1997, 1998; Kelly et al.
2000]. Much experimental and analytical research has been conducted on the performance of
braces [Tremblay 2002; Lee and Bruneau 2005; Yang and Mahin 2005], gussets [Astaneh-Asl
1998; Roeder et al. 2005; Chambers and Ernst 2005] and frames [Khatib and Mahin 1988;
Fukuta et al. 1989; Wallace and Krawinkler 1989; Bertero et al. 1989; Tremblay et al. 1995,
1996; Sabelli 2000; Tremblay et al. 2003; Uriz and Mahin 2008]. Recent research on SCBF and
BRBEF buildings has focused on the experimental and numerical performance of braces [Han et
al. 2007; Tremblay et al. 2008; Fell et al. 2009], brace-to-framing connections [Packer 2006;
Willibald et al. 2006; Lehman et al. 2008; Shaw et al. 2010; Wigle and Fahnestock 2010] and
systems [Fahnestock et al. 2007a, 2007b; Tsai et al. 2008; Broderick et al. 2008; Annan et al.
2009; Tremblay et al. 2009] in response to updated design codes (ASCE/SEI 7-05 [2005]) or
using construction details that are similar to those in the United States.

This chapter discusses research that has focused mainly on numerical simulations of
system performance of SCBF and BRBF systems. Studies that evaluate design parameters—
ductility, overstrength, and response modification factors—are also examined. Because of the
considerable amount of literature on this topic, this section provides a brief synopsis of recent
work.

21 LITERATURE ON SYSTEM PERFORMANCE OF BRACED FRAME SYSTEM
USING NUMERICAL SIMULATIONS

Several researchers have used numerical simulations to investigate the behavior of braced frame
systems [Sabelli 2000; Ding 2006; Uriz and Mahin 2008; Yoo et al. 2008; Khandelwal et al.
2009; Huang and Mahin 2010]. Seismic demands of several prototypes of SCBF and BRBF
buildings were investigated by Sabelli et al. [2000; 2003] using phenomenological models in
SNAP-2DX [Rai et al. 1996]. The model buildings were designed to assess the design and
analysis procedures of the then-current design, National Earthquake Hazard Reduction Program
(NEHRP) Recommended Provisions for Seismic Regulations for New Buildings and Other
Structures [FEMA 1997b, 1997c¢]. The structural configurations included are shown in Figure
2.1. Table 2.1 lists the analytical results of the model buildings with chevron configuration
subjected to a suite of 20 ground motion records with 10% exceedance in 50 years. The 1997
NEHRP provisions allowed the unbalanced tension/compression capacity of braces to be
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disregarded in the design of beams on the roof level; therefore, the inelastic response was
concentrated at the roof level for almost all ground motions considered. Fracture of braces,
which was observed in many of the analyses, occurred mostly at the roof level and early in the
record. In this study, the 6-story SCBF was designed based on the performance of the 3-story
SCBF, such that the roof beams of the 6-story SCBF were stronger and stiffer than the
requirement in the 1997 NEHRP provisions; the damage was less concentrated and smaller peak
story drift ratios were observed (see Table 2.1). In the double-story X configuration of 6-story
SCBF, the 1997 NEHRP provisions did not require a vertical unbalanced load for the design of
the beams, and no significant beam hinging was observed when subjected to all ground motions.

Analytical results of the model BRBF buildings studied show that the BRBF effectively
reduced the damage concentration and the vertical unbalanced load in beams. In addition, the
response of BRBFs was more sensitive to proportioning rather than to varying the design R-
factors ranging from 6 to 8. Table 2.1 shows that the maximum story-drift ratios of 3- and 6-
story BRBF were similar. Also, the drift ratio of BRBFs was similar to that of the 6-story SCBF,
but much less than that of the 3-story SCBF, which had relatively weaker roof beams. While the
study identified some important parameters associated with structural configurations,
proportioning, and modeling, it was suggested that the confidence of the results would be
improved by calibrating the analytical model with experimental research and employing more
detailed models that account for bending and shear forces in the braces.

3-X 3-Vv 3-2X 3-Zip 3-ZX 3b-V 3b-2X
6b-V 6b-2X
6-X 6-V 6-2X 6-Zip 6-ZX
(a) SCBF (b) BRBF

Figure 2.1 Considered structural configurations of 3- and 6-story SCBF and BRBF in
Sabelli et al. [2003].

Table 2.1 Response summary for 10% in 50 year events (after Sabelli [2000]).
Story drift ratio (%) Residual story drift ratio (%)
Frame
Mean +lo Mean +lo
BRBF (6b-V, R = 8) 1.6 2.2 0.7 1.1
6-Story
SCBF (6-V) 1.8 2.6 0.4 0.7
BRBF (3b-V,R =8) 1.4 2.1 0.5 1.0
3-Story
SCBF (3-V) 3.9 7.0 25 5.6




Using OpenSees models [McKenna 1997], Uriz and Mahin [2008] conducted a series of
experimental and analytical studies on SCBFs and BRBFs to assess the performance of chevron-
braced frame structures with improved simulation models. Braces were modeled considering
large local displacements; fiber sections were used to model plastic hinge behavior including
low-cycle fatigue effects. The effects of fatigue did not account for true fracture mechanics;
rather, Rainflow cycle counting and Manson-Coffin fatigue criteria were used to fail individual
fibers at a plastic hinge. Eventually, all fibers at a section would fail under severe loading
conditions. The investigation examined many parameters, including the net section
reinforcement at brace connections, the effects of fatigue modeling parameters, and the dynamic
characteristics of SCBFs and BRBFs, as well as the responses of low-rise and mid-rise braced
frame buildings. Table 2.2 summarizes some of the response quantities of 3-story and 6-story
chevron SCBF and BRBF designs. The brace proportions and details are identical to the
buildings found in Sabelli [2000].

Table 2.2 Median (and standard deviation) of drifts for 3- and 6-story SCBFs and
BRBFs at various hazard levels (after Uriz and Mahin [2008]).

Hazard level Peak story drift ratio at : N
ID (% in 50 years) any level (%) Residual roof drift (%)
4 (0. 0(0.1
b 1609 002
(SCBF) 6(0.9) (0.2)
2 5.7(2.4) 0.7 (1.0)
50 0.6 (0.6) 0(0.1)
3VB
(BRBF) 10 1.3(0.7) 0.1(0.4)
2 3.8(2.1) 2.1(2.2)
6VF >0 0.4(0.3) 0.02 (0.1)
(SCBF) 10 1.1(0.6) 0.06 (0.15)
2 44(2.2) 0.7 (1.1)
6VB 50 0.4 (0.3) 0.08 (0.1)
(BRBF) 10 1.4(0.8) 0.3 (0.7)
2 4.4(2.5) 1.37 (2.2)

The results showed that the drift demands of low-rise SCBFs were slightly greater than
those of BRBFs at various hazard levels. Nonetheless, out-of-plane deformation of buckling
braces was observed even at the 50% probability of exceedance in 50-year hazard level. The
performance of the mid-rise SCBF was poorer than the low-rise SCBF in some aspects; the
residual displacement at the 50% probability of exceedance in 50 year hazard level was greater
in the 6-story model, while the demand on the braces was also greater at the 10% probability of
exceedance in 50-year hazard level. Also, the damage was concentrated in the lower stories in
low-rise and mid-rise SCBFs. Compared to the SCBF system, the BRBFs showed a consistent
tendency to distribute deformation more uniformly along the height of the building at various
hazard levels. Moreover, no brace fracture was observed for the BRBFs and no incidence of
collapse was found.

In general, the response of SCBFs demonstrated large variation under severe earthquake
excitation. Variations also exist for different numerical models. The results of SNAP-2DX and



OpenSees simulations show a range of difference in predicting engineering demands for the
same model buildings.

Finite-element models overcome the limitations of phenomenological models (such as the
SNAP-2DX model) and physical-theory models (such as the OpenSees fiber-based model) and
are able to simulate local damage in braced frame buildings. Khandelwal et al. [2009] developed
macro-models to conduct progressive collapse analysis of 10-story SCBF and EBF buildings,
which were the combination of beam-column and discrete spring finite elements. These models
were implemented and run on LS-DYNA. A few assumptions and limitations were chosen in
developing this model: the gusset plates and beam-column connections in the model were
simulated with simplification. The gusset plates were assumed to remain elastic and designed to
be so. The beam-column connections were simulated as fully restrained, and the panel zones
were assumed to be elastic, even under collapse conditions. Additional factors were not included
by Khandelwal et al. [2009], such as the strain rate effect, debris impact during collapse, and the
uplift of the foundation. Nonetheless, the study successfully simulated the collapse behavior of
the selected steel braced frame buildings.

Also utilizing LS-DYNA, Huang and Mahin [2010] developed a new continuum damage
mechanics material model to capture the inelastic behavior and deterioration of mechanical
properties. The model was implemented for SCBF buildings with the parameters calibrated from
test data of braces and braced frames [Yang and Mahin 2005; Uriz and Mahin 2008]. Shell
elements were employed in the model building with selected meshes that were determined from
a sensitivity study. The beam-column connections, gusset-to-framing connections, and gusset-to-
brace connections were modeled in detail and the connected bolts were modeled as springs.
Under extensive analysis of a preliminary case study, the seismic demand of a 3-story, double-
story X-braced frame building was examined for PBEE. In recognition of the detailed and
accurate information provided by the finite-element model as well as the excess of computational
cost for the study of PBEE, Chapter 3 discusses the results from the finite-element and fiber-
element based models.

Yoo et al. [2008] conducted nonlinear finite-element analyses to investigate the behavior
of multistory X-braced frames and their gusset plate connections. ANSYS [2005] models with
four-node quadrilateral shell elements were used for members, and bilinear kinematic hardening
material was adopted to simulate the nonlinear behavior of test specimens. The numerical model
was calibrated with test data from a single story, one-bay diagonal braced frame [Lehman et al.
2008] and then used to investigate the parameters affecting the local and global behavior of 2-
story double-story X-braced frame specimens that were then tested under cyclic loading. The
results illustrated that the proposed methodology for designing gusset plates was economical and
effective in reducing premature gusset-plate buckling. It was also noted that neglecting the
composite effects of concrete slabs in numerical models resulted in underestimating the stress
and strain demands of the mid-span gusset plates. Also, the potential damage was reduced by
adopting the proposed details of gusset plates. Yoo et al.’s research also suggested that the
double-story X-SCBF configuration has the potential to decrease deformation concentration in a
single story

A performance evaluation of three-dimensional (3D) SCBF structures under earthquake
excitations was conducted by Ding [2006]. The study investigated the redundancy of a SCBF
system, where 3-, 8-, and 12-story chevron braced frame buildings were designed as model
buildings. The responses of structures were simulated in ABAQUS [2003]. Beams and columns
were modeled as 3D Euler beams. The modeling scheme of the brace connections is illustrated in
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Figure 2.2 considering the rigid-end zones and three times the thickness of the gusset plates for
the flexibility of global brace buckling and gusset bending. For each brace, 20 beam elements
were used in the models and brace fracture was simulated with user-defined elements. In these
simulations, brace fracture caused torsion of the buildings resulting in large displacements. For
some ground motion excitations, brace fracture was observed even after the ground motion peak.
Ding’s research also recognized the high computational costs for numerical simulations for
refined analytical models and recommended that numerical models for system performance
evaluation should be simplified.

Beam Element B33

Rigid A rin Beam Element B33
=]

Beam Element B33

Figure 2.2 Modeling scheme of the brace connections by Ding [2006].

Consideration of numerical models for PBEE has been discussed in two other studies.
Chenouda and Ayoub [2009] conducted a probabilistic analysis of the collapse of a degrading
multiple-degree-of-freedom (MDOF) system on steel moment-resisting frame (MRF) buildings
and identified the impact of degradation on displacements of MDOF systems because the
degradation strongly affected the higher-mode responses, especially for short-period structures.
Chenouda and Ayoub also demonstrated that while an equivalent first-mode SDOF system with
degrading properties might not collapse, a MDOF counterpart could collapse. This study
highlights the benefits and necessity of including the degradation of properties when studying the
collapse potential of MDOF systems. Ruiz-Garcia and Miranda [2009] conducted seismic
demand analyses of residual drift on one-bay generic frame buildings of steel MRF and noted
several issues when computing residual drift demand hazard curves. Using the lumped plasticity
approach might result in larger residual drift when using a fiber-element modeling [Yazgan and
Dazio 2008]. Also, a degrading element model might lead to large uncertainty for residual drift
demand when estimated by different software packages. Ruiz-Garcia and Miranda concluded
that besides the lateral-load resisting structural system, the fundamental period of the structure
also had great influence on residual drift demand.

Based on its computational efficiency and accuracy, this study used the OpenSees
analysis framework [McKenna 1997] as an analytical tool. Fatigue properties were adopted from
Uriz and Mahin [2008]. The realism of local failure modes were assessed by comparison with
test results and predictions using LS-DYNA [LSTC 2007] numerical models [Huang 2010].



2.2 LITERATURE ON THE EVALUATION OF DESIGN PARAMETERS

Some recent studies have evaluated the effect of design parameters on the performance of
building structures. A few of them use nonlinear dynamic analyses to investigate SCBF and
BRBF buildings, designed according to current seismic codes (ASCE 7-05) for regions of high
seismic hazard, over a wide period range.

The ductility and overstrength factors of structural systems were investigated by Balendra
and Huang [2003]. The model buildings were 3-, 6-, and 10-story MRF and CBF buildings
conforming to the British BS 5950 code [BSI 1990], which does not have any seismic
provisions. Nonlinear pushover analyses and the N2 method [Fajfar 2000] were conducted to
evaluate the performance of these structures. Balendra and Huang concluded that the steel frames
currently being designed according to the BS 5950 code were able to resist the base shear caused
by the “design earthquake” for Singapore. The data in Table 2.3 also show that the overstrength
of braced frame buildings is about 70% of that of MRF for various numbers of stories. The
ductility capacity of the investigated CBF systems is about 1.5 for various numbers of stories. In
general, the smaller overstrength of CBF systems results in smaller effective R factors (the ratio
of computed capacity to elastic demand) in CBF systems compared to MRF systems. The trend
also shows the R factors were smaller as the number of stories increased. Chapter 6 presents a
similar discussion related to SCBF and BRBF systems designed for seismic design category D of
current U.S. codes.

Table 2.3 Overstrength, ductility, response modification, and effective R for steel
frames under most common vertical load combinations [after Balendra
and Huang 2003].

Type of steel frame Number of stories Overstrength Ductility R
3 8 1.95 15.6
MRF 6 4.66 1.94 9.04
10 3.77 1.67 6.30
3 5.57 1.53 8.52
CBF 6 3.33 1.57 5.23
10 2.48 1.51 3.74

Similarly, Kim and Choi [2004] evaluated the overstrength, ductility and response
modification factors of SCBF and OCBF. A variety of model buildings was investigated,
including 3-, 6-, 9-, 12-, 15-, 18-, and 21-story SCBF systems and 3-, 6-, and 9-story OCBF
systems, that were designed in accordance with IBC2000 (ICC 2000) and AISC Seismic
Provisions [2002]. Static nonlinear pushover analyses were conducted to evaluate the design
parameters for all model buildings, and an incremental dynamic analysis (IDA) was performed
on the 6-story SCBF model structure. Six ground motion records that adequately matched with
the design spectrum were selected from the SAC project ground motion library to perform the
IDA. In general, the IDA results showed smaller overstrength factors, but greater ductility
demand. The response modification factors obtained from the IDA and static pushover
approaches were similar. The pushover analysis revealed that the overstrength factors were
greater in the lower-rise SCBFs, and for the cases studied the overstrength factors were greater
than the code (€) value of 2.0. The results also showed that the lower-rise SCBFs tended to
have greater effective response modification factors. It was suggested that further research was
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required to define the effective response modification factors at various performance levels
accounting for seismic hazard levels, number of stories, target ductility ratios, etc.

Hines and Grynuik [2006] assessed the performance of low-ductility chevron braced
frame buildings in moderate seismic regions. The model buildings included the design of 3-, 6-,
9-, and 12-story buildings in the Boston area with R = 3. Frame analyses were conducted using
14 ground motion records that matched closely the IBC2003 [ICC 2003] MCE-level earthquake
spectrum for Site Class B and scaled to simulate Site Class D conditions. The results showed that
the 9- and 12-story model buildings were more vulnerable to collapse than the 3- and 6-story
counterparts. Higher mode effects were believed to contribute to the collapse potential in the
upper stories. Similarly, Hines and Appel [2007] investigated a 9-story chevron braced frame
with R = 3 but brace connection fracture capacity that corresponded to systems with R ranging
from 2 to 7, according to ASCE 7-02. In the case study, the braced frame with brace connection
fracture capacity of R = 3 experienced more collapse instances than frames with other R values.
Increasing the strength of the brace connections was not a guarantee of reduction in the potential
for collapse, because the drift and damage tended to concentrate in a few stories while other
stories still provided substantial strength and stiffness. The concentration of drift and damage
was one of the primary factors influencing the collapse performance.

Asgarian and Shokrgozar [2009] conducted research on ductility, overstrength, and
response modification factors of BRBF buildings. To investigate these design parameters,
OpenSees two-dimensional (2D) models were subjected to nonlinear static pushover analysis,
nonlinear IDA, and linear dynamic analysis. The material characteristics were modeled as being
bilinear without degrading properties. The model building designs conformed to the Iranian
Earthquake Resistant Design Code [BHRC 2005] and Iranian National Building Codes for
Structural Steel Design. Structural configurations included two braced bays having double-story
X, chevron, and V bracings for 4-, 6-, 8-, 10-, 12-, and 14-story buildings. The results showed
that the overstrength factors ranged between 1.5 and 2.0, and the resulting effective response
modification factors for ultimate limit state design method were between 4.5 and 16. The
effective R-factors decreased as the number of stories increased.

Evaluating the design parameters of both conventional braced frames (CBF) and BRBFs
in Iran, Mahmoudi and Zaree [2010] performed static nonlinear analyses on single and double
bracing bays in 3-, 5-, 7-, 10-, and 12-story model buildings. Different configurations, such as
chevron, V, and X bracings, were included. The CBFs were designed according to the Iranian
Earthquake Resistant Design Code where R = 6 for CBF. For BRBFs, an R of 8 was used. All
the beam connections in the CBFs and BRBFs were assumed to be pinned, and the braces were
designed to take 100% of the lateral loads. The effective R-factors of both CBF and BRBF
decreased (results corroborated in other research, e.g., Asgarian and Shokrgozar [2009]) with
increasing structural height. Also, the effective non-collapse increased as the number of bracing
bays increased. In conclusion, because R-factors varied among different structural
configurations, number of bracing bays, and building height, and as the constant R-factors in
design codes did not reflect these variations, it was suggested that the R-factors for both CBF
and BRBF buildings in codes be modified.

In recognition of the lack of rationale to determine R-factors in current seismic design
codes, Lee and Foutch [2006] investigated the issue by designing 3-, 9-, and 20-story steel MRFs
with different R-factors (8, 9, 10, 11, and 12). Static nonlinear pushover analyses with
displacement controlled loading were conducted to evaluate the strength capacity and post-
yielding performance; IDA was also performed to analyze the seismic drift capacity. In addition,
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nonlinear dynamic analyses were carried out to investigate the seismic demands using 20 SAC
ground motion records representing 2% probability of exceedance in 50 years. The results
showed that the 20-story steel MRF model buildings tended to concentrate drift in the lower
stories. For the 3- and 9-story model buildings designed for an R-factor of 12, the buildings
provided 95% confidence of avoiding global collapse and better than 50% confidence for
avoiding local connection failure (determined according to FEMA 350). In conclusion, current
seismic design that adopts R-factors and minimum bounds on design base shear (Cs factor)
provides adequate protection against dynamic instability for high-rise buildings where P-A
effects have greater impact on dynamic responses of structures.

23 SUMMARY

Previous research suggests that SCBF and BRBF buildings covering a range of building heights
should be designed as per ASCE 7-5 and AISC 2005 and evaluated numerically. Nonlinear static
pushover analysis, nonlinear dynamic analysis, and IDA should be conducted to investigate the
system’s performance. Results suggest that numerical models should incorporate strength
degrading and stiffness softening properties as well as element fracture behavior. In addition to
PBEE studies for different hazard levels, FEMA P695 [2009] provides a good basis for such
evaluations of design parameters (R-factor, overstrength factor, and Cy-factor) related to collapse
potential.
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3 Preliminary Numerical Simulation

Performance-based earthquake engineering depends on numerical simulation of structural
responses to future seismic events. As such, analytical models should represent structural
behavior realistically and numerical procedures should be efficient enough to permit a large
number of events to be simulated. In braced frames, the brace characteristics dominate seismic
behavior. As the braces yield in tension or buckle in compression, they provide lateral load
resistance and energy dissipation. The complex nonlinear behavior of the braces results in the
complex response of the structural system. It is thus essential to model the braces as accurately
as possible. In this chapter we constructed numerical models of braces and braced frames and
tested their accuracy by comparing the model with the test data. We also compared the numerical
models developed here with high-fidelity (but computationally expensive) finite-element
numerical models. A preliminary PBEE study of a 3-story SCBF was performed to assess
capabilities of different analytical models and to understand better the effects of these models on
demand parameters. The results are presented in terms of the EDPs to identify the system
performance.

3.1 SIMULATION TOOL

OpenSees was employed as the primary simulation tool. The brace models used for the
numerical simulations were based on the previous work by Uriz and Mahin [2008] with some
simplifications considering the large number of analysis to be performed. The OpenSees
framework (Figure 3.1) is an object-oriented software framework used mostly for structural and
geotechnical engineering simulations; most of its modules are developed on an open-source basis
and implemented in C++. The Tcl command language [Ousterhout 1994; Welch et al. 2003] is
used to define and execute the analysis. Users construct their models from the module
ModelBuilder, and the program adds the related objects to the Domain module. In Domain, the
program holds the state of the model at each time step. In the meantime, users can use the
Recorder module to record these states to monitor response. The Analysis module analyzes the
responses of the model as it moves from the current state to the next state.

Figure 3.2 illustrates the beam-column element for modeling the structural members. In
this study, a model consisted of beam, column, and brace members. Each element was modeled
by either a displacement-based beam-column element or a force-based beam-column element
[Neuenhofer and Filippou 1997]. For each element, the number of integration points selected
was based on a previous parametric study [Uriz and Mahin 2008]. Cross sections at each
integration point were represented by an assembly of uniaxial fibers. For each fiber, the uniaxial
stress-strain relationship was used considering material properties that account for failure due to
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low-cycle fatigue [Uriz and Mahin 2008]. The material was modeled by the Menegotto-Pinto
model with isotropic strain hardening. The co-rotational geometric transformation was adopted
here to account for local and global geometric nonlinearities. As such, the effects of lateral
buckling of braces were explicitly taken into account.

ModelBuilder Domain Analysis
(Constructs the objects (Holds the state of | | (Moves the model
in the model and adds the model at time from state at time t to

them to the domain) tand (t + dt)i) state at time t + df)
Recorder

(Monitors user defined
parameters in the model
during the analysis)

Figure 3.1 Framework of OpenSees.

A Multi-element model (two minimum)

B Multiple integration poitns per element

z z
I | [T T

: C Variable cross section

[ T
<

Stress A

ﬁ; y D unixial stress-strain relationship for fiber
Strain

®Gauss-Legendre quadrature rule

Figure 3.2 lllustration of the beam-column element for modeling the braces (after
Uriz and Mahin [2008]).

The numerical model in Figure 3.3 shows the geometric parameters of the brace member
model. An initial camber is imposed along the middle of the brace to induce buckling. To better
capture the behavior of the brace, the brace models have denser element distribution in the
middle, where the inelastic behavior is more likely to occur if the brace buckles. Summarized in
Table 3.1, the study by Uriz and Mahin [2008] investigated the sensitivity of cyclic response to
the initial camber, the number of elements, the number of integration points per element, and the
number of fibers at each section chosen to accurately estimate the inelastic strains at the critical

sections in braces.
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Table 3.1 Suggested modeling parameters of braces in OpenSees [Uriz and Mahin

2008].
.. Number of
Parameter Initial camber Number of elements . . . Number of fibers
integration points
. 0.05% to 0.1% of ..
Suggestion brace length 4,7, 10, 30 Minimum of 3 10 to 15 layers
4d,4 elements
camber
""" 1
—_ _ 'I
FAFA,
| | |
L/2 L/2
Figure 3.3 lllustration of brace model.

3.2 MODELING FATIGUE BEHAVIOR UNDER CYCLIC LOADING

Low-cycle fatigue was explicitly simulated using an approach suggested by Uriz and Mahin
[2008] and implemented in OpenSees models. As noted previously, fracture of braces due to
low-cycle fatigue has a profound impact on the global and local behavior of an SCBF system.
The mechanics of fatigue is as follows.

Basquin [1910] observed that the stress amplitude and number of cycles to failure are
linearly related when plotted on a log-log graph. The relation can be expressed as Equation 3.1:

Ao

= o,(2N )’ 3.1)
where
A . . . :
29— the constant stress amplitude applied to the material; Ao is the stress range.
a'f = fatigue strength coefficient.
N, = fatigue life, or number of cycles the material can sustain before the failure occurs. 2N,
in the equation means the number of reversals to failure (1 reversal = 1/2 cycle).
b = fatigue strength exponent (Basquin’s exponent), which usually varies between —0.05
and —0.12.

In the 1950s, Coffin [1954] and Manson [1953] proposed that the plastic strain amplitude
and fatigue life also had a linear log-log relationship. The relation is expressed in Equation 3.2:
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T = 80(2N/-) (32)

where

Ag

P

= the constant plastic strain amplitude applied to the material. A, is the plastic strain
range.
g, = fatigue ductility coefficient.

N, = fatigue life, or number of cycles the material can sustain before failure occurs.

m = fatigue ductility exponent, which usually varies between —0.5 and —0.7.

From the relation of stress amplitude and elastic strain amplitude, and from Equation 3.1,
the relationship between elastic strain amplitude and fatigue life can be written as Equation 3.3:

A Ao o©,(2N,)
;36:22: _/(E_/) , (3.3)

where the total stain A¢ is the summation of elastic strain and plastic stain. In terms of strain
amplitude, the relation is shown in Equation 3.4:

Ae Ag, Ag,
= + :
2 2 2

(3.4)

If we substitute Equation 3.2 and Equation 3.3 into Equation 3.4, then the strain-life
relation can be written as Equation 3.5:

Ae O m
- ?’(2Nf)b +&,(2N )" (3.5)

Figure 3.4 is the graphic expression of Equation 3.5. The low-cycle fatigue behavior is
the primary failure mode in the braces. In the low-cycle fatigue range, the total strain amplitude
is relatively large, and the plastic strain amplitude reflects most of the total strain amplitude. As
such, Equation 3.5 can be approximated as Equation 3.6:

Ae Ag,

2

Q

= £,(2N,)". (3.6)
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Figure 3.4 Relationship between strain amplitude and fatigue life.

3.2.1 Rainflow Cycle Counting

The strain-life of a material is counted in terms of the number of cycles it can sustain under
constant strain amplitude. Although this is an efficient way to define the fatigue life of a material
in the laboratory, the earthquake response does not emulate a constant strain range in structural
members. To identify the fatigue life of a material under varying strain amplitude, the Rainflow
cycle counting algorithm (Figure 3.5) is employed, where the number of cycles having a
particular strain range is counted through the whole seismic ground excitation. Water flows
down a pagoda-like structure representing the strain history with a vertical time axis. Specific
rules have been developed to quantify the amplitude and number of cycles [ASTM 2003].

Earlier research by Matsuishi and Endo [1968] using Rainflow cycle counting required a
complete loading history. As such, failure of a member could not be simulated during an analysis
run. Other studies [Downing and Socie 1982; Glinka and Kam 1987; Hong 1991; Anthes 1997;
Uriz and Mahin 2008] proposed the “one-pass” algorithm where the cycles are counted before
the entire loading history is acquired.

0 €
\ \ I
T ~____ | Amplitude | Count
3 2
4.5 1
6 3
Figure 3.5 lllustration of Rainflow cycle counting.
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As cycle counting proceeds, the fatigue life of a material is estimated by counting the
cycles of various amplitudes during a complex loading history. One of the most popular
approaches to identify the damage progress is the linear damage rule proposed by Palmgren
[1924] and Miner [1945]. The damage index DI in Equation 3.7 ranges from 0 to 1, in which 0
means there is no damage and 1 means the fatigue life is exhausted:

DI = zi, (3.7)
fi

where #; is the number of cycles applied at a stress level corresponding to failure in Ny cycles. Ny
is calculated from Equation 3.6 given the fatigue parameters g,and m. The history of A¢ is

calculated from Rainflow cycle counting algorithm and substituted into Equation 3.6 to
determine N; [Uriz and Mahin 2008].

OpenSees incorporated the Rainflow cycle counting algorithm in the fatigue material
module. When the damage index of a fiber exceeds unity, the fatigue life of that fiber is flagged
as being exhausted and the fiber is removed from the cross section by reducing its strain and
stress to zero.

3.2.2 Fatigue Material Parameters

The fatigue parameters ¢,and m for the OpenSees model were obtained by calibrating the model

with test data. To illustrate this, an HSS6x6x3/8 brace with slenderness ratio KL/r = 51.9 was
analyzed. Test results are from Yang and Mahin [2005]. Different combinations of ¢, ranging
from 0.03 to 0.3 and m ranging from —0.5 to —0.70 were analyzed, and the dissipated energy of
the analytical result was compared with that of the test results. By observing the correlation of
test and analysis results, the optimal combination of fatigue parameters relevant to this study was
calculated to be &, = 0.09 and m = —0.6, which are similar to values obtained by Uriz and Mahin
[2008]. The analytical results of the behavior of a brace were compared with the experimental
results in Figure 3.6. The tensional and compressional strength of the brace hysteresis
characteristics and the fracture points were generally captured by the analysis.

Simple Strut KL/r =51.93

80 ,
—Ana.
60| —Exp. = 2
@ 20 .
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:%9015 -0.01 -0.005 0 0.005 0.01 0015 0.02
Ave. Axial Strain

Figure 3.6 Comparison of analytical and experimental responses of an HSS6x6x3/8
brace with KL/r = 51.93.
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It is important to note that the fatigue model only considers unidirectional material
properties, and the OpenSees beam-column model does not consider local buckling. As such, the
fatigue life prediction requires careful calibration to test results representing the members being
modeled.

3.3 TWO-STORY TESTED SCBF

The previous research [Uriz and Mahin 2008] conducted a test on a large-scale, two-story
conventional chevron braced frame (Figure 3.7). The test results were simulated in a 3D model
that captured the responses of the specimen satisfactorily. To reduce the computational effort, we
simplified this model to a 2D frame model with the modeling parameters discussed earlier, and
the brace members were modeled with ideal pin-ended connections. In the 2D model, the out-of-
plane deformation was constrained. As such, only the in-plane failure modes were accounted for
and the braces were arranged to buckle in the plane of the frame by aligning the orientation of
the pin ends.

The 2-story model—a total story height of 20 ft with a 20-ft span—is illustrated in Figure
3.8. Lateral force was applied at only the upper level to achieve a desired cyclic displacement
history. Because the lateral force was applied only on the upper level, the story shears of both
upper and lower levels were the same. Because the braces made up the majority of the story
shear, the design and size of braces in both stories were identical. The column size was W10x45;
the beam size was W24x117; and the brace size was HSS 6x6x3/8. No axial load was applied to
the column during the test. The beams were designed to take the unbalanced force induced by the
buckling of the braces and the drag force transferred by column and braces from the actuator.

Several studies [Neuenhofer and Filippou 1997; Scott et al. 2004] have demonstrated the
advantages of a force-based over a displacement-based beam-column element; thus the force-
based nonlinear beam-column element was chosen. Beams were represented by two force-based
beam-columns. Columns were modeled by single force-based beam-column; they were
continuous and assumed fixed at their base. The hysteretic characteristics of the braces were
modeled using an approach developed by Uriz and Mahin [2008]. Each brace was subdivided
into 10 force-based beam-column elements, with fibers used to model the shape and hysteretic
characteristics of the brace at the integration points along each element.

The beam-to-column connections were fully constrained in the numerical model. At
connections with gusset plates, the behavior was considered to be very nearly fixed, even if such
connections were not detailed as being fully restrained. Although finite-element analyses [Huang
and Mahin 2010] and tests [Uriz and Mahin 2008] suggested that shear-tab-only connections
may rupture in the presence of large lateral story drifts or the effects of unbalanced forces
applied to a beam when a brace connected to its mid-span ruptures, this mode of failure is
difficult to model without more test data; therefore, all beam-to-column connections in the
braced bay were assumed to be fully restrained in the OpenSees fiber-based models.

For the sake of simplicity, and consistent with recommendations of Uriz and Mahin
[2008], the beam-column connections and the region between the fold line in the gusset plate and
the center of the beam-column connections were idealized as being rigid due to the high stiffness
and strength of these regions compared to adjacent members.
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Figure 3.7 Test specimen of two-story chevron braced frame [Uriz and Mahin 2008].

W24x117
“—on N

Displacement
History

W10x45

Figure 3.8 Numerical model of two-story chevron braced frame.

For the fatigue-sensitive models, the strain history in each fiber in the braces, beams, and
columns was tracked and a Rainflow cycle counting algorithm was used to determine the
amplitude of each inelastic cycle. A Manson-Coffin relation, calibrated to multiple tests of
HSS6x6x3/8 braces and other sections, was used to characterize low-cycle fatigue damage to
each fiber during a particular cycle of response. Miner’s rule was used to cumulate cyclic
damage throughout the response. If a fiber’s fatigue life was exceeded during the analysis, that
fiber was removed from the numerical model. This approach has been successfully used to
model yielding, buckling, and low-cycle fatigue rupture of braces and braced frames [Uriz and
Mahin 2008].

The actual material strength (shown in Table 3.2) was used to model the frame members.
The measured yielding stresses for all the structural components were greater than the nominal
values. For the braces, the yielding stress for modeling was 32% higher than the nominal stress.
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Table 3.2 Material properties of two-story chevron braced frame test.

Member Average Fy (ksi) Average F, (Ksi) Elongation (%)
Column (W10x45) 55.8 (Gr. 50) 73.7 23.9
Beam (W24x117) 58 (Gr. 50) 74.5 26

Brace (HSS 6x6x3/8) 60.6 65.9 36

The analytical and experimental results are compared in Figures 3.9 and 3.10. Figure 3.9
presents the hysteretic loops of the braces in the lower level. The strength degrading and the
fracture of the braces were estimated to a satisfactory degree. Figure 3.10 depicts the roof
displacement—base shear relation and shows that the computed initial elastic stiffness of the
braced frame was almost identical to the experimental stiffness. Also, the analytical maximum
strength of the braced frame approximates the experimental results. The pinching behavior of the
braced frame due to the buckling of the braces was well captured. Note that the fracture of the
braces leading to a sudden observed drop of strength was also reasonably accurate. At the end of
the test, the remaining strength of the braced frame was primarily from the contribution of the
moment resisting frame, and that strength was well captured.
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Figure 3.9 Comparison of analytical and experimental responses of braces in the
first story.
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Figure 3.10 Comparison of analytical and experimental response of two-story
chevron braced frame.

21



3.4 PRELIMINARY STUDIES OF A THREE-STORY MODEL BUILDING

The performance of a typical 3-story steel braced building was assessed. The previous modeling
approach was used and the sensitivity of performance to material and global modeling
assumptions was examined. No test results were available for this model. As shown in Figure
3.11, the model building has regularly spaced gravity-resisting frames (continuous columns with
ideal pin connections to the beams and foundation); the lateral earthquake-load resistance is
provided by special concentric braced frames located on the perimeter of the building. Designed
to conform to the provisions of ASCE/SEI 7-05 [DASSE 2007], this building was located in
downtown Los Angeles, California, for use as a commercial office building. Table 3.3 lists some
of the principal attributes of the structure and the key parameters used in the seismic design.
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Figure 3.11 Model building floor plan and elevation.
Table 3.3 Design parameters of model buildings.
Code ASCE/SEI 7-05
Building location Los Angeles, CA
Seismic design category D
Occupancy category IT (Office)
Importance factor 1.0
Short period spectral acceleration, S 2.2g
1 sec. period spectral acceleration, S; 0.74g
F, 1.0
F, 1.5
R 6
Design base shear 0.24W
Code approximated period (7,) 0.35 sec

Table 3.4 lists the member sizes used in the model. The same size column was used over
the whole height of the building. Note that the roof beam was heavy compared to the lower two
floor beams, because the configuration of the braces adopted results in small unbalance forces in
the lower two levels. Where braces intersected along the length of the beam in the chevron
braced frames, the beam was typically designed for the vertical component of the maximum
unbalanced load produced by the tension and compression braces, in addition to axial and other
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forces associated with the applied earthquake forces. The tension brace was assumed to carry a
load of R,P, while the compression brace was assumed to carry the post-buckling load of only

0.3 @. P,

Table 3.4 Member sizes.
Floor/Story Braced frame columns  Braced frame beams Brace size
Roof/3 W14x176 W36x210 HSS 10.0x0.375
3rd/2 W14x176 W30x116 HSS 11.25%0.50
2nd/1 W14x176 W27x84 HSS 12.5%0.50

3.4.1 Design Spectra

The design response spectrum (ASCE 7-05) used in the archetype structure’s design is shown in
Figure 3.12. The vertical line on the plot represents the structure’s computed elastic fundamental
period (0.5 sec) in numerical models.

The structure was analyzed considering 60 ground motion records taken from the SAC
ground motion ensembles developed consistent with 1997 NEHRP seismic hazard curves for Los
Angeles [Somerville 1997]. The 60 records represent three different hazard levels: the service-
level earthquake (50% probability of exceedance in 50 years, 50/50), the design-level earthquake
(10% probability of exceedance in 50 years, 10/50), and the MCE-level earthquake (2%
probability of exceedance in 50 years, 2/50). Median pseudo-acceleration and displacement
spectra for the 20 ground motion records corresponding to each hazard level are shown in Figure
3.12. Note that for the period of this archetype building, the median spectral values for the 20
records corresponding to the design-level event are less than the corresponding ASCE/SEI 7-05
code spectra. Thus, the records used in this study are smaller on average than those that
correspond to the seismic hazard at the site.
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Figure 3.12 Response spectra.

Rather than using the median values of results for records corresponding to that hazard
level, in this case we used the spectral displacement corresponding to the basic site hazard curve
and structural fundamental period, in conjunction with a regression analysis of the responses for
the parameters of interest, to interpret the response at a particular hazard level. The median
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elastic spectral displacements corresponding to the computed fundamental period of the SCBF
structure are shown in Table 3.5 for the three hazard levels.

Table 3.5 Median of Sg,gjastic (in.).

Hazard level
50% in 50 yrs 10% in 50 yrs 2% in 50 yrs
T=0.50 sec 1.70 2.74 4.13

Fundamental period

3.4.2 Numerical Models at Phase |

Several variations of numerical models were considered, and analyses were conducted in two
phases. The parameters varied in Phase I for a single ground motion were:

o First-story height

e Mass considered in vertical direction

o Effect of rigid end zone in the mid-span of beams
e Beam-column connection type

o Effect of fatigue material

o Comparison of force-based and displacement-based beam column elements

These results were compared with one another and to results of a full finite-element model
implemented in LS-DYNA and used to refine the OpenSees model. The numerical models were
further refined in Phase II by comparing their responses to a single ground motion as well as
statistical responses to the ground motion set. For both phases, the basic assumptions for the
models were the same. The parameters varied were:

e Axial load modeling in beams
e The viscous damping ratios

« Fatigue material parameters

Fiber-based models of the archetype structure were used for the OpenSees analyses and
shell-based finite-element models were used for the LS-DYNA [LSTC 2007]. Although two
separate software packages were used, the modeling was conducted to be as identical as possible.
In both cases, only one braced bay was considered, subjected to vertical gravity dead loads and
with in-plane horizontal seismic excitations applied at the base. Half of the tributary reactive
mass of the building was assigned to a single frame; the torsional response of the structure about
a vertical axis was not considered. The gravity-load-only framing was idealized as a leaning
column; therefore, it provided no structural strength or stiffness, but it resulted in appropriate
geometric nonlinearity effects. For the sake of clarity and simplicity, the vertical component of
seismic excitation and the mechanical characteristics of the floor slabs were ignored.
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3.4.2.1 OpenSees model

Figure 3.13 illustrates the numerical models, including the braced frame and the leaning column.
The numerical models were based on the parameters previously discussed with improved details
in the brace-to-frame connections. Additional parameters for dynamic analysis are discussed in
this section.

4
- of

Figure 3.13 Sketch of basic OpenSees model.

The vertical floor mass tributary to the braces intersecting a beam or column was
included in the models. Earlier studies [Khatib et al. 1988] have shown that this vertical mass has
a significant effect on dynamic response during brace buckling.

Because only mass-proportional viscous damping could be modeled with the current
implicit solver version of LS-DYNA, an OpenSees model with mass-proportional damping was
used for some of the analyses for comparison. For mass-proportional viscous damping, the
damping coefficient was selected to produce viscous damping equal to 4% of critical at the
computed first mode period (7) of the structure. Rayleigh damping, based on the mass and
tangent stiffness proportional damping, was used in most of the OpenSees analyses, with the
damping coefficients selected to give viscous damping of 4% of critical at the first and third
mode periods.

P-A effects were represented using either one or two leaning columns. Each leaning
column was constrained to have the same lateral displacement as the nearest adjacent column at
the same level in the braced bay. The axial stiffness and flexural stiffness of the columns were
assumed to be large, but a pin was introduced at the bottom of the column in each story. Thus,
bending of the gravity-load-only columns did not contribute to the lateral stiffness or strength of
the structure. Applied axial loads on the leaning column were taken as half or one-quarter of the
total dead load of each floor (less the dead load directly tributary to the braced bay) depending
on whether one or two leaning columns were included in the model. A co-rotational formulation
was used to simulate P-A effects for these columns. A single leaning column was commonly
used to represent gravity-only framing. Because axial deformability and axial load-moment
interaction are considered in the OpenSees model for the beams, the axial forces introduced in
the beams in the braced bay by the leaning columns can significantly alter behavior. Thus, cases
with one or two leaning columns were considered. For the plan configuration shown in Figure
3.11, two leaning columns would be the most realistic case.

Instead of being modeled as ideal pins, the fold line in the gusset plate of the brace ends
was modeled by one force-based beam-column element with fiber section. The dimension of this
element was (L x W X t) = (2¢, X by X t), Where t, is the thickness of the gusset plate and b, is
the width of the gusset at the central location of the folding line. This provided adequate
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modeling constraint to the braces of the braced frames with fully restrained brace-to-gusset
connections.

Although the OpenSees fiber-based elements accounted for many aspects of the behavior
of braces (and beams and columns), they did not explicitly account for the effects of local
buckling and fracture-mechanics-related phenomena. Three-dimensional related behavior modes
(such as the torsion and twist of beams, columns, braces, and gussets) were not simulated in the
OpenSees model. No attempt was made in this study to model potential in-plane or out-of-plane
buckling of columns (although comparison of peak column axial forces suggests that column
lateral buckling was unlikely). Although these effects were of interest to the current study, it is
unclear whether the low-cycle fatigue damage parameters, used and derived on the basis of the
behavior of small and mid-sized square HSS braces, are entirely appropriate for the size and
shape of braces used in the archetype structure.

3.4.2.2 LS-DYNA model

The finite-element models [Huang and Mahin 2010] of the archetype structure were formulated
in three dimensions using LS-DYNA. The analysis models explicitly simulate local buckling and
evolution of damage due to low-cycle fatigue [Huang and Mahin 2008]. To be consistent with
the OpenSees models, lateral-torsional response of beams and lateral buckling of columns were
neglected.

Based on an assessment of computational effectiveness, we chose shell elements instead
of solid or beam elements. Mesh convergence was examined using progressively refined finite-
element meshes. Our final choice of a shell element size corresponding to about the shell
thickness achieved an overall model that we believed to be simple with reasonable accuracy.
Unlike the case in the OpenSees model, the gusset plates and connection regions in the LS-
DYNA model were fully represented using shell elements. Net reduced sections at the
connections of the braces to gusset plates were adequately reinforced per AISC [2005]
requirements so that premature rupture at those locations was avoided. A significant difference
between the fiber and shell element models was that the beam-to-column connections away from
gusset plates were modeled in LS-DYNA as welded shear tab connections, rather than as the
moment connections used in OpenSees.

Crack initiation and propagation were modeled by element erosion (shell element
removal) using a cyclic damaged plasticity material model developed by Huang and Mahin
[2008, 2010]. This mechanics-based approach simulates materials that follow a Manson-Coffin
model and Miner’s rule. Material property specifications similar to those of the OpenSees model
were used. The plasticity and damage properties of steel material were calibrated against braces
and validated with a SCBF subassembly experiment conducted at the University of California,
Berkeley [Yang and Mahin 2005; Uriz and Mahin 2008]. A comparison of experiment and
numerical results is shown in Figure 3.14; note that buckling and fracture of braces is accurately
modeled (Figures 3.14d and 3.8e). In addition, the simulated damage and fracture at the beam-
column connections match the experiment (Figures 3.14c and 3.14f). These simulations show
that the cyclic damaged plasticity model is reasonable and useful for damage evaluation in steel
structures.
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(a) Test step (b) Brace fracture (c) Connection fracture

(d) Damage of subassembly (e) Brace fracture (f) Connection fracture

Figure 3.14 Comparison of experiment and LS-DYNA simulation results.
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Figure 3.15 Sketch of basic LS-DYNA model.

The SCBF columns were fixed at the base. Although the top and bottom flanges of all
beams were laterally restrained to prevent lateral-torsional motion and out-of-plane buckling, the
columns were unrestrained between floors so in-plane and out-of-plane column buckling could
be detected.

The finite-element model for the 3-story SCBF archetype is shown in Figure 3.15. All
components except the leaning columns incorporated the damaged plasticity material model and
were modeled as shell elements. No rigid elements were incorporated in the model. Similar to
the OpenSees model, the vertical floor mass tributary to the braces and the dual pin-connected
leaning column were modeled on each floor level to account for P-A effects. The beams in the
gravity-only system were disregarded.
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3.4.3 Phase | Analysis

A basic numerical model was developed to monitor the sensitivity of response to variations in
model characteristics and ground motions. The displacement time histories of the structural
response to SAC ground motion LA32 (simulated time history for a magnitude 7.1 earthquake on
the Elysian Park fault) shows pulses in both positive and negative directions; we chose this
record in this section to compare with results from various models. Eleven OpenSees models
were compared to determine the sensitivity to geometric configuration, boundary conditions, and
the analytical element types. The models were all 3-story, double-story X SCBFs designed
following the building code of ASCE/SEI 7-05 (Model B). The detailed parameters of the
models are listed in Table 3.6. Model names beginning with 3BF represent the 3-story model
with Fixed beam-column connections, with gusset plates modeled in the brace ends, and with
non-lateral-resisting leaning columns. The model name beginning with 3BP is similar to 3BF
except that the beam-column connections are Pin ended. In model names with H and R, the story
height of the first story is taller than the other stories because the work point in the column base
is actually under the ground; however, in real practice the first-story height is sometimes counted
from the ground level. Both the H and R models were analyzed to account for the influence of
the story height. The difference between H and R models is that R models include the rigid end
region in the mid-span of the beams while H models do not. Model names with V mean the
assigned effective vertical mass is greater than the tributary mass and equal to the effective mass
in the horizontal direction; model names without V have the assigned effective vertical mass
equal to the tributary mass. Models with subscript “d” represent that the displacement-based
nonlinear beam-column element was employed, and models without subscript “d” used the
force-based nonlinear beam-column element. The responses are shown in Figures 3.16 to 3.27.
The influence of changing parameters is discussed next.

Table 3.6 Model names and their properties in Phase | analysis.
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3BFVy4 X X X
3BFHy X X X X
3BFRy X X X X X
3BF, X X X
3BFHV X X X X
3BFRV X X X X X
3BFR X X X X X
3BPRy X X X X X
3BFRN X X X X X X
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3.4.3.1 Effect of first-story height

The effect of uniform story height can be seen by comparing models 3BFV4 and 3BF4 with the
other models that have taller first stories. The taller first story tends to concentrate the story drift
in the first story, whereas the lateral deformation of the models with uniform story height tends
to concentrate in both the first and second stories. The energy-dissipating mechanism is different
for models with taller first stories. Models 3BFV4 and 3BF, dissipated energy due to the
nonlinear behavior of the first- and second-story structural members, while the other models
dissipated energy largely via first-story structural members. Models 3BFV, and 3BF4 had
smaller maximum story drift among all levels compared to all other models.

3.4.3.2 Effect of rigid end zone in the mid-span of beams where braces meet

Comparison of model 3BFHVy with 3BFRV,, 3BFHy with 3BFRy, and 3BFHV with 3BFRV
demonstrates the effect of a rigid end region in the mid-span of beams. For models 3BFHV4 and
3BFRVy, brace fracture occurred at different times and therefore the permanent story drifts were
different. For model 3BFHy, the permanent story drift was positive and different compared to the
other models. Model 3BFRy, with a rigid end zone, had negative permanent story drift, and the
response was smoother compared to model 3BFHy. For models 3BFHV and 3BFRYV, the shape
of the hysteretic loops was similar. Generally, the effect of the rigid end region at the mid-span
of beams where braces intersect was less significant compared to the effect of story height.

3.4.3.3 Effect of vertical mass

The effect of vertical mass on story drifts was investigated by comparing model 3BFHV, with
3BFH, and 3BFRV, with 3BFRy. Larger vertical mass did not necessarily result in a larger story
drifts under horizontal excitation. In model 3BFHV, the larger vertical mass caused large
permanent story drift on the first story, while in model 3BFRVy the story drift on the second
story was less compared to model 3BFRy. Comparing 3BFRV, with 3BFRy, the model with
larger vertical mass had jagged response, which was due to the dynamic effect of the vertical
mass.

3.4.3.4 Effect of analytical element types

The different responses of displacement-based and force-based elements can be seen by
comparing 3BFHV4 with 3BFHV and 3BFRV, with 3BFRV. The results of models 3BFRVy,
3BFHV, and 3BFRV were similar, but in general the force-based models had smoother
responses. The force-based model was improved by using smaller time steps. The time step
changes during the dynamic analysis until convergence occurs. For example, model 3BFR used a
time step as small as 10°.

The story drift of 3BFR was similar to the results obtained using LS-DYNA, which
employed shell elements to capture detailed responses. The major difference between 3BFR and
LS-DYNA results was that the fracture of braces in 3BFR resulted in a sudden drop of strength,
which was similar to what occurred in earlier experimental results. In LS-DYNA, strength still
degraded, but because the braces did not completely fracture there was no sudden drop of
strength.
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These results show that a force-based beam-column element accurately estimates the
nonlinear responses of the 3-story, double-story X braced frame. In addition, the use of a smaller
time step is recommended not only to increase the accuracy but also to improve the convergence.
As to the vertical mass, the results demonstrate that it is not as significant a factor in the response
compared to the other parameters, such as the story height and the element type.
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3.4.4 Phase Il Analysis

This section presents results for the five 2D (planar) models. These models allowed for
comparison of the effects of (1) mass proportional viscous damping versus combined mass and
tangent stiffness proportional viscous damping, (2) the number of leaning columns used to
represent geometric nonlinearities, and (3) whether rupture due to low-cycle fatigue is
considered or not.
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These models were designated 3BF1L, 3BF2L, 3BF2LN, 3BF2LM, and 3BF2LMN,
according to the naming convention shown in Table 3.7. For example, model 3BF2LMN was a
3-story, double-story X SCBF designed to comply with ASCE/SEI 7-05, with fully constrained
beam-column connections, with two leaning columns (one on each side of the frame), with mass-
proportional damping, and with fatigue disregarded in the modeling of all structural components.
We investigated responses to pushover analyses (nonlinear static analyses) and to nonlinear
dynamic analyses under a single ground motion and large ensembles of ground motions. Results
obtained with LS-DYNA were used to further study the differences between fiber-based and
finite element-based models.

Table 3.7 OpenSees model names.
Abbreviation Denotation
B Double-story X SCBF designed to comply with ASCE/SEI 7-05
F Model building with fully constrained beam-column connections
1L or 2L 1 leaning column or 2 leaning columns
M Mass-proportional damping (Rayleigh damping otherwise)
N Non-fatigue material (fatigue material otherwise)

3.4.4.1 Pushover analysis of Phase Il models

Nonlinear pushover analyses were carried out on the models. Lateral forces were distributed over
height according to the models’ elastic first mode shape. The resulting relations between roof
lateral displacement and base shear are shown in Figure 3.28. The initial loading stiffnesses of
the OpenSees model and LS-DYNA models were similar. At a roof drift index (roof lateral
displacement divided by the roof elevation) of about 0.3%, one of the braces at the ground story
buckled globally in the OpenSees model, resulting in a sudden loss of frame strength and an
overall negative tangent lateral stiffness. In the LS-DYNA model, stiffness decreased gradually
before reaching the brace’s buckling load, and the peak system strength was slightly smaller
compared to the OpenSees prediction. This gradual decrease in initial stiffness was associated
with several possible factors: e.g., frame action, resulting in greater initial stress and sway in the
braces, local stress concentrations resulting in earlier local yielding throughout the frame, and
initiation of minor local buckling prior to global brace buckling.
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Figure 3.28 Base shear as a function of roof displacement for three models.
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After the brace-buckling load was reached, the base shear dropped rapidly in the
OpenSees model, while reducing much more gradually in the LS-DYNA model. The greater
post-buckling strength of the LS-DYNA model was attributed to increased post-buckling
contributions of the braces through in-plane bending to the overall structural stiffness and
strength. For the planar OpenSees model, the braces were pinned to the connections and their
contribution to frame response was thus only associated with their axial load-axial deformation
characteristics. However, in the finite-element model, additional strength contributed to counter
the deteriorating axial load capacity of the buckled brace(s) by (1) the moment capacity of the
gusset plate to out-of-plane motion of the braces, slowing the deterioration of brace axial load
capacity, and especially (2) by the gusset plates developing brace bending in the plane of the
SCBF.

The OpenSees models exhibited steady reduction of base shear capacity with increasing
lateral roof displacement. This is associated with the post-buckling characteristics of the braces,
but also with the effects of geometric nonlinearities. The damage was concentrated almost
entirely in the ground story, with buckling occurring in one of the ground-story braces, followed
by tensile yielding of the other brace in the ground story. Limited tension yielding of the second-
story brace was predicted. The third story remained essentially elastic in the OpenSees model.

For the OpenSees models including low-cycle fatigue rupture of individual fibers, a small
additional reduction of shear capacity was seen at a roof drift index of about 6.5%. This is
associated with the compression brace at the ground story brace losing all of its capacity. A final
loss of capacity was observed at a roof drift index of about 8.5%. This is associated with rupture
of the tension brace. As noted in Uriz and Mahin [2008], the Rainflow cycle counting approach
counts tension and compression cycles equally, so that failures may occur in tension or
compression cycles. Even under compression loading, one side of a plastic hinge in a brace is
actually loaded in tension. The Manson-Coffin relation used in both the OpenSees and LS-
DYNA models resulted in much larger drift capacity under monotonic loading than would be
expected during cyclic or earthquake loading.

For the LS-DYNA analysis, buckling of the ground story brace occurred quite early,
followed by tension yielding of the brace in the same level. There was minor yielding in the
second-story tension brace. Although this was similar to the progression of events in OpenSees,
brace fracture was not predicted. However, at about 7-8% roof drift ratio, the tension column
began to fracture near the bottom of the shear tab at the end of the lowest beams. At a roof drift
ratio of about 9-10%, the connection of the bottom tension brace to the gusset plate failed. This
is associated with combined tension, in-plane bending, and stress concentration at the tip of the
gusset plate. These two modes of failure were not modeled in OpenSees. The base shear went to
zero gradually in LS-DYNA, which was due to the residual capacity of the compression side
column and compression brace. In OpenSees, the failure of both braces at the bottom level led to
numerical instability.

The results showed that the roof drift index (roof lateral displacement divided by the roof
elevation) was about 0.30% at the first buckling of a brace, about 6% to 8% at rupture of the first
brace, and 8.5% for numerical instability due to excessive damage to the structure. Because the
connections in OpenSees model were idealized, their failure was not explicitly simulated in the
analysis. It was assumed that the connections remained intact under the seismic demand
analyzed.
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3.4.4.2 Individual case studies of dynamic response of the Phase Il models

The six model buildings were subjected to the 60 SAC ground motions described previously.
Before looking at a statistical analysis of the sensitivity of key EDPs to ground motion intensity,
it is useful to examine in more detail the response of the systems to an individual ground motion.
In this section we examine time histories of critical story drift and vertical mid-span beam
displacement, and hysteretic loops for critical braces and for the frame roof displacement-base
shear for SAC record LA32 (a simulated time history for a magnitude 7.1 earthquake on the
Elysian Park fault), which is part of the ensemble scaled to be representative of the MCE hazard
level. This ground motion caused the largest displacement responses in the model buildings.

Figure 3.29 plots the story drift and brace axial deformation time histories at the first
(bottom) story for record LA32. The bottom story suffered the largest story drifts for this (and
most other) records, while the upper two stories remained essentially elastic.

For all five OpenSees models in Figure 3.29, the response to LA32 is characterized by a
single very large story displacement excursion to about 14 to 20 in. in the first story,
corresponding to story drift ratios of around 8 to 11%. Permanent lateral roof displacements at
the end of the record ranged from about 6 to 16 in. This level of permanent lateral displacement
is difficult to repair. The displacement time histories for models 3BF1L, 3BF2L, and 3BF2LM,
all of which included material models accounting for low-cycle fatigue, are similar. For models
3BF2LN and 3BF2LMN, which disregarded fatigue, the time history responses were similar, but
they had smaller story drifts and residual story drifts then the other models. On the contrary,
story drifts in the fatigue-sensitive models increased significantly once fracture occurred and had
larger residual deformations. The strength response of the LS-DYNA model was decreased
gradually; this is more similar to the OpenSees models that did not include fatigue material
properties.

Due to the slight sag of the beam at the brace-to-beam intersection, the brace axial
deformation time histories show that the tension braces tended to have smaller axial deformation
than the compression braces (comparing the absolute values). Thus, the damage in the OpenSees
models was greater in compression than in tension (see Figure 3.29).

Figure 3.30 shows the vertical displacement at the mid-span of the beams for different
stories. Because the responses in the second and third stories were essentially elastic, the vertical
displacement in these stories was relatively small. For models 3BF2LN and 3BF2LMN without
fatigue-sensitive materials and for the LS-DYNA model, the peak mid-span vertical
displacements were about 3.5 to 4 in., and the residual mid-span vertical displacements were
about 1.5 to 3 in. For models 3BF1L, 3BF2L, and 3BF2LM, the peak mid-span vertical
displacement was between 1.8 and 2.3 inches. The residual mid-span vertical displacements of
OpenSees models with fatigue-sensitive materials were similar to those without fatigue
materials, while the LS-DYNA model had the largest vertical residual displacement among all
the models.
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Figure 3.30 Time history of vertical displacement at mid-span of beams on each level.
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The hysteresis loops of braces in the first story are depicted in Figure 3.31. The buckling
and yielding behavior of all the models before initiation of fracture was similar. Models with the
same damping type responded similarly; i.e., 3BF1L was similar to 3BF2L and 3BF2LN, while
3BF2LM was similar to 3BF2LMN. The OpenSees models with fatigue-sensitive material
properties had their braces fracture at about the same time (although some variations exist, which
reflect differences in other modeling parameters). Complete fracture of the braces in the first
story did not occur for the LS-DYNA model, which might reflect the fact that the LS-DYNA
model distributes yielding and damage throughout the structure to a greater degree compared to
the OpenSees models.

The lateral drift—story shear hysteresis loops of each story are depicted in Figure 3.32,
providing a direct comparison of the global behavior. Initially, all stories had similar drifts, but
once a brace buckled, drifts tended to be concentrated in the bottom story, with only minor
inelastic drifts in the second story. The third story remained nearly elastic during the excitation.
The behavior of the OpenSees fiber models with material models including low-cycle fatigue
was typified by fracture of the tension brace in the bottom level. The resulting vertical
displacement at the mid-span of the second floor beam increased the story drift considerably
compared to a story drift calculated from the brace elongation alone. The models with fractured
braces tended to have greater residual drifts compared to models without fractured braces. The
hysteretic responses showed that the strength and stiffness were reduced significantly after brace
fracture occurred.

Although the braces in the bottom story fractured during record LA32, they did not
fracture under some MCE ground motions, even if fatigue-sensitive material was included. In
such cases, the hysteresis loops were more similar to those in models without fatigue, and the
hysteresis behavior was more similar to that in the LS-DYNA simulation.
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Figure 3.31 Relationship between axial force and axial deformation of braces on the
first story due to LA32.
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Figure 3.32 Relationship between story shear and story drift due to LA32.

In general, we investigated the effect of beam axial forces on response by comparing the
responses of models with one and two leaning columns (models 3BF1L and 3BF2L); Figure 3.29
demonstrates that the braces fracture at different times and that response time histories show
slight differences. The difference of peak story drift on the first story was less than 2%. The
effect of low-cycle fatigue was investigated by comparing models 3BF2L with 3BF2LN and
3BF2LM with 3BF2LMN. The displacement time histories were different as well as the residual
story strength after the braces fractured. The post-fracture stiffness was also different for
different models. The damping effect was investigated by comparing 3BF2L with 3BF2LM and
3BF2LN with 3BF2LMN. The story drifts were similar for the mass-only and Rayleigh (mass
and stiffness) damping models. Fracture of the braces had a greater impact on the responses of
different models than the type of damping adopted in the models.

3.4.4.3 Statistical evaluation of story drift demands of Phase Il models

Figures 3.33 through 3.37 show the relationship of peak story drift ratio to Sygiasic for each
record used in the analysis, where S, gsic 1S the elastic spectral displacement for the record used
in the analysis at the fundamental period of the model being simulated. In these plots, DR1 is the
peak story drift ratio of the first story for each record considered; DR2 is that of the second story;
DR3 is that of the third story; DRave is the peak roof displacement divided by the total height of
the model building (which is thus the average story drift ratio); and DRmax is the maximum
story drift ratio occurring at any of the three stories. The ratio of DRmax/DRave is regarded as
the index of the tendency of the system to form a soft story: the higher the ratio, the more
concentrated the damage is in a single story.

Linear regression analyses were performed considering all of the results for a particular
model in the lognormal form In(DR) = b + m - In(Sygmsic). Table 3.8 lists the slope m and the
intercept b of the regression for all the models, and 6> denotes the variance of the lognormal
distribution of DRmax.
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The regression parameters were so similar that the differences of m and b between each
model were within 3%. Consequently, the regression lines plotted in the figures are also very
similar. Although the trends are similar, several data points show large inelastic demands when
SaEnsiic becomes large. For the case study, ground motion record LA32 is among the cases that
produced demands larger than predicted by the regression relation. To account for this increased
response at large Sy gnsic values, a nonlinear regression model may be more suitable for these
structures. Improved results obtained using an intensity measure based on inelastic spectral
displacement are presented later in this report.

Figure 3.33 compares regression analysis results for models 3BF1L and 3BF2L, which
differ in the number of leaning columns. The data of DR1 shows more dispersion than DR2 and
DR3, because the first story experienced more nonlinear deformation. The peak drifts on the first
story contributed most of the maximum DR values, but the dispersion was slightly less for the
DRmax values. The dispersion on the average DR was even smaller due to the less scattered data
on DR2 and DR3. DRmax/DRave plots show that all the ratios were below 3.0, and most of them
were below 2.0.

Table 3.8 Slope, intercept, and standard deviation of the regression relation of
DRmax and Sy gastic for all OpenSees models.
Model m b ¢’
3BF1L 1.58 -5.78 1.08
3BF2L 1.55 -5.67 1.12
3BF2LN 1.53 —5.66 1.19
3BF2LM 1.56 -5.68 1.06
3BF2LMN 1.53 -5.62 1.19
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Figure 3.33 Comparison of story drift ratios between one-leaning-column model
(3BF1L) and two-leaning-column model (3BF2L).
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Table 3.9 Median expected EDPs corresponding to different hazard levels based on
elastic displacement spectra.

EDPs Hlf':j'erld 3BFIL  3BF2L  3BF2LN  3BF2LM  3BF2LMN
50/50  0.73% 0.78% 0.78% 0.79% 0.81%
DRmax (radian)  10/50 1.58% 1.64% 1.62% 1.66% 1.69%
2/50 3.01% 3.10% 3.04% 3.14% 3.17%
50/50  0.52% 0.54% 0.54% 0.53% 0.55%
DRave (radian) 10/50  0.96% 0.96% 0.97% 0.96% 0.99%
2/50 1.57% 1.57% 1.60% 1.59% 1.63%
50/50 1.39 1.46 1.44 1.47 1.48
DRmax/DRave 10/50 1.66 1.72 1.68 1.73 1.71
2/50 1.92 1.97 1.90 1.98 1.94
_ 50/50  0.04% 0.05% 0.05% 0.05% 0.05%
i:flﬁ‘lf)‘l DR 10/50  0.24% 0.31% 0.22% 0.28% 0.23%
2/50 1.06% 1.40% 0.77% 1.29% 0.89%

The EDPs predicted from these regression lines corresponding to different hazard levels
are listed in Table 3.9. These were determined from the regression lines identified in Figures
3.33 to 3.37, and the values of S;glsic in Table 3.5 corresponding to the hazard spectra for the
site and the computed fundamental period of the structure. For the most severe hazard level (the
2/50 or MCE-level event), the median expected maximum DR values were slightly over 3.0%.
For the design-level event, the expected median maximum DR were over 1.5%. Using the story
drift index at the onset of brace buckling (about 0.3%) as the yield displacement of the structure,
these maximum DRs correspond to story drift ductility of more than 10 and 5 for the MCE- and
design-level events, respectively.

Note that for all the models, the expected median maximum story drift ratio at the
service-level event (50/50, or 50% probability of exceedance in 50 years) exceeded the drift that
will cause a brace to buckle (about 0.3%). Thus, following a frequent (service-level) earthquake,
the analyses show that at least one brace is likely to buckle, and it will be necessary to replace
one or more braces and repair nonstructural damage in the adjacent elements.

Figures 3.34 and 3.35 compare responses for the different types of damping for models
with and without fatigue-sensitive materials. Figures 3.36 and 3.37 compare the effect of fatigue-
sensitive materials. Statistically, the results exhibit very little difference. Although the case study
of the response to the LA32 record indicated that responses of different models could differ
significantly, regression curves based on responses to many records were quite similar.

For the application of performance-based design, a relation was developed from the
regression analyses that included the probability that a value of DRmax would be exceeded for a
given value of Sygnsic. In Figure 3.38, fragility curves are presented for maximum story drifts
ratios of 0.3% and 2.5%. These values are simplified proxies for the initiation of brace buckling
and the maximum drift accepted by standard code design methods for a Design Basis Event
(ASCE/SEI 7-05).
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Figure 3.38 Probability of exceeding critical drifts for different models.

Obtained from Figure 3.38, Table 3.10 lists the probability that the maximum story drift
ratio will exceed 0.3% and 2.5% for earthquakes with a given probability of exceedance for each
OpenSees model. For the MCE-level event, the OpenSees models all have more than a 57%
probability of developing maximum story drifts greater than 2.5%. For the design-level event,
these probabilities drop to 33%. Considering the service-level event, the models have more than
80% probability of buckling a brace on one or more stories. Obviously, to minimize significant
local nonstructural damage during service-level events, the likely motion of the brace in the
buckled configuration must be considered, along with the possibility of replacing braces
following such events due to permanent lateral offsets.

Figure 3.39 illustrates the displacement time histories of different models. Among all
analyses for the 60 ground motions, record LA32 shows the peak value of maximum DR. LA28
and LA40 show the maximum positive and negative difference between OpenSees model 3BF2L
and the LS-DYNA model.

In most analyses under the same ground motion, the OpenSees models tended to have
larger story drift because of the characteristics of the low-cycle fatigue and brace models used, as
demonstrated in Figure 3.39 for the LA32 (left) and LA28 (middle) time histories. The
differences between the OpenSees and LS-DYNA models were evident at the peak response,
leading to different residual floor drift. Given that, it is also possible that the peak floor drift
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predicted by LS-DYNA might be larger than that of OpenSees if the peak response is less severe,
as shown for the LA40 time history.

Table 3.10 Probability of exceeding critical DR values for different models based on
elastic displacement spectra.

Hazard level

Model . . .
50% in 50 yrs 10% in 50 yrs 2% in 50 yrs
3BFIL, P(DR > 0.3%) 80.4% 94.6% 98.7%
T'=0.50 sec P(DR > 2.5%) 11.7% 33.0% 57.1%
3BF2L, P(DR > 0.3%) 81.8% 94.6% 98.6%
T=0.49 sec P(DR > 2.5%) 13.6% 34.5% 58.0%
3BF2LN, P(DR > 0.3%) 81.0% 93.9% 98.3%
T'=0.49 sec P(DR > 2.5%) 14.4% 34.6% 57.1%
3BF2LM, P(DR > 0.3%) 82.4% 95.1% 98.8%
T=0.49 sec P(DR > 2.5%) 13.1% 34.5% 58.8%
3BF2LMN,  P(DR>0.3%) 81.9% 94.3% 98.5%
T'=0.49 sec P(DR > 2.5%) 15.2% 36.0% 58.6%
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z 5 oy / £ 1 :
£ o————«/\/\AM . £ o WE?V\VWWMWMVV\
‘g1g [ 7Y § S v — 5 -2 —LS-DYNA ﬁ
£ 15 ?L”\‘M"J\ N oo & -0 —‘,,SE;D,,Q::J e 3 —-OpenSees
20 ‘ 15 ‘ ‘ ‘ 5 ‘
5 10 15 20 0 5 10 15 20 5 10 15 20
Time (sec.) Time (sec.) Time (sec.)

Figure 3.39 Floor displacement time histories of OpenSees model 3BF2L and LS-
DYNA model under three SAC time histories.

3.4.4.4 Statistical evaluation of residual story drift demands of Phase Il models

Another response parameter of interest is the residual displacement in a structure, which is used
to determine whether it is feasible or cost-effective to repair a structure after an earthquake.
Figures 3.40 to 3.44 are similar to those presented in Figures 3.33 to 3.37, except the vertical
axes are related to the maximum residual story drift remaining at the end of the earthquake. Plots
are presented for the roof residual displacement (left), the peak residual drift index at any floor
(middle), and the ratio of the peak residual displacement to the maximum displacement at that
story (right). The points on the plots are data for individual records. Two lines are superimposed
for the plot of maximum residual drift index, one representing the median linear regression
analysis result for the residual story drift ratio (Res. DR) and the other representing the
previously reported maximum story drift ratio (DRmax).
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Figure 3.44 Relationship between residual deformation and S g ,stic of model
3BF2LMN.

In Figures 3.40 to 3.44 it is obvious that there is tremendous scatter in the peak story
residual displacements. In some cases, the residual displacement significantly exceeded the
median expected maximum displacement at a particular value of S gjasiic, While in other cases the
residual displacement was quite small.

In the plots of maximum residual DR/maximum DR, the residual displacement became a
more significant fraction of the peak story drift for larger intensity shaking. The models without
fatigue included tended to have smaller residual displacements, although the maximum and
average story drifts do not show much difference among all the models.

For the models in which the braces may fracture, considering the spectral displacement
corresponding to this structure at the MCE and design levels, the expected median maximum
residual story drifts listed in Table 3.9 were about 1.25% and 0.28%, respectively. For the
models without fatigue incorporated, the expected median maximum residual story drifts were
reduced to about 0.83% and 0.22% for the MCE- and design-level events, respectively.

3.4.4.5 Inelastic spectrum displacement as ground motion intensity measure

To investigate whether the substantial dispersion of the results plotted in Figures 3.33 through
3.44 can be reduced, we considered alternative ground motion intensity measures. Results are
shown below for the case where an inelastic spectrum displacement was used as the ground
motion intensity measure.

The inelastic spectrum displacement was based on the first mode characteristics of the
model building and generated from the software application BiSpec [Hachem 2005]. The
strength and stiffness properties of the equivalent single-degree-of-freedom system were based
on the static pushover analyses results (Figure 3.28) using the procedure outlined by Chopra
[2006]. A bilinear model was used to represent the hysteretic behavior of the structure. Inelastic
displacements were computed for each of the 60 ground motions used in the study, and the peak
displacements Sy me; Were used instead of Sy giasiic to plot the peak EDPs.

As can be seen in Figure 3.45, the scatter of the results for peak DR was significantly
reduced compared to previously plotted cases using S¢glastic- Table 3.11 presents the R-square of
the fit of the DRmax—Sq4 el relation. The inelastic spectrum displacement substantially improved
the dispersion of the DRmax—Sq 1 relation, and the tendency of the DR to exceed the regression
curve for high-intensity shaking was no longer apparent. It appears that this discrepancy may be
thus associated with the “energy preserved” tendency that has been noted for single-degree-of-
freedom inelastic structures with relatively short periods [Chopra 2006]. This is captured by the
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nonlinear analysis for the single-degree-of-freedom systems used to obtain Sy me. This may not

be appropriate for systems for systems having greater contributions of higher modes to response
or for systems with longer periods.

Table 3.12 shows the expected EDPs based on the inelastic displacement spectra. The
values for the service-level and design-level events are generally smaller in the EDP—Sy el
relation than in the EDP—S,; jasiic Telation (see Table 3.9); however, for the MCE-level event, the
expected EDPs are larger in the EDP—S, 1e1 relation than in the EDP—S giasiic relation.
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Figure 3.45 Relationship between maximum story drift ratio and inelastic spectrum
displacement for different models.

Table 3.11 R-square of the fit of DRmax and S, relation for different models.

Model 3BFIL 3BF2L 3BF2LN 3BF2LM 3BF2LMN LS-DYNA

R-square of DRmax
vS. Sy Elstic relation

0.7531 0.8021 0.7473 0.8246 0.8059 0.7577

R-square of DRmax

) 0.9588  0.9618 0.9728 0.9438 0.9662 0.9642
vs. S me relation

A comparison of different models with intensity measures based on elastic and inelastic
displacement spectra is shown in Figure 3.46. The period of the LS-DYNA model is 0.52 sec
while that of OpenSees model is 0.5 sec; the values of S; for the OpenSees and LS-DYNA
models are virtually the same. The difference in expected DRmax values for OpenSees and LS-
DYNA models is less than 10%.
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Table 3.12 Median expected engineering demand parameters corresponding to
different hazard levels based on inelastic displacement spectra.

EDPs Hazard Level 3BF1L 3BF2L 3BF2LN 3BF2LM 3BF2LMN
50/50 0.66% 0.69%  0.68% 0.70% 0.70%
DRmax (radian) 10/50 1.42% 1.52%  1.45% 1.50% 1.46%
2/50 4.72% 5.15%  4.80% 4.91% 4.67%
50/50 0.48% 0.49%  0.49% 0.49% 0.49%
DRave (radian) 10/50 0.88% 0.90%  0.89% 0.89% 0.88%
2/50 224% 233%  2.27% 2.26% 2.22%
50/50 1.36 1.42 1.39 1.44 1.43
DRmax/DRave 10/50 1.62 1.69 1.64 1.69 1.66
2/50 2.11 221 2.11 2.18 2.10
50/50 0.03% 0.04%  0.04% 0.04% 0.04%
Residual DR (radian) 10/50 0.18% 024%  0.17% 0.21% 0.17%
2/50 244%  3.97%  1.79% 3.09% 1.87%
—3BFIL = _ ' —3BFIL =S
- - 3BF2L — d,ElaSth - I 3BF2L — d,IneI
5 10 o 3BF2LN 5 10 o 3BF2LN
8 |—3BF2m 8 |—3BF2m
< [ 3BF2LMN < |- 3BF2LMN
(] ] (] =2 wmmma
S 42 LSDYNA L 402LSDYNA
o o :
a) a)
10° 10 LT
10° 10 10° 10
Sd,EIastic (mCh) Sd,IneI (InCh)

Figure 3.46 Trend lines of DRmax and S, for different models.

3.5 SUMMARY

Analytical studies of a 3-story SCBF building were conducted using fiber-based models from the
computational platform OpenSees and using shell elements from the finite-element software
program LS-DYNA. Analytical results of each model were interpreted and compared in terms of
nonlinear static pushover analyses, a case study under a single earthquake record, and a
probabilistic analysis of results using 60 ground motions representative of different hazard
levels.

In the Phase I analysis, the force-based beam-column element was recommended to
better estimate the nonlinear responses of the 3-story double-story X-braced frame. In addition, a

relatively small time step was employed to improve the accuracy of the results and the
convergence of the analysis. An adequate working point at the column base should be defined so
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that the taller first story may be included in the numerical model and reflect the more realistic
structural behavior.

In the Phase II analysis, the pushover analysis showed that the braces in the ground story
began to buckle globally at a story drift ratio of about 0.3% in both the OpenSees and LS-DYNA
models. The LS-DYNA model, being more sensitive in capturing localized stress concentrations
and local buckling, showed a more gradual change in strength before and after reaching the peak
strength. The OpenSees fiber model exhibited a sudden drop in strength at the initiation of
buckling or fracture. The LS-DYNA model suggested an ultimate failure mode that is different
than the fiber models in OpenSees. Both identified a soft first-story response, but OpenSees
suggested a failure by severe buckling of the compression brace and fracture of the tension brace.
The shell element model in LS-DYNA suggested that final failure is associated with fracture in
the column at the top of the first-story tension-side column, and in-plane deformation related
fracture of the brace-to-gusset plate connection at the bottom of the tension brace.

The case study of structural behavior under ground motion record LA32 showed that
adding low-cycle fatigue to the OpenSees fiber models resulted in larger story drifts (for records
where a brace fractures) and led to larger residual story drifts. The vertical displacement at mid-
span of beams predicted results in the tension braces having smaller axial deformations than the
compression braces. In OpenSees models with fatigue-sensitive materials, when the braces
fractured, the overall strength and stiffness of the structure were reduced after the fracture. The
drift demands increased significantly whenever fracture occurred. Comparing the effects of beam
axial forces, fatigue materials, and damping types, we found that material properties that fail in
low-cycle fatigue affected the response more so than in the case of the other phenomena.

The OpenSees analyses suggest that as the number of cases where fracture occurs is small
on a statistical basis, fatigue-sensitive materials do not change the overall response significantly.
However, when examining the response to a single ground motion, fracture of a brace has an
important impact on structural response. OpenSees results show that the expected median
maximum story drift ratio at the service-level event (about 0.75%) exceeded the drift needed to
cause buckling of a brace (about 0.3%). OpenSees models predicted that for this hazard level,
there is more than 80% probability of buckling a brace at one or more stories. For a 2%-in-50-
year hazard level, the OpenSees models had more than a 57% probability of developing
maximum story drifts greater than 2.5%. For the design-level event, the probability dropped to
33%.

Results for this short-period SCBF system demonstrate that using inelastic spectral
displacements instead of those based on elastic analysis substantially reduced dispersion of the
results, especially for large-intensity events. The predicted story drifts for maximum considered
hazard levels increased, however, when inelastic spectral displacements were used as the
intensity measure. Additional research is needed on this topic.

OpenSees fiber models suggest that residual displacement becomes a more significant
fraction of the peak story drift for larger intensity shaking. However, according to observations
from the analyses, the relationship between residual displacements and ground motion durations
did not show clear trends. The effect of fatigue-sensitive materials was more important for the
residual displacement than for the peak displacement. For the OpenSees models that employed
fatigue-sensitive materials, the expected median maximum residual story drifts were about
1.25% and 0.28% for the MCE-level and design-level events, respectively.
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Comparison of inelastic behavior predicted by fiber models with OpenSees and shell
elements with LS-DYNA for individual ground motion records shows that the difference
between beam-element and shell-element models can be significant for some ground motion
excitations. For the ground motions used in this study, shell-element models in LS-DYNA
predicted smaller maximum story drift and residual story drift, but larger maximum vertical
displacement at mid-span of the beam and stiffness reduction. Moreover, the ultimate failure
modes may differ significantly for the two models. On the other hand, from a statistical
perspective (when inelastic spectrum displacement is used as the intensity measure), the
difference between OpenSees beam-element model and LS-DYNA shell-element model results
was less than the dispersion for different ground motions by the same model. For the case
considered here, if inelastic spectrum displacements are used to predict the structural responses,
corresponding inelastic properties can be obtained from analysis using beam- or shell-element
models, resulting in equally accurate median response prediction.

In general, the parameters in Phase Il models did not result in any statistically significant
differences. For the final models considered in Chapter 4, the one-leaning column and two-
leaning column options were used and the fatigue-sensitive material was included. Because the
scatter in statistical data was reduced by using the inelastic spectrum displacement, the
probability relation was generated based on inelastic spectrum displacement.
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4 Performance Evaluation of Braced Frame
Buildings

We next conducted a detailed performance evaluation for 3-story braced frame buildings. The
SCBF buildings were designed according to both older and current codes to investigate the
impact of code change on structural response. A BRBF building was also analyzed to evaluate
the advantages and disadvantages of different braced frame systems. To improve the system
performance of the SCBF, the response reduction factor for design using code approaches was
reduced to limit the demands in the building; we also investigated the effectiveness of this
strategy. This chapter compares statistically the drift demands of four structures based on the
numerical models developed and evaluated in Chapter 3.

41 DESIGN CRITERIA

We investigated seismic responses of 3-story tall steel buildings with lateral earthquake-load
resistance provided by SCBFs or BRBFs located on the perimeter of the building (Figure 4.1).
These buildings were designed by others [Sabelli 2000, DASSE 2007]. Model A was designed in
conformance with the provisions of the 1997 NEHRP seismic design provisions, and Model B
and Model C were designed to comply with the provisions of ASCE/SEI 7-05. Model B is the
same model building as discussed in Chapter 3. The importance factor and redundancy factor
were assumed to be unity for all designs. Table 4.1 lists some of the principal attributes of the
structures and the key parameters used in the seismic design.
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(a) Model A (b) Model B and C
Figure 4.1 Model building floor plan and elevation.
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Table 4.1 Design parameters of model buildings.
Model A B (SCBF), C (BRBF)
Code 1997 NEHRP ASCE/SEI 7-05
Building location Los Angeles, CA Los Angeles, CA
Seismic design category D D
Occupancy category II (Office) II (Office)
Importance factor 1.0 1.0
Short period spectral acceleration, Ss 2.09¢g 22¢g
1 sec period spectral acceleration, S1 0.77 g 0.74 g
Fa 1.0 1.0
Fv 1.5 1.5
R 6 6 (SCBF), 8 (BRBF)
Design base shear 0.23W 0.24W (SCBF), 0.13W (BRBF)

4.2 MODEL BUILDINGS

Table 4.2 lists the member sizes used in the models. Model A represents the typical SCBF bent
designed based on 1997 NEHRP provisions, while Models B and C represent SCBF and BRBF
systems designed based on ASCE/SEI 7-05. The configuration of lateral load-resisting frames
were also different, with Model A having twice as many lateral load-resisting bents. The story
height for Model A was 13 feet, whereas that for Models B and C was 15 feet. Model B is the
same building as modeled in Section 3.4.

Table 4.2 Member sizes.
Floor Model Braced frame columns Braced frame beams Brace size
A W12x96 W18x46 HSS 6x6x3/8
Roof B W14x176 W36x210 HSS 10.0x0.375
C W14x132 W24x76 4in?
A W12x96 W27x84 HSS 8x8x1/2
3rd B W14x176 W30x116 HSS 11.25x0.50
C W14x132 W24x76 6 in.?
A W12x96 W30x90 HSS 8x8x1/2
2nd B W14x176 W27x84 HSS 12.5%0.50
C W14x132 W24x76 7.5in.2

The roof beam of Model A was particularly light compared to the lower two floor beams
because the 1997 AISC Seismic Provisions [AISC 1997] contain an exception to the normal
strong beam design requirement at the roof of chevron SCBF systems. The beams are typically
designed to account for the unbalanced load produced by the tension and compression braces
(described in Section 3.4). According to 1997 AISC seismic provisions, this provision was not
required for the roof, so the roof beam was significantly smaller than at the other levels. In
contrast, the roof beam of Model B is considerably heavier than the second and third floor
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girders. This is because the unbalanced loads induced from the buckling of braces on the top
story were considered in accordance with the 2005 AISC Seismic Provisions [AISC 2005]. The
tension force used to compute the unbalanced load on the beam was based on R,P, instead of P,,
and the unbalance loads in the lower two stories were small. In Model C, the member sizes are
typically smaller because of the greater R value, the reduced brace unbalanced forces, and the
longer fundamental period and therefore smaller design acceleration.

Table 4.3 Member sizes.
Floor Model Braced frame columns Braced frame beams Brace size
A W12x96 W18x46 HSS 6x6x3/8
Roof B W14x176 W36x210 HSS 10.0x0.375
C W14x132 W24x76 4in?
A W12x96 W27x84 HSS 8x8x1/2
3rd B W14x176 W30x116 HSS 11.25x0.50
C W14x132 W24x76 6 in.”
A W12x96 W30x90 HSS 8x8x1/2
2nd B W14x176 W27x84 HSS 12.5%0.50
C W14x132 W24x76 7.5in.?

4.3 OPENSEES NUMERICAL MODELS

Four model buildings, designated 3AF, 3BF, 3BF;, and 3CF, were analyzed and discussed. The
notation used for the model names is listed in Table 4.3. All the beams were considered to be
rigidly connected to the columns in all models, including the beams with braces connected in the
middle span and in the ends. Model 3BF; was similar to Model 3BF, except twice as many
braced bents were used, thus a effective force reduction factor R of 3 (rather than 6) was used for
model 3BFj5; therefore, the member sizes of model 3BF; were the same as those of model 3BF,
but the effective seismic mass of model 3BF; was half that of model 3BF. Model 3CF was also
similar to model 3BF except for the use of buckling-restrained braces. The OpenSees modeling
parameters of model 3CF were essentially the same as those for the SCBF models, except for the
modeling of the braces. Adopting the fatigue model, model 3CF was modeled to conform to the
code requirement on the ductility capacity for testing of braces. (The BRBs were required to
achieve a cumulative inelastic axial deformation of at least 200 times the yield deformation.)
Fracture occurred when the fatigue life in BRBs was exhausted. Compared to the SCBF model,
the modeling of braces in BRBFs was more straightforward because there was no need to apply
the initial camber to the BRBs. Only one force-based nonlinear beam-column element was used
for each BRB. The modeling properties were calibrated from test data (BRBs had the cyclic
deformation capacity conforming to the code minimal requirement). Rigid end zones were used
to increase the stiffness, which was computed using only the steel core, to get more accurate
stiffness of BRBs that accounted for the stiffness contribution from tapered and connection areas
of an actual BRB.
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Table 4.4 Model names.

Abbreviation Denotation
A Double-story X SCBF designed to comply with 1997 NEHRP
B Double-story X SCBF designed to comply with ASCE/SEI 7-05
C Double-story X BRBF designed to comply with ASCE/SEI 7-05
F Model building with fully constrained beam-column connections
Subscript 3 Model building designed with R = 3 instead of R = 6 for SCBF

DESIGN SPECTRA

The SAC ground motion suite that is used to conduct nonlinear dynamic analysis is the
same as the suite described and used in Chapter 3. The medians of the pseudo-spectral
acceleration (S,) and spectral displacement (S,;) corresponding to a particular hazard level are
shown in Figure 4.2. The median elastic spectral displacements corresponding to the
fundamental period of the various models for the three hazard levels considered are summarized
in Table 4.4.

The seismic spectra considered in the design of the three model buildings are shown in Figure
4.2. The spectra are quite similar, although in the constant amplified acceleration range, the
ASCE/SEI 7-05 spectrum is slightly larger than that in the 1997 NEHRP provisions.
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Figure 4.2 Response spectra.
Table 4.5 Median elastic spectral displacement S gjastic (in.).
Hazard level
Model . . )
50% in 50 yrs 10% in 50 yrs 2% in 50 yrs
3AF, T = 0.36 sec 1.12 1.63 2.44
3BF, T; = 0.49 sec 1.70 2.74 4.13
3BF;, 77 = 0.35 sec 1.07 1.56 2.30
3CF, T =0.72 sec 2.86 4.67 9.31
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4.5 STATISTICAL EVALUATION OF STORY DRIFT DEMANDS

4.5.1 Story Drift Ratio

Figure 4.3 compares the responses of structures (models 3AF and 3BF) that were designed under
different design codes. The regression lines of the story drift ratios in the first story (DR1) were
similar for models 3AF and 3BF. For the second story (DR2), the regression curve of model 3BF
was slightly steeper than that of model 3AF. In the plot of DRave, the slopes of both models
were similar but the regression curve of 3BF fell below that of 3AF. Similar observations were
noted in the plot of DRmax, but the regression curves were more parallel. The data in the
DRmax/DRave plot were less scattered for model 3BF, with the ratios mostly less than 3.0.

While the trend lines offer a general comparison regardless of the intensity of the ground
motions, the comparison of the EDPs with respect to different hazard levels should take into
account the difference of the fundamental periods. As shown in Table 4.5, model 3BF has larger
maximum DR than model 3AF for all three hazard levels; in particular, for the MCE-level event
the maximum DR of 3BF was almost twice that of 3AF. This difference is primarily due to the
longer period of 3BF and also the resulting larger S;mei. Nonetheless, for the MCE-level event
the soft-story index (DRmax/DRave) of 3BF was only slightly greater than that of 3AF. For the
service-level event, the soft-story index of 3BF was smaller than that of 3AF. The weaker roof
beam in 3AF may contribute to this difference.

Figure 4.4 compares results for models 3BF and 3BF; for different hazard levels
corresponding to the inelastic displacement spectra. Model 3BF; was twice as stiff and strong as
model 3BF. Thus, the fundamental period and spectrum displacement for model 3BF; are
significantly less than those for model 3BF (see Table 4.4). The regression curves at all levels
(except for the top story)—the average DR and maximum DR—were almost identical for models
3BF and 3BF;. In the DRmax/DRave plot, the regression curves of the two models are similar,
but because the spectrum displacement of model 3BF; is smaller, the tendency to form a soft
story is actually reduced. The median story drift ratios listed in Table 4.5 show that reducing the
R value decreases the drift demand of SCBF. In the service-level event, the maximum story drift
ratio is about 0.3%, and the braces may not buckle at this hazard level. For the other hazard
levels, the drift demand is lower and therefore the deformation demand of braces is smaller.
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Figure 4.3 Story drift ratio for models 3AF (1997 NEHRP) and 3BF (ASCE/SEI 7-05).
Table 4.6 Median expected EDPs corresponding to different hazard levels based on

inelastic displacement spectra.

EDPs Hazard level 3AF 3BF 3BF; 3CF
50/50 1.08 1.90 1.12 2.63
S e (in.) 10/50 1.67 3.24 1.63 6.00
2/50 3.60 8.36 2.82 16.20
50/50 0.46% 0.69% 0.31% 0.84%
DRmax (radian) 10/50 0.84% 1.52% 0.51% 1.95%
2/50 2.38% 5.15% 1.04% 5.37%
50/50 0.32% 0.49% 0.26% 0.61%
DRave (radian) 10/50 0.50% 0.90% 0.38% 1.37%
2/50 1.16% 2.33% 0.65% 3.68%
50/50 1.47 1.42 1.20 1.39
DRmax/DRave 10/50 1.66 1.69 1.34 1.42
2/50 2.05 221 1.59 1.46
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Figure 4.5 Story drift ratio for models 3BF (SCBF) and 3CF (BRBF).

A comparison of the regression curve of DRave for models 3BF and 3CF shows that both
models are rather similar (Figure 4.5). The DRs for each story, however, show differences
between models 3BF and 3CF, demonstrating that the BRBF tends to have a more uniform DR
throughout the whole building, as the braces do not buckle and deteriorate. As shown in Figure
4.5, the tendency to form a soft story is much less than with the SCBF. Considering the
difference of spectrum displacement, the maximum DR of model 3CF is greater than that of
model 3BF at different hazard levels (see Table 4.5). The shift in fundamental period greatly
increases the spectrum displacement, resulting in high drift demands for different hazard levels.
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The data allow us to develop a relation describing the probability that a maximum story
drift ratio is exceeded for a given inelastic spectrum displacement. The probability that the
maximum story drift ratio will exceed 0.3% and 2.5% radian is shown in Figure 4.6, which is
representative of initiation of buckling and the maximum drift accepted by standard code design
methods for a design-basis event. The probability curves show different results for models 3AF
and 3BF. However, it is not clear whether this difference is due to the differences in code
provisions or simply the sizes and shapes of the members selected. Thus, the response of a SCBF
designed according to a particular code may be very sensitive to designer selection of member
sizes, slenderness ratios, and degree of compactness. A comparison of models 3BF and 3BF;
demonstrates that the probability curves are similar. However, if the structure is designed with R
= 3, the stiffness usually increases resulting in a shorter fundamental period, smaller
displacement demand, and lower probability of exceeding the critical drift levels. Similar
observations are noted when models 3BF (SCBF) and 3CF (BRBF) are compared. Because the
code prescribes an R of 8 for BRBFs, the fundamental period of a BRBF is usually longer.

Considering the service-level event, models 3AF, 3BF, and 3BF; have 65.6%, 76.6%,
and 51.6% probabilities of buckling a brace at one or more levels, respectively (see Table 4.6).
This illustrates the need to consider likely local nonstructural damage during service-level
events, and the possible need to replace braces following such events due to permanent lateral
offsets. Considering the MCE-level event, models 3AF, 3BF, 3BF;, and 3CF have 48.1%,
70.8%, 16.4%, and 81.8% probabilities of exceeding 2.5% drift, respectively. Severe damage is
expected for the models with high probabilities of exceeding the critical drifts.
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Figure 4.6 Probability of exceeding critical drift level for different models.
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Table 4.7 Probability of exceeding critical DR values for different models based on
inelastic displacement spectra.

Hazard level

Model
50%, 50 yrs 10%, 50 yrs 2%, 50 yrs
3AF, P(DR > 0.3%) 65.6% 82.8% 97.2%
T'=0.36 sec P(DR > 2.5%) 6.0% 15.6% 48.1%
3BF, P(DR > 0.3%) 76.6% 91.8% 99.5%
T=10.49 sec P(DR > 2.5%) 9.7% 26.4% 70.8%
3BF;, P(DR > 0.3%) 51.6% 72.1% 91.5%
T=0.35 sec P(DR > 2.5%) 1.0% 3.9% 16.4%
3CF, P(DR > 0.3%) 88.3% 98.5% 100.0%
T=0.72 sec P(DR > 2.5%) 10.4% 38.7% 81.1%

4.5.2 Residual Story Drift Ratio

Another response parameter of interest is the residual displacement in a structure, which is used
to determine whether it is feasible to repair a structure following an earthquake. The residual
story drift ratios of each model corresponding to different hazard levels are listed in Table 4.7.
Figures 4.8 to 4.10 present the relations of the maximum residual story drift remaining at the end
of the earthquake and spectrum displacement. The dots represent data points related to residual
drift ratios. Two lines are superimposed, one representing the median linear regression analysis
result for the residual story drift ratio and the other representing the previously reported
maximum story drift ratio. The trend for residual displacements is such that the residual drifts
become a larger fraction of the maximum drifts as the intensity of shaking increases.

Table 4.8 Median expected residual story drift ratio corresponding to different
hazard levels based on inelastic displacement spectra.

EDPs }gfld 3AF 3BF 3BF; 3CF
Residual DR 50/50 0.02% 0.04% 0.01% 0.10%
(radian) 10/50 0.07% 0.24% 0.03% 0.39%
2/50 0.56% 3.97% 0.15% 1.95%

Figure 4.7 shows the residual drift for model 3AF. The median expected maximum
residual displacement became a larger fraction of the peak story drift as the intensity of shaking
increased. Although no data points show the residual displacements exceeding the median peak
story drift ratio, some show them rather close. Considering the spectral displacement
corresponding to model 3AF for the service-level and design-level events, the expected median
maximum residual story drifts were 0.02% and 0.07%, respectively. For the MCE-level event,
the expected median maximum residual story drift ratio was 0.56% radian.
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Figure 4.7 Relationship between residual deformation and S,,. for model 3AF.

For model 3BF (Figure 4.8), no data points show the residual displacement exceeding the
median peak story drift ratio. Compared to model 3AF, the residual displacement was a smaller
fraction of the peak story drift, although the residual displacement of model 3BF was larger for
the three hazard levels. For the design-level and MCE-level events, the expected median
maximum residual story drift ratios were 0.24% and 3.97% radian, respectively. For the service-
level event, the expected median maximum residual story drift ratio was 0.04%.
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Figure 4.8 Relationship between residual deformation and S, for model 3BF.

For model 3BF3, the maximum residual story drifts were considerably smaller than for
model 3BF (Figure 4.9). For the MCE-level event, the median expected maximum drift was on
the order of 0.15% radian. This was in part due to smaller lateral displacements, but also because
the stronger and stiffer braces remained intact even under this level of excitation.
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Figure 4.9 Relationship between residual deformation and S, for model 3BF;.
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For model 3CF, the residual drifts became a larger fraction of the maximum drifts with
increased intensity of shaking than for the other models, but this trend was less pronounced
because the regression lines were more parallel (Figure 4.10). In addition, model 3CF tended to
have larger residual displacement than the other models partly because of the longer fundamental
period and partly because of the properties of the buckling-restrained braced frames. The braces
yielded rather than buckled under severe events, because more energy was required to reverse
the displacement as the yielding strength was normally greater than buckling strength.
Consequently, model 3CF exhibited larger residual displacement; we believe its larger period
and inelastic deformation to be the cause of this increase. For the service-, design-, and MCE-
level events, the expected median maximum residual story drift ratios were 0.10%, 0.39%, and
1.45% radian, respectively.
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Figure 4.10 Relationship between residual deformation and S,,.; of model 3CF.

46 SUMMARY

According to our analyses, the performance of SCBFs designed in compliance with ASCE/SEI
7-05 and 1997 NEHRP are quite similar.

Generally, the expected median maximum story drift ratios of SCBF with R of 6
exceeded values likely to cause buckling of the braces considered at the service-level event.
Thus, after a frequent (service-level) earthquake, it would be necessary to replace one or more
braces and repair nonstructural damage to adjacent elements. The expected median maximum
story drift ratios were also likely to exceed 2.5% radian for the MCE-level event, whereby the
integrity of the beam-to-column connections can be assessed with confidence.

In contrast, model 3BF; resulted in median expected maximum DRs less than those
needed to initiate buckling for the service-level event and less than those likely to fracture the
beam-to-column connections for the MCE-level event.

To provide a more useful indication of the response characteristics of the various models,
the fragility curves were integrated with respect to the seismic hazard to obtain the probability
for a given hazard level that the maximum DR exceeds some key threshold. For the MCE-level
event, models 3AF and 3BF had 48.1% and 70.8% probabilities, respectively, of developing
maximum story drifts greater than 2.5%. In model 3BF3, the probability was 16.4%. For the
design-level event, these probabilities dropped to 15.6%, 26.4%, and 3.9% for models 3AF, 3BF,
and 3BF;, respectively. Interestingly, considering the service-level event, models 3AF, 3BF, and
3BF; had 65.6%, 76.6%, and 51.6% probabilities, respectively, of having a brace buckle in one
or more stories. The likely motion of the brace in the buckled configuration must be considered
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to minimize significant local nonstructural damage during the service-level event. It is also
necessary to consider replacing braces following service-level events due to the buckling of
braces.

Residual lateral drifts were considered for all models as the intensity of ground shaking
increased. In model 3BF;, the residual drifts were in the reasonable range for post-earthquake
repair for different hazard levels. The residual story drift ratio was 0.15% radian for the MCE-
level event. The BRBF model had the largest residual drift, partly because of the longer
fundamental period and partly because of the characteristics of the buckling-restrained braced
frames.

Finally, the tendency to form a soft story was reduced for different seismic hazard levels
when the R value is reduced from 6 to 3. Although the cost of constructing SCBFs with an R of 3
would be higher and significant elastic response would be expected, the demands would be more
consistent with the capacity of the connections and buckling braces considered here. In the case
of BRBFs, although higher maximum drift demands and residual drift demands were expected,
the tendency to form a soft story was less than for SCBFs.
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5 Evaluation of Seismic Performance Factors
Using FEMA P695 (ATC-63) Methodology

5.1 INTRODUCTION TO FEMA P695 (ATC-63) METHODOLOGY

The FEMA P695 (ATC-63) project “Quantification of Building System Performance and
Response Parameters” (FEMA P695 2009) developed a methodology to quantify building
system performance and response parameters that can be used in seismic design. One of the key
parameters investigated is the response modification coefficient (R-factor). Other related design
parameters, including the system overstrength factor (€y) and deflection amplification factor
(Cq), were also addressed.

5.1.1 Seismic Performance Factors
Seismic performance factors are the key parameters for designing buildings. Figure 5.1 visually
depicts these factors:
R: Response modification factor
Q: Effective overstrength factor
Cq: Deflection amplification factor
VEen: Base shear of elastic system under design earthquake ground motions
Vmax: Maximum base shear of the yielded system
V. Design base shear from building codes
Agla: Roof drift of elastic system under design earthquake ground motions
Ay: Roof drift corresponding to 80% of the maximum base shear after building yields
Ay: Idealized yielding roof drift
Ages: Roof drift corresponding to the design base shear

A: Roof drift of yielded system under design earthquake ground motions
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Figure 5.1 lllustration of seismic performance factors.

FEMA P695 (ATC-63) quantified the system performance and response parameters
considering the collapse-level response of buildings. The seismic performance factors (R, Q ,Cy)
are illustrated in Figure 5.2 in terms of single-degree-of-freedom spectral parameters (S4, Sp)
instead of base shear and roof drift. The conversion to spectral coordinates assumes that 100% of
the effective seismic weight of the structure, W, participates in fundamental mode at the
fundamental period, consistent with Equation 5.1:

V=CsW. (5.1)
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Figure 5.2 lllustration of seismic performance factors as defined by FEMA P695.

Figure 5.2 defines the seismic performance factors used in FEMA P695. The following
terms are used:

Scr: Median spectral acceleration of collapse level earthquakes at the fundamental period
of the building
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Smr: Spectral acceleration of maximum considered earthquake (MCE) at the fundamental
period of the building

Smax: Maximum lateral force of the yielded system normalized by the effective seismic
weight of the building, W

Cs: Seismic response coefficient as determined in Section 12.8.1.1 of ASCE/SEI 7-05

SDcrt: Median spectral displacement of collapse level earthquakes at the fundamental
period of the building corresponding to spectral response acceleration Scr

SDwmt: MCE spectral displacement at the fundamental period of the building
corresponding to spectral acceleration Sy

SDyes: Spectral displacement at the fundamental period of the building corresponding to
seismic response coefficient Cq

CMR: Collapse margin ratio

The relation in Equation 5.2 is illustrated in Figure 5.2. The factor of 1.5 accounts for the
definition of design earthquake ground motions in ASCE/SEI 7-05 as being two-thirds of MCE
ground motions.

1.5R = Syi1/Cs (5.2)

The overstrength parameter Q in Figure 5.2, which is calculated from a pushover
analysis, is different from the overstrength factor Q, of ASCE/SEI 7-05, which is used for design
of nonductile elements. Naturally, different designs of a building have different Q values, and
most appropriate € for a specific design can be considered to be €. The notation follows the
definition of FEMA P695.

FEMA P695 (ATC-63) assumes the displacement of the yielded system in the MCE-level
event is equal to 1.5C4 times SDqcs and is equal to the MCE elastic system displacement, SDyr.
This relationship leads to:

Cs=R. (5.3)

Note that Equation 5.3, instead of the prescribed values in ASCE/SEI 7-05, is used later
in this chapter in the design of archetype buildings to evaluate system collapse resistance.

5.1.2 Collapse Margin Ratio

FEMA P695 (ATC-63) defined the collapse level ground motions as the intensity that would
result in median collapse of the archetype building of interest. Nonlinear dynamic analyses were
conducted by scaling up the intensity of 22-pair ground motion records until the median collapse
intensity (Scr) was reached, where one-half of the ground motions caused collapse of the
archetypes. The collapse margin ratio (CMR) was defined as the ratio of St to the maximum
considered earthquake ground motion demand (Smr, determined directly from the response
spectrum) at the fundamental period 7. As shown in Figure 5.2, the collapse level intensity is
greater than the MCE-level intensity. The CMR defined in Equation 5.4 is an index of the
probability that a building will collapse from the MCE-level ground motion.

CMR = SDCT/SDMT = SCT /SMT (54)
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5.2 OVERVIEW OF FEMA P695 (ATC-63) METHODOLOGY

The methodology of FEMA P695 (ATC-63), illustrated in Figure 5.3, requires the use of a
ground motion set, analysis methods, test data, design requirements, and a peer review.

Ground
Motions

Analysis
Methods

Test Data
Requirements

Peer Review
Requirements

Figure 5.3 lllustration of FEMA P695 (ATC-63) methodology.

Generally, FEMA P695 is used to evaluate the design requirement of existing structural
systems and also the newly developed systems. This chapter uses FEMA P695 to evaluate
SCBFs and BRBFs designed according to the design provisions in ASCE/SEI 7-05. Our
application of the FEMA P695 approach consisted of acquiring the system information,
developing archetype buildings, constructing numerical models, performing nonlinear analysis,
and evaluating the collapse resistance of the structural system (Figure 5.4). The next sections
follow the FEMA P695 process step-by-step to evaluate current design requirements for SCBF
and BRBF systems. Systems studied ranged from 2 to 16 stories. The archetypes were not
redesigned to improve their collapse resisting force where needed.

The archetype buildings were designed to cover a selected range of structural geometry
and design parameters including structural configurations, seismic design categories,
fundamental periods, etc. These archetypes were assembled into “performance groups” reflecting
major changes in structural behaviors within the archetype design space.

The numerical models were developed with the calibration of available test data. The
CMR was determined from the nonlinear dynamic analyses. Because the methodology in FEMA
P695 is a generalized procedure using a constant set of ground motions for different sites, hazard
levels, and structural periods of interest, we modified the CMR to account for the frequency
content (spectral shape) of the set of ground motions [Baker 2005; Baker and Cornell 2006] by
simplified spectral shape factors (SSF). The adjusted collapse margin ratio (ACMR) was
computed by multiplying CMR by SSF (ACMR = SSF x CMR). The SSF depended on
fundamental period, period-based ductility, and seismic design category of the building and was
tabulated in Table 7-1 of FEMA P695.

Performance of each archetype and each performance group was evaluated by comparing
the ACMR to the acceptable ACMR. The acceptable ACMR was determined based on the
uncertainty factors of the structural system. The quality of design requirements, test data,
numerical modeling, and a prescribed set of ground motions contributed to the total system

collapse uncertainty, denoted as By, = B + B + By + B, » Where Brrr is the record-to-
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record uncertainty, fpg is the design requirement-related uncertainty, frp is the test data-related
uncertainty, and pSyp; 1s the modeling-related uncertainty. Quality ratings for design
requirements, test data, and numerical modeling were quantified by the following scale: (A)
superior, = 0.10; (B) good, g = 0.20; (C) fair, f = 0.35; and (D) poor, f = 0.50. The details to
determine these uncertainty factors were described in FEMA P695.

The total system collapse uncertainty was used to determine the acceptance criteria,
which are conditional probabilities of collapse (under MCE ground motions) of 10% in average
for a performance group and 20% for individual archetypes. The acceptable ACMR;qy, and
ACMR;, were tabulated in Table 7-3 of FEMA P695 based on the total system uncertainty and
the acceptable probability of collapse. If an individual archetype or a performance group failed
the evaluation (ACMR < Acceptable ACMR), the archetypes needed to be redesigned with
modified seismic performance factors. The iterative process continued until adequate seismic
performance factors were identified to provide a structural system with adequate collapse
resistance.

The evaluation was conducted for both SCBF and BRBF systems; however, the
evaluation in this section was not a complete study of the braced frames as there are a variety of
structural configurations and design options. Here, only a few representative braced frames were
investigated. In the analyses, the global buckling behavior and possible rupture of the braces
were explicitly considered in the computational models. Based on available test data, other
critical non-simulated collapse modes were indirectly accounted for in beams, columns, and
other components based on available test data.

67



Develop System
Concept
I

v
Identify Intended

Applications
) B2 Required System o
Information
Establish Design Acquire Test
Provisions Data
|
Consider Consider Behavioral
Configuration Issues Effects
[ |
L2 .
Develop Index Archetype Characterize
Configurations Behavior
¥
Archetype

Define Archetype Design
Space
v

Identify Performance
Groups

Development

Apply Design Utilize Test
Requirements Data
e —
Prepare Index Archetype
Designs
v
Prepare Index Archetype
Models
¥
Calibrate Models
v
Establish Criteria for
Non-simulated Collapse
Modes

Nonlinear Model
Development

Utilize Specified
Ground Motions
)

Calculate Adjusted
Collapse Margin Ratio
k2

Evaluate Quality of:
-Design Requirements
-Test Data

-Nonlinear Models

A 2

Calculate Total
System Uncertainty
v

Evaluate Acceptability
of Adjusted Collapse
Margin Ratio

Perform Nonlinear Nonlinear
Static Analyses Analysis
¥
Perform Nonlinear
Dynamic Analyses
Evaluate Performance
Performance Evaluation

Collapse
Margin
OK

Document
Results

ACMR

OK?
OK

Evaluate Overstrength
v

Evaluate Deflection
Amplification

Process of evaluating seismic performance factors of buildings using

Figure 5.4
FEMA P695 (ATC-63) methodology.

5.3 STRUCTURAL SYSTEM INFORMATION

5.3.1 Design Requirements

The archetype design, described in Appendix A, carefully followed the ASCE/SEI 7-05 design
requirements. The beam-column connections and brace-to-framing connections of the archetypes
were not designed in detail. It was assumed that they had adequate stiffness and strength and
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were detailed such that they would not fail before the braces fractured. The ASCE/SEI 7-05
requirements mainly focused on braces, beams, and columns; therefore, many assumptions were
used to design the beam-column connections, gusset-to-framing connections, and brace-to-gusset
connections with the understanding that these assumptions might have an effect on the overall
behavior of the system. Therefore, these design requirements should not be categorized as “A-
Superior” according to the FEMA P695 methodology; however, a designation of “B-Good”
reflects the degree of confidence in the design requirements for the SCBF and BRBF archetypes.

5.3.2 Test Data

Testing of braces, braced frame components, and braced frames has a long history [Black et al.
1980; Zayas et al. 1980; Tremblay 2002, 2008; Black et al. 2004; Yang and Mahin 2005; Powell
et al. 2008; Yoo et al. 2008; Uriz and Mahin 2008]. The material properties derived from these
tests may vary depending on the date and location of the tests. To calibrate the numerical models
used here, data from recent tests conducted on braces and braced frames [Yang and Mahin 2005;
Uriz and Mahin 2008] at the Pacific Earthquake Engineering Research Center were adopted. The
test data included the cyclic responses of tube braces, pipe braces, buckling-restrained braces,
conventional buckling chevron braced frames, and chevron BRB frames. Although considerable
test data are available, important limitations need to be considered:

1. Variations in member sizes: The brace size of the SCBF test specimens and conventional
braces were similar, around 6 inches across the section. The archetypes may incorporate
heavier or lighter sections, which might affect local and global cyclic responses. In
addition, the beam and column sizes likely differ from those encountered in the
archetypes.

2. Variations in loading conditions: Due to the limitations of the test setup for laboratory
tests, the SCBF and BRBF were not subjected to gravity loads during the tests. Also, the
cyclic load was applied only on the roof level. The idealized load pattern reduced the
complexity in order to examine the component responses, hence the uniform force
distribution may or may not be representative of seismic loading.

3. Absence of slabs: The concrete slabs were not included in the test specimens; therefore,
changes in stiffness and strength because of the intended or accidental composite
behavior were not reflected in the test results used to calibrate the models.

4. Variations in drift range: The frame specimens tested were subjected to large story drifts
able to significantly damage the critical elements. For the safety and protection of the
experimental facilities, the tests did not continue until the specimens collapsed; therefore,
the structural response between the stages of significant damage and total collapse
remains largely unknown.

In sum, although test data are available for SCBF and BRBF elements and frames, due to
limitations and variations of experimental procedures and intentions, the test data cannot provide
the exact requirements of model parameters and behavior. Accordingly, for the purpose of
assessing the total uncertainty, the test data are categorized as “B-Good” in FEMA P695.
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5.4 IDENTIFICATION OF ARCHETYPE CONFIGURATIONS

The double-story X configuration was adopted for the archetypes because of its cost benefit and
because compared to chevron or inverted V braced frames, the loading path in double-story X
braced frames is more straightforward. The unbalanced load in beams due to the buckling or
fracture of braces in chevron and inverted V braced frames can be avoided if the double-story
configuration is used, allowing for a reduction the size of the beam. In addition, the double-story
X configuration does not have the braces intersect within a story as the single-story X
configuration does, and the potential failure in the brace-to-brace connections can be avoided.
This configuration reflects current design trends in real practice.

We designed 10 archetypes for SCBFs (summarized in Table 5.1) and 10 for BRBFs
(summarized in Table 5.2). The archetypes represented the combination of two seismic demand
intensities and five building heights, namely 2, 3, 6, 12, and 16 stories. Figure 4.1(b) shows the
typical layout of the archetypes. The braced bays (for both SCBFs and BRBFs) were located at
the perimeter of the structures. For the 2-, 3-, and 6-story archetypes, one bay of braced frame
was used in each side of the perimeter. For the 12- and 16-story archetypes, two nonadjacent
bays of braced frame were used in each side of the perimeter. The story height for all archetypes
was 15 ft, except for the 2-story series, which had a story height of 10 ft. The floor plan was 180
ft by 120 ft. Beam spans were 30 ft typically, except for the 2-story where the span was 20 ft.

Tables 5.1 and 5.2 also show the performance groups of SCBF and BRBF archetypes,
respectively. The archetypes were intended to cover braced frames in both the short- period and
long-period range, and they were evaluated for high and low seismic demands. The performance
groups are summarized as follows:

e Maximum seismic design criteria (SDC Dyy,x), short period
e Maximum seismic design criteria (SDC Dyy,y), long period
e Minimum seismic design criteria (SDC Dy,y), short period
e Minimum seismic design criteria (SDC Dy,n), long period

The high and low seismic demands were represented by the minimum and maximum
demands possible in Seismic Design Category (SDC) D. The archetypes were designed for a Site
Class D soil conditions and design lateral loads of Sq=1.5 g and S; = 0.6 g for SDC Dy, and S
=0.55gand S; =0.13 g for SDC Dyyip.
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Table 5.1 Performance groups for evaluation of special steel concentrically braced
frame archetypes.

Grouping criteria

Group No. Basic Design load level _ . Nurﬁlber of
' Period domain archetypes
configuration Gravity Seismic
PG-1SCB Short 2!
SDC DI]’laX 2
PG-2SCB  Double-story X- : Long >
Typical 1
PG-3SCB braces Short 2
SDC Dmin 2
PG-4SCB Long 3

1. Short-period performance groups, PG-1 and PG-3, include 2-story and 3-story archetypes.
2. Long-period performance groups, PG-2 and PG-4, include 6-story, 12-story, and 16-story

archetypes.
Table 5.2 Performance groups for evaluation of buckling-restrained brace frame
archetypes.
Grouping criteria
. Number of
Group No. Basic Design load level ] ) h
. Period domain archetypes
configuration Gravity Seismic
PG-1BRB Short 2!
SDC Dyax 5
PG-2BRB Double-story X- . Long 3
Typical 1
PG-3BRB braces Short 2
SDC Dy 5
PG-4BRB Long 3

1. Short-period performance groups, PG-1 and PG-3, include 2-story and 3-story archetypes.

2. Long-period performance groups, PG-2 and PG-4, include 6-story, 12-story, and 16-story
archetypes.

Tables 5.3 and 5.4 summarize the properties of the SCBF and BRBF archetype designs
needed to evaluate SDC D, including code-calculated structural period, fundamental period of
numerical model, and the design base shear. The building height limit for steel braced frames
was 240 ft in this evaluation, which was extended from the 160-ft limit prescribed in ASCE/SEI
7-05. Diaphragms were assumed to be constructed with concrete filled metal deck with a length-
to-width ratio less than 3. The structures were assumed to have no horizontal irregularities,
allowing them to be idealized as being rigid in plane. The archetypes were regular in plan and the
braced frames were located at the perimeter of the buildings. The redundancy factor (p) was
equal to 1.0 for the archetypes as determined by analysis. The analytical procedures used in the
design of the archetypes were equivalent lateral force (ELF) analysis and modal response
spectrum analysis (RSA). The selection of analytical procedures followed ASCE/SEI 7-05. The
design of the archetypes was not governed by P-A effects according to design analyses.
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Table 5.3 Special steel concentrically braced frame archetype design properties.

Key archetype design parameters
firc.het%;]))e No. of ) Seismic design criteria
csIgt stories Analysis Sur(T)
(sec) | (sec) | (g)
Performance group no. PG-1SCB
2SCBFDmax 2 ELF Dnax 6 0.26 0.40 0.167 1.50
3SCBFDmax 3 ELF Dnax 6 0.49 0.58 0.167 1.50
Performance group no. PG-2SCB
6SCBFDmax 6 ELF Dnax 6 0.82 1.02 0.122 1.10
12SCBFDmax 12 ELF Dpax 6 1.38 1.91 0.073 0.65
16SCBFDmax 16 RSA Dpax 6 1.71 3.16 0.059 0.53
Performance group no. PG-3SCB
2SCBFDmin 2 ELF Dupin 6 0.28 0.55 0.083 0.75
3SCBFDmin 3 ELF Dpn 6 0.52 0.80 0.064 0.58
Performance group no. PG-4SCB
6SCBFDmin 6 ELF Dupn 6 0.88 1.51 0.038 0.34
12SCBFDmin 12 ELF Dunin 6 1.47 2.64 0.023 0.20
16SCBFDmin 16 RSA Duin 6 1.83 4.67 0.022 0.16
Table 5.4 Buckling-restrained brace frame archetype design properties
Key archetype design parameters
grchet}?]))e No. of ) Seismic design criteria
esien stories Analysis Su(T)
number procedure spC | R T T, viw (2)
(sec) | (sec) | (2)
Performance group no. PG-1BRB
2BRBFDmax 2 ELF Dnax 8 0.40 0.50 0.125 1.50
3BRBFDmax 3 ELF Dpax 8 0.73 0.80 0.103 1.23
Performance group no. PG-2BRB
6BRBFDmax 6 ELF Dnax 8 1.23 1.35 0.061 0.73
12BRBFDmax 12 RSA Dpax 8 2.06 2.82 0.044 0.44
16BRBFDmax 16 RSA Dnax 8 2.56 3.73 0.044 0.35
Performance group no. PG-3BRB
2BRBFDmin 2 ELF Dmin 8 0.43 0.68 0.059 0.70
3BRBFDmin 3 ELF Duin 8 0.78 1.25 0.032 0.38
Performance group no. PG-4BRB
6BRBFDmin 6 ELF Dmin 8 1.31 2.34 0.022 0.23
12BRBFDmin 12 RSA Dinin 8 2.21 3.49 0.022 0.14
16BRBFDmin 16 RSA Dpin 8 2.74 4.83 0.022 0.11
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Braces in the SCBF and BRBF models were assumed to have pin connections to the
framing. Rigid-in-plane offsets were assumed at the beam-column connections and brace-to-
framing connections. The effective length of the braces corresponded to 70% of the work-point-
to-work-point length. The effective stiffness of the BRBs was modified to 1.4 times the stiffness
computed using only the steel core to account for the stiffness contribution from tapered and
connection areas of BRBs.

Fully restrained connections were adopted in designing the beams, which were assumed
to be laterally supported at quarter points along the span. In addition to the typical load
combinations, axial forces due to the yielding and fracture of braces were applied to the beams
where the braces intersect at the ends. The axial forces conservatively accounted for the
overstrength and strain hardening of the brace under tension and neglected the compression
strength of the other brace. According to the current code, those beams where the braces intersect
at the mid-span were not explicitly required to be designed to take the unbalanced axial loads
from differences in tension and compression of the braces. As such, the beam sizes on the even-
numbered stories were usually greater than those at the odd-numbered stories.

Columns of the braced frames are fixed at the base. They were oriented to resist lateral
force by strong-axis bending. Overstrength factors for the seismic load were taken from
ASCE/SEI 7-05. The gravity systems were idealized as leaning columns, and P-A effects were
considered by applying gravity load on the leaning columns. The gravity systems were assumed
to be axially rigid and (as stipulated in FEMA P695) to have no lateral resisting capacity. Their
failure was not considered in analyses of the archetypes.

Two-dimensional frames were designed disregarding possible lateral-torsional behavior
of structural members. It was assumed that the frame members are adequately supported
laterally. Also, global torsion effects due to mass and stiffness eccentricities were not accounted
for in the design.

5.5 ARCHETYPE ANALYSIS MODELS

The numerical models were developed based on the parameters discussed in Chapters 3 and 4.
OpenSees fiber models were used considering the fatigue material property, Rayleigh damping,
and one leaning column.

5.5.1 Collapse Modes Simulation

The evaluation in FEMA P695 uses non-simulated collapse limit states to consider the
significant failure modes that are not possible or not practical to be directly simulated. Non-
simulated collapse limit states were established in cooperation with the FEMA P695 peer review
panel. In the analytical models of the archetypes, the collapse modes due to the damage of the
braces were well calibrated with test data. Although the brace failure was one of the most critical
indices to identify if the archetypes collapse, there were other collapse modes that were not
explicitly simulated but the force and deformation were tracked (i.e., non-simulated collapse
modes) for limit state checks; these collapse modes needed to be incorporated in this evaluation
through post-processing or adequate capacity design. These failure modes considered in the
numerical models are summarized in Table 5.5; all the failure modes listed were incorporated in
the evaluation for limit state checks except for the neglected failure modes.

73



Many non-simulated collapse modes and neglected failure modes can be avoided by
detailed design and quality control during construction. The global buckling of columns was not
explicitly modeled, but the force and deformation demand of columns were tracked to check if
the columns failed.

Table 5.5 Critical deterioration modes of steel braced frame buildings.
Critical deterioration modes Explicitly . Non- Neglected Emp irif: al
modeled simulated | in model criteria
Braces
Local buckling x
Global buckling x
Net-section failure x
Low-cycle fatigue fracture x
Beam
Lateral torsional buckling x
Column
Torsion x
Fracture x (10% drift)
Tension failure (at splice/base "
plate)
Global buckling x
Connections x
3D torsion of system x

Earlier tests [Newell and Uang 2006] on wide flange columns under cyclic interactions of
axial and lateral loading demonstrated that the columns begin to loss their capacity after 7% to
9% story drift ratio. The member sizes of the column test specimens in that study were similar to
those of the archetypes. The critical story drift capacity of columns was modified to be
incorporated in component limit state checks for collapse modes. Because the boundary
conditions of the test specimens were more constrained than those of the archetypes studied here,
the story drift capacity for the non-simulated collapse of columns was modified to 10% radian
and used in the evaluation as the collapse criteria. If the numerical model of these archetypes did
not show collapsing responses at large ground motion intensity, it was assumed to collapse if the
drift exceeded 10% due to the high probability of column failure.

5.5.2 Uncertainty Due to Model Quality

For the purpose of assessing uncertainty, this modeling is rated as “B-Good.” The brace behavior
is believed to control the failure modes of the SCBFs and BRBFs. The brace models were
calibrated with test data to capture the failure responses satisfactorily. Moreover, the braced
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frame models incorporated with the brace models matched the test data of two-story braced
frames. Although some non-simulated collapse modes were not explicitly included in the
analysis models, they were taken into consideration based on the test data. Although the fiber-
based element had limited capacity to simulate the local buckling behavior, the modeling
capacity of capturing the local buckling behavior can be improved. Also, the 3D effects were not
explicitly modeled. Essentially, this modeling approach was well calibrated to large amounts of
data and able to simulate structural response up to collapse, but there was still room for
improvement. As such, the model quality in this study is rated as “B-Good” in FEMA P695
(ATC-63) as approved by the peer review panel.

5.6 NONLINEAR STRUCTURAL ANALYSES

Nonlinear static and dynamic analyses were performed with OpenSees models to identify the
system behavior for the evaluation. To compute the system overstrength factor () and to help
verify the structural model, we used a monotonic static pushover analysis based on the lateral
load pattern prescribed in ASCE/SEI 7-05. Figure 5.5 shows examples of the pushover curve for
the 3-story archetypes.

For archetype 3SCBFDmax, buckling of braces occurred at about 0.002 roof drift ratio,
which was also the drift ratio of the maximum strength; the corresponding base shear was Vax =
730 kips. The strength then dropped quickly, because the braces rapidly lose compression
capacity. The P-A effect contributed to the observed negative stiffness. The overstrength factor
can be computed as Q = V4, /V, and the period-based ductility can be computed as pr = A,/A,,
where Vpax 1s the maximum base shear strength at any point on the pushover curve, V is the
design base shear in Equation 5.1, A, is the roof displacement at the point of 20% strength loss
(0.8Vmax), and A, is effective yield displacement (see Figure 5.1). For 3SCBFDmax, Q = 730
(kips)/519 (kips) = 1.41, and pur= 0.012 (radian)/0.002 (radian) = 6.01. The overstrength factor
and ductility capacity of all SCBF archetypes are listed in Table 5.6.

For archetype 3BRBFDmin, the braced frame yielded at about 0.003 roof drift ratio. The
maximum strength of 210 kips occurred at around 0.01 roof drift ratio with the negative stiffness

coming from the P-A effect. The overstrength factor and ductility capacity of BRBF archetypes
are listed in Table 5.7.

To compute the collapse capacity for each archetype design, the incremental dynamic
analysis (IDA) approach was implemented using the far-field ground motion set and ground
motion scaling method. Figure 5.6 illustrates how IDA was used to compute the collapse
capacity of archetype 3SCBFDmax. The spectral acceleration at collapse (Scr) was computed for
each of the 44 ground motions of the far-field set, and then the median collapse level (Scr) was
computed, which was 2.4 g for 3SCBFDmax. The collapse margin ratio (CMR) was 1.60 (see
Table 5.6) for archetype 3SCBFDmax.

Static pushover analyses were completed and the IDA method was applied to each of the
ten archetype designs for SCBFs and ten for BRBFs. Tables 5.6 and 5.7 summarize the results of
these analyses. These IDA results showed that the two-story SCBFs and BRBFs had lower CMR
than the other archetypes. Generally, the 12-story SCBF and 3-story BRBF had higher CMR.
The trend also showed that although the SCBFs designed for lower seismic demand had higher
CMR, this trend was not obvious for BRBFs.
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5.7 PERFORMANCE EVALUATION

Tables 5.8 and 5.9 show the final results and acceptance criteria for each of the SCBFs and
BRBFs, respectively. The summary includes the CMR computed from the IDA, the spectral
shape factor (SSF), and the adjusted collapse margin ratio (ACMR); Section 5.2 summarized the
definition of these parameters.

The results in Table 5.8 show that, generally, the SCBF archetypes with short periods had
lower ACMR values and may have unacceptable collapse resistance. The 16-story archetypes
were designed using the RSA procedure and had acceptable ACMR values. The two-story SCBF
designed for the highly seismic scenario (SDC D) did not satisfy the FEMA P695 criteria.
Although archetypes with long periods were more likely to pass the acceptance criteria, 6-story
and 3-story SCBF archetypes had similar ACMRs. The results also show that the archetypes
designed for the highly seismic scenario (SDC Dp,y) tended to have lower ACMRs than those
designed for the low seismic scenario (SDC D).
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The results for BRBFs in Table 5.9 show more variation, but the BRBF archetypes with
short periods generally had lower ACMR values and had the highest collapse probability. The
two-story BRBFs had especially low ACMRs compared to the other BRBF archetypes. For the
long-period performance group, the 12-story archetypes had lower ACMRs. The results of two-
story and 6-story BRBF archetypes show that the archetypes designed for the highly seismic
scenario (SDC Dyx) did not necessarily have lower ACMRs. The ACMRs for the 3-story
BRBFs designed for Dpax and Dpin demands were similar.

Comparing the results for SCBF and BRBF archetypes, the SCBFs had smaller ACMR
values compared to BRBFs. The two-story SCBF designed for SDC Dyax did not pass the FEMA
P695 criteria, and an adjustment in the design requirements may be necessary. Because of the
low ACMR values of the two-story SCBF designed for SDC Dn,x, the mean ACMR of the short-
period performance group of SCBF designed for SDC Dy,.x was too low to pass the acceptance
criteria. All other SCBF and BRBF archetypes and performance groups satisfied the collapse
resistance criteria.

Table 5.6 Summary of collapse results for special steel concentrically braced frame
archetype designs.

Design configuration Pushover and IDA results
Archetype
design ID No..of Gravity | Seismic | Static | Syr(T) | Scr(T) CMR
number stories loads SDC Q (2) (2)
Performance group no. PG-1SCB
2SCBFDmax 2 Typical Dinax 1.44 1.50 1.5 1.00
3SCBFDmax 3 Typical Dinax 1.41 1.50 24 1.60
Performance group no. PG-2SCB
6SCBFDmax 6 Typical Dhinax 1.34 1.10 1.8 1.64
12SCBFDmax 12 Typical Dinax 1.60 0.65 2.1 3.23
16SCBFDmax 16 Typical Dinax 2.11 0.53 1.4 2.64
Performance group no. PG-3SCB
2SCBFDmin 2 Typical Dhnin 1.38 0.75 1.3 1.73
3SCBFDmin 3 Typical Dhnin 241 0.58 2.1 3.62
Performance group no. PG-4SCB
6SCBFDmin 6 Typical Dhnin 1.86 0.34 1.2 3.53
12SCBFDmin 12 Typical Dain 2.20 0.20 1.2 6.00
16SCBFDmin 16 Typical Diin 1.56 0.16 0.7 3.53
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Table 5.7 Summary of collapse results for buckling-restrained braced frame
archetype designs.

Design configuration Pushover and IDA results
Archetype
design ID No.of | Gravity | Seismic | Static | Swr(T) | Ser(D) | oy
number stories loads SDC Q (2) (2)
Performance group no. PG-1BRB
2BRBFDmax 2 Typical Dinax 1.31 1.50 2.6 1.73
3BRBFDmax 3 Typical Dinax 1.48 1.23 5.7 4.63
Performance group no. PG-2BRB
6BRBFDmax 6 Typical Dinax 1.47 0.73 2.4 3.29
12BRBFDmax 12 Typical Dinax 1.17 0.44 1.0 2.27
16BRBFDmax 16 Typical Dnax 1.00 0.35 1.1 3.14
Performance group no. PG-3BRB
2BRBFDmin 2 Typical Duin 1.44 0.70 1.2 1.71
3BRBFDmin 3 Typical Dinin 2.11 0.38 2.1 5.53
Performance group no. PG-4BRB
6BRBFDmin 6 Typical Dunin 1.28 0.23 0.7 3.04
12BRBFDmin 12 Typical Duin 1.44 0.14 0.4 2.86
16BRBFDmin 16 Typical Din 1.15 0.11 0.5 4.55

78



Table 5.8 Summary of collapse performance evaluations of special steel

concentrically braced frame archetypes.

Design Computed overstrength and collapse Acceptance
Arch. design configuration margin parameters check
Performance group no. PG-1SCB
2SCBFDmax 2 Dinax 1.44 1.00 43 122 1.22 1.56 Fail
3SCBFDmax 3 Dinax 1.41 1.60 6.1 1.28 2.05 1.56 Pass
Mean of performance group: 1.42 1.30 52 125 1.63 1.96 Fail
Performance group no. PG-2SCB
6SCBFDmax 6 Dinax 1.34 1.64 6.6 1.36 2.23 1.56 Pass
12SCBFDmax 12 Dinax 1.60 3.23 32 132 4.26 1.56 Pass
16SCBFDmax 16 Dinax 2.11 2.64 1.8 121 3.20 1.56 Pass
Mean of performance group: 1.69 2.50 3.8 1.30 3.23 1.96 Pass
Performance group no. PG-3SCB
2SCBFDmin 2 Din 1.38 1.73 5.8 1.12 1.94 1.56 Pass
3SCBFDmin 3 Din 241 3.62 3.0 1.08 391 1.56 Pass
Mean of performance group: 1.90 2.68 44 1.10 2.93 1.96 Pass
Performance group no. PG-4SCB
6SCBFDmin 6 Din 1.86 3.53 39 1.15 4.06 1.56 Pass
12SCBFDmin 12 Din 2.20 6.00 34 123 7.38 1.56 Pass
16SCBFDmin 16 Diin 1.56 3.53 1.2 1.06 4.64 1.56 Pass
Mean of performance group: 1.87 4.63 28 1.15 5.36 1.96 Pass
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Table 5.9 Summary of collapse performance evaluations of buckling-restrained
braced frame archetypes.

Design Computed overstrength and collapse Acceptance
Arch. design configuration margin parameters check
ID no. No. of Static Accept. | Pass/
stories ShC Q CMR | pr | SSF | ACMR ACMR | fail

Performance group no. PG-1BRB

2BRBFDmax 2 Dinax 1.31 1.73 119 1.33 231 1.56 Pass
3BRBFDmax 3 Dinax 1.48 4.63 22.7 139 6.44 1.56 Pass
Mean of performance group: 1.40 3.18 173  1.36 4.37 1.96 Pass

Performance group no. PG-2BRB

6BRBFDmax 6 Dinax 1.47 3.29 155 1.53 5.03 1.56 Pass
12BRBFDmax 12 Dinax 1.17 2.27 4.0 1.4 3.18 1.56 Pass
16BRBFDmax 16 Dinax 1.00 3.14 3.1 1.32 4.15 1.56 Pass

Mean of performance group: 1.21 2.90 7.5 1.42 4.12 1.96 Pass

Performance group no. PG-3BRB

2BRBFDmin 2 Dunin 1.44 1.71 6.6 1.13 1.94 1.56 Pass
3BRBFDmin 3 Dumn  2.11 5.53 10.5 1.2 6.63 1.56 Pass
Mean of performance group: 1.77 3.62 8.5 1.17 4.28 1.96 Pass

Performance group no. PG-4BRB

6BRBFDmin 6 Dmin  1.28 3.04 64 128 3.90 1.56 Pass
12BRBFDmin 12 Dmin 1.44 2.86 3.1 1.21 3.46 1.56 Pass
16BRBFDmin 16 Dmin 1.15 4.55 20 1.15 5.23 1.56 Pass

Mean of performance group: 1.29 3.48 3.8 1.21 4.19 1.96 Pass

5.8 EVALUATION OF Q

The overstrength factors Q for each archetype, given in Table 5.6 for SCBF and Table 5.7 for
BRBFs, show no specific identifiable trends. In general, the overstrength factors varied between
1.3 and 2.4 for SCBFs and were not necessarily correlated to SDC. For BRBF archetypes, the
overstrength factors varied between 1.0 and 2.1.

Some of the overstrength factors were observed to be low. It appeared this was because
the damage was concentrated in a certain story of the archetypes from first-mode pushover
analysis. The overstrength factors could even be lower than 1.0. Figure 5.7 illustrates the
relationship between story shear demand and capacity; although the story shear capacity of each
story was greater than the design story shear, the design story shear demand and capacity were
similar in the 9th story. Under the first-mode pushover loads, the 9th story was the first story to
reach capacity. As such, the damage was concentrated in the 9th story under the first-mode
pushover loads, resulting in the peak base shear being associated with the story shear capacity of
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the 9th story. The resulting peak base shear was less than the design base shear, and therefore the
overstrength factor was less than 1.0. The capacity of the story where the damage was
concentrated under the first-mode pushover analysis dominated the maximum strength of the
building. When the deformation under the first-mode pushover loads was more uniform along
the height of the building or was concentrated in the lower stories, the overstrength factor was
more likely to be large.
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Figure 5.7 lllustration of story shear demand and capacity.

59 SUMMARY

The BRBF archetypes passed the evaluation, but the two-story SCBF designed for SDC Dpax
failed the FEMA P695 criteria. As such, the seismic performance factors of ASCE/SEI 7-05
seem appropriate for BRBFs based on the methodology and the archetypes, but may need
adjusting for short-period SCBFs.

5.9.1 Observations on the FEMA P695 Methodology

The spectral shape factors (SSFs) are dependent on the ductility established by nonlinear static
analysis. For the untypical pushover curve of SCBFs with negative post-yield tangent stiffness,
FEMA P695 may underestimate the ductility demand of the system and may err in determining
the ACMR. The evaluation is likely on the conservative side. The quality ratings are based on
subjective judgment; therefore it is important to study the reviews and comments from engineers
and researchers to have confidence in the quality ratings.

Although we designed all the archetypes on the basis of design requirements of current
codes, variations exist between designers as the same design codes can be satisfied with different
selections of structural layout, member size, and detailing. The subjectivity of the design process
warrants that design alternatives be thoroughly studied. The evaluation provided here gave a
preliminary assessment of the implementation of our methodology to SCBFs and BEBFs.

Most of the SCBF and BRBF archetypes passed the evaluation, although some performed
better than others. The seismic performance factors of ASCE/SEI 7-05 seem appropriate for
BRBFs, but may need adjusting for SCBFs based on our methodology and the archetypes. Those
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archetypes that barely passed the evaluation may fail if the uncertainty is larger. One reason why
certain archetypes fail or come close to failing is that the R-factors may be too large for low-rise
archetypes. Because drift may control the design, in the taller archetypes member sizes are
typically increased to obtain more stiffness; with the increase in stiffness comes an increase in
strength. Low-rise archetypes typically satisfy drift requirements, and members sizes need not be
increased beyond those required for strength. They thus have less reserve capacity to resist
collapse.

5.9.2 Observations on System Performance

The Equivalent Lateral Force Analysis (ELF) and modal Response Spectrum Analysis (RSA)
had a greater effect on the member size for higher-rise braced frames than lower-rise braced
frames. In the low-rise archetype 6SCBFDmax, for example, the difference of force demand in
the members determined by ELF and RSA was within 10%. For the higher archetype
16SCBFDmax, the difference increased to 50%. For structures where the force governs the
design criteria, the maximum difference of design lateral force between ELF and RSA was 15%
according to the current code; for structures where the drift governs the design criteria, the
design lateral force calculated from the RSA could be much smaller compared to the ELF. For
high-rise SCBF and BRBF archetypes, because of the selected design configurations (number of
bays of braced frames, SDC, gravity, etc.), the ELF resulted in uncommonly large member sizes,
therefore the RSA was used for the design of the archetypes to be representative of the
evaluation on the structural systems.

The pushover curve demonstrated that the buckling of braces for some SCBFs caused a
sudden global drop of strength. This kind of response resulted in a small period-based ductility
using the PEMA P695 methodology and an overestimation in the overstrength factor. In the
numerical model adopted here, the buckling strength and drift were affected by the initial
imperfection applied in the middle of braces. A constant initial imperfection was adopted for
modeling purpose, implying that the braces were fabricated with the same degree of quality. In
real practice, however, the initial imperfection varies for each brace, thus the pushover responses
may or may not be the same as the one shown in numerical models. Although the responses of
the frame under larger deformations or after cyclic responses were less sensitive to initial
imperfections, the simulated peak strength and buckling (yielding) drift from the pushover
analysis should be interpreted with caution.

The first-mode pushover analysis showed that instead of distributing deformation
uniformly, braced frames tended to concentrate damage in certain stories. When the damage was
concentrated in higher stories, the overall strength of the braced frames was dominated by the
damaged level, which may underestimate the base shear capacity. The overstrength factor,
therefore, may be as low as 1.0 or even smaller.

Some of the analyses demonstrated that the archetype frames showed no evidence of
collapse response even after the braces ruptured, with loss in their capacity in tension and
compression. The moment-resisting frames in the model might contribute more than was
expected to resist collapse. The models of the braced frames included fiber elements, which were
able to capture strength degradation effects associated with brace buckling; however, the
responses associated with deterioration of the beams due to plastic hinging were not explicitly
simulated. As such, these evaluation results were more representative if the connections were
detailed and able to reach the required ductility and strength demand.
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5.9.3 Recommendations for Further Experimental or Analytical Investigation

This evaluation was intended to examine the appropriateness of the seismic performance factors
for typical SCBFs and BRBFs designed for SDC Dyx. Because of the large amount of design
choices, such as different floor plans, different vertical configurations, and different numbers of
braced bays, a limited set of typical braced frames were analyzed. More efforts were required to
reduce the uncertainty of seismic performance factors.

Some of the designs of SCBFs used large brace sizes that were not quantified in the
previous tests. Because the local and global behavior of large braces is believed to be different
from that of regular braces, more testing is needed to improve the confidence on the quality of
test data.

The archetypes used only the double-story X configuration. Other braced frames with
different vertical configurations, or chevron braced frames designed with larger beams to resist
the unbalanced load from braces and with different load paths, may exhibit other failure modes
not obvious in double-story X braced frames. Further investigation on the different brace
configurations should cover a wider range of samples to improve the confidence of the
evaluation.

For the taller buildings, it may be not efficient to use only braced frames to resist the
lateral load. Designs incorporating outriggers or multiple bays of braced frames are common.
Analyses of such buildings will provide meaningful comparison to the typical archetypes.

A 3D model can be constructed to account for the 3D related failure modes. The torsional
effect of the building is important for the braced frames, especially when the structure is subject
to near-field ground motions in two orthogonal directions, which may show obvious asymmetric
excursions.
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6 Evaluation of Global Seismic Demands and
Design Parameters of Braced Frame
Buildings

6.1 INTRODUCTION

According to the FEMA P659 evaluation results presented in Chapter 5, low-rise braced frame
archetypes have higher probabilities of collapse at the MCE-level event (2% probability of
exceedance in 50 years, or 2/50) than taller ones. The simulation results for the 3-story, code-
conforming braced frame buildings show that the probability of fracturing at least in one brace at
the MCE-level event is over 70% in SCBF buildings and over 80% in BRBF buildings. Fracture
of braces significantly reduced the lateral strength and stiffness of the buildings and increased the
probability of the collapse of these buildings [also see Uriz and Mahin (2008)]. Although taller
braced frame buildings more easily satisfied FEMA P695 collapse prevention safety criteria, the
damage tended to be concentrated in just a few stories.

To further investigate how the braced structural systems perform under earthquakes, we
selected several of the archetypes for more detailed study. The 3-, 6-, and 16-story tall archetypes
3SCBFDmax, 6SCBFDmax, 16SCBFDmax, 3BRBFDmax, 6BRBFDmax, and 16BRBFDmax
were chosen to represent SCBF and BRBF systems with both short and long periods. Examined
in this chapter are the drift and force demand. In addition, we report the collapse and damage
characteristics of the two-story SCBF system. The numerical models were established according
to the parametric studies and results presented in Chapter 3 and 4.

As in Chapters 3 and 4, the SAC ground motions [Somerville 1997] corresponding to the
service (50/50), design (10/50), and MCE (2/50) hazard levels for downtown Los Angeles were
used to assess likely demands at different hazard levels. Figure 6.1 shows the medians of SAC
ground motions. Note that the median of the 10/50 records is similar to the design spectral
acceleration of FEMA P695 at SDC Dmax.

This chapter presents global demands related to story drift, shear, and floor acceleration.
EDPs related to local or member behavior are presented in Chapter 7.
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Figure 6.1 Design spectral acceleration of FEMA P695 at SDC Dmax and the median
spectral acceleration of SAC ground motions.

6.2 GLOBAL DRIFT DEMAND

Drift demands are discussed here in terms of the maximum story drift that occurs during the
response to the seismic excitation and the residual (permanent) story drift ratio present at the end
of the record. These EDPs can be related to local structural damage (see Chapter 7), to damage to
displacement-sensitive nonstructural components, and to difficulty in restoring a structure to
operational status.

6.2.1 Story Drift Demands

Figure 6.2 presents the median and 84th percentile of the maximum story drift (the maximum
value of the peak story drift at any story) of the three SCBF archetypes at three hazard levels.
These values are also summarized in Table 6.1. It is assumed that the distribution of the DRmax
is lognormal. The number of cases where the buildings collapsed for these records is also shown
in this figure; there are 20 records at each hazard level. The results shown are generated from the
non-collapse results. If the DRmax of the collapse results were also included, the median and
84th percentile of DRmax would significantly increase, especially for the archetypes with more
collapse cases.
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Figure 6.2 Maximum story drift ratios of SCBF archetypes under SAC ground
motions corresponding to three hazard levels.
Table 6.1 Summary of maximum story drift ratios of SCBF and BRBF archetypes
under SAC ground motions corresponding to three hazard levels.
50/50 10/50 2/50
Model . 84th : 84th . 84th
Median Percentile Median Percentile Median Percentile
3SCBFDmaxSAC 0.61% 1.05% 2.19% 4.63% 7.16% 8.06%
6SCBFDmaxSAC 1.56% 2.26% 2.59% 3.01% 4.14% 5.73%
16SCBFDmaxSAC 1.01% 1.41% 2.08% 2.89% 4.71% 6.71%
3BRBFDmaxSAC 0.68% 1.23% 1.95% 3.86% 4.82% 7.96%
6BRBFDmaxSAC 0.89% 1.07% 1.93% 2.70% 3.65% 8.11%
16BRBFDmaxSAC 1.05% 1.38% 1.78% 2.48% 3.27% 5.28%

At the service-level event, the median DRmax of model 3SCBFDmaxSAC was the
smallest among the SCBF archetypes compared. At the design-level event, the median DRmax
values of the three SCBF archetypes were similar, between 2% and 2.6%. The 84th percentile
value for this model was greater than the other two cases, owing to some near-collapse cases at
the design-level event. At the MCE-level event, this model showed 11 cases of collapse, far more
than the other two archetypes. The median DRmax for the nine excitations where it did not
collapse was 7.16% whereas for models 6SCBFDmaxSAC and 16SCBFDmaxSAC it was 4.14%
and 4.71%, respectively. In general, for 3SCBFDmaxSAC, the DRmax responses changed more
from one hazard level to another than the other two cases; that is, even if DRmax of
3SCBFDmaxSAC at the service-level event is smaller than that of other archetypes, it is larger
than theirs at the MCE-level event and contributes to a higher risk of collapse than the other
archetypes.

Figure 6.3 shows the median and 84th percentile value of the maximum story drift of the
BRBF archetypes for three hazard levels. The median DRmax values for a given hazard level of
different BRBF archetypes were more similar than with the SCBFs. The 84th percentile value for
model 3BRBFDmaxSAC was greater than the other models for service-level and MCE-level
events. A similar trend for SCBFs is evident where the median DRmax of 3BRBFDmaxSAC
was smaller than for the other BRBF archetypes at the service-level event, but greater at the
MCE-level event.
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Figure 6.3 Maximum story drift ratios of BRBF archetypes under SAC ground
motions corresponding to three hazard levels.

In general, for 6-story and 16-story archetypes, the median DRmax was slightly greater
for the SCBFs than for the BRBFs at all three hazard levels. The median DRmax for model
3SCBFDmaxSAC for non-collapse cases of the MCE-level event was 7.16% while that of model
3BRBFDmaxSAC was 4.82%. The difference between 84th percentile and median is an estimate
of standard deviation under normal assumptions, giving an indication of dispersion. For all the
archetypes, this dispersion was greater at the MCE-level event than at the other hazard levels.

Figure 6.4 plots the distribution of the median and 84th percentile of DRmax over the
height of the SCBF archetypes. For the service-level event, the top story of model
6SCBFDmaxSAC had the largest median service level DRmax (1.56%) among the compared
models. For the design-level event, 3SCBFDmaxSAC tended to concentrate deformation at the
bottom level, while the other archetypes had a more uniform drift profile. For
16SCBFDmaxSAC, the median drifts increased gradually with elevation, but the 84th percentile
at the 13th story was unusually large. The drifts at the bottom two stories were small because the
available brace sections at these stories were much larger than required and provided extra
strength and stiffness. For the MCE-level event, the DRmax profiles were larger than those for
the design-level event, but maximum drifts and especially the 84th percentile values tended to be
concentrated in a few stories.
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Figure 6.4 Profiles of the maximum story drift ratios of SCBF archetypes under SAC
ground motions corresponding to three hazard levels.

The median and 84th percentile values of DRmax over the height of the BRBF
archetypes are shown in Figure 6.5. The median drifts for the MCE-level event show that the
drifts of BRBF archetypes changed more gradually than the SCBF archetypes (see Figure 6.6),
without abrupt increases of DRmax at a few stories. For the service-level event, the median
DRmax of any story of 3BRBFDmaxSAC was greater than that of 3SCBFDmaxSAC and the
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median DRmax of any story of 16BRBFDmaxSAC was similar to that of 16SCBFDmaxSAC. In
16BRBFDmaxSAC, although the maximum of median DRmax occurred at middle floors, the
change was gradual from the adjacent floors, unlike the case in 16SCBFDmaxSAC. The uniform
distribution of deformation contributed to a more efficient pattern of energy dissipation for
BRBFs.
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Figure 6.5 Profiles of the maximum story drift ratios of BRBF archetypes under SAC
ground motions corresponding to three hazard levels.
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Figure 6.6 Comparison of profiles of maximum story drift ratios of different
archetypes under SAC ground motions corresponding to three hazard
levels.

6.2.2 Residual Story Drift Demands

The median residual DRs of SCBF archetypes were less than 0.1% for the service-level event for
all three archetypes (see Figure 6.7). For the design-level event, although the median residual DR
of 3SCBFDmaxSAC was 0.52% at the first story, the 84th percentile was more than 2.84%. The
median residual DRs of 6SCBFDmaxSAC and 16SCBFDmaxSAC at the design-level event
were less than 0.3%, representing buildings that may be repairable after earthquakes. For the
MCE-level event, the residual DRs were especially large at the levels where the median DRmax
values were concentrated for all three archetypes. The residual DRs of SCBF archetypes with
fewer stories tended to be greater than in those with more stories. Although the median residual
DRs of 16SCBFDmaxSAC were the smallest among the three archetypes (0.06%, 0.24%, and
1.44% for the service-, design-, and MCE-level events, respectively), the 84th percentile value
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for the MCE-level event exceeded 3.9 at the stories where the median DRmax was concentrated,
a level that represents damage making repairs problematic.
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Figure 6.7 Profiles of the maximum residual story drift ratios of SCBF archetypes
under SAC ground motions corresponding to three hazard levels.

The residual DRs of BRBF archetypes were less than 0.12% for the service-level event
for the three archetypes (see Figure 6.8). For the design-level event, the median residual DRs in
BRBFs were 0.61%, 0.53%, and 0.29% for the 3-, 6-, and 16-story archetypes, respectively. For
the MCE-level event, the residual DRs were especially large at the stories where the median
DRmax values were concentrated. The maxima of the median residual DR of the three BRBF
archetypes at the MCE-level event were 2.88%, 1.82%, and 2.47% for the 3-, 6-, and 16-story
archetypes, respectively. Note that it is not a given that the taller BRBF archetypes have smaller
median residual DRs, as was the case with the SCBF archetypes.
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Figure 6.8 Profiles of the maximum residual story drift ratios of BRBF archetypes
under SAC ground motions corresponding to three hazard levels.

A comparison of the residual DRs for the service-level and design-level events finds that
they are similar for the SCBFs and BRBFs at most of the stories (see Figure 6.9). For the MCE-
level event, the median residual DR of 3BRBFDmaxSAC was smaller than that of
3SCBFDmaxSAC at the first story, but greater at the other stories. The difference of the 84th
percentile and the median residual DR of 6BRBFDmaxSAC for the MCE-level event was about
5.23%, which is greater than the difference for 6SCBFDmaxSAC (2.24%). The maximum
median residual DR of 16BRBFDmaxSAC for the MCE-level event was about 2.5% and
distributed in a few stories while that of 16SCBFDmaxSAC was 1.44% and only occurred in one
story. The difference between the median and 84th percentile of residual DR was generally
greater in 16BRBFDmaxSAC than in 16SCBFDmaxSAC; that is, there were more cases of large
residual DR in I6BRBFDmaxSAC than in 16SCBFDmaxSAC.
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Figure 6.9 Comparison of profile of the maximum residual story drift ratios of

different archetypes under SAC ground motions corresponding to three
hazard levels.

6.3 GLOBAL FORCE DEMAND

The global force demand examined was the story shear, which identifies the maximum force
demand at each story under various hazard levels. The story shear profile illustrates the story
shear strength pattern under dynamic loadings.

The R-factor is the force reduction between an elastic system and a nonlinear system. It is
bounded by the ductility capacity of the structure. Given the limited ductility of the braced frame
system, we considered it important to investigate this force-related parameter. After examining
the distribution of median and the 84th percentile values of story shear, we interpreted these in
terms of the effective Rg, value of the archetypes and base shear overstrength.

6.3.1 Story Shear

Figure 6.10 shows the story shear distribution of SCBF archetypes over the height of the
buildings for the service-, design-, and MCE-level events. For 3SCBFDmaxSAC, the shape and
values of the profile of maximum story shear were similar at all three hazard levels. The median
of maximum base shears were 744 kips, 749 kips, and 753 kips at the service-, design-, and
MCE-level events, respectively. While similar trends were observed in 6SCBFDmaxSAC, in
16SCBFDmaxSAC the distribution of story shear in upper stories was not necessarily smaller
than the lower floor for two adjacent stories. The higher mode effects seemed to be reflected in
the profile. For the design-level and MCE-level events, the median story shears at ground levels
were 1544 kips and 1652 kips, respectively, while the story shears from the 3rd story to 12th
story were about 1000 kips. The ground levels were subjected to much higher story shear
demands.
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Figure 6.10 Profiles of the maximum story shear of SCBF archetypes under SAC
ground motions corresponding to three hazard levels.

Figure 6.11 plots the story shear distribution for BRBF archetypes over the height of the
buildings at the service-, design-, and MCE-level events. The story shears for 3BRBFDmaxSAC
and 6BRBFDmaxSAC tended to increase consistently in each story as the hazard level increased.
For 3BRBFDmaxSAC the median of maximum base shears were 453 kips, 522 kips, and 566
kips for the service-, design-, and MCE-level events, respectively. For 6BRBFDmaxSAC the
median of maximum base shears were 618 kips, 788 kips, and 1019 kips for the service-, design-,
and MCE-level events, respectively. For 16BRBFDmaxSAC, increasing the hazard intensity
increased shear demand on the lower levels while the shear demands in the 4th story and above
did not change as much as the lower levels did. The median of maximum base shears were 481
kips, 597 kips, and 825 kips for the service-, design-, and MCE-level events, respectively, for
16BRBFDmaxSAC. The story shears in the higher stories did not undergo significant change as
the hazard intensity increased. In the lower stories, the differences between the median and 84th
percentile value of story shears were also greater than the difference in the higher stories.
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Figure 6.11 Profiles of the maximum story shear of BRBF archetypes under SAC
ground motions corresponding to three hazard levels.

In each archetype, the median story shears were similar to the 84th percentile values for
the design-level event. For many cases, the story shears approached the yielding capacity of each
story for 3- and 6-story archetypes. Several of the story shears were greater than the story
yielding capacity due to the deformation hardening of the yielding components or the additional
lateral force resistance from the mechanism of beams and columns. In 16SCBFDmaxSAC, the
difference between the median and 84th percentile was greater for the service-level event. The
archetype still remained essentially elastic; the variation of story shear for elastic structural
response was larger than that for nonlinear structural response because as long as the buildings
experienced nonlinear structural response, the maximum story shear demands were near
capacity. For the design-level and MCE-level events, however, most stories experienced
nonlinear behavior; therefore, the story shear demands were similar to the capacity of each story.
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If a story experienced extensive nonlinear behavior, the profile of story shear demand was
similar to that of the capacity. Because most of the archetypes experienced nonlinear response at
each story—especially for the design-level and MCE-level events—and the story shear capacity
of BRBF archetypes were smaller than the SCBF counterparts, the story shear demands in
BRBFs were generally smaller than those in SCBFs (see Figure 6.12). The base shear of
3SCBFDmaxSAC was almost 1.5 times that of 3BRBFDmaxSAC, and the base shear of
16SCBFDmaxSAC was almost 2 times that of I6BRBFDmaxSAC. Three primary factors that
affected the larger base shear demand and capacity of SCBF archetypes:

1. The shorter fundamental period of SCBF archetypes: The shorter fundamental period
of 3SCBFDmaxSAC relative to 3BRBFDmaxSAC corresponded to larger design
spectral acceleration and, therefore, resulted in larger design lateral force. Although
the design spectral acceleration in the long-period range varied less, the design
spectral acceleration corresponding to the fundamental period of 16SCBFDmaxSAC
was about 1.2 times that of 16BRBFDmaxSAC.

2. The greater design R-factor of BRBF archetypes: The design R-factor for SCBFs and
BRBFs was 6 and 8, respectively. The difference resulted in a 1.33 times larger
design force for SCBFs given the same design spectral acceleration in both systems.

3. Selection of member sections: Because it is more convenient to customize the brace
sizes of BRBFs, the capacity of the BRBF is usually close to the design force. In
contrast, the selection of brace sizes for SCBFs is constrained to available sections,
and these can be more than 10% stronger than required. Moreover, because member
sizes are based on the design compression force in a brace, and most braces have
tensile capacity greater than their compressive capacity, the ultimate capacity of a
system where the tension brace yields and the compression brace buckles is greater
than the capacity calculated based on first buckling of braces.

The characteristics of materials also affect the ultimate capacity of the structure. Nonetheless, we
assumed that the difference in material properties in the analyses have negligible effects on the
ultimate capacity. The initial tangent and Bauschinger effect parameters were set to be the same
for all the material in the analyses.
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Figure 6.12 Comparison of profile of the maximum story shear of different archetypes
under SAC ground motions corresponding to three hazard levels.
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6.3.2 Effective R-factor

This section investigates the appropriateness of the code response modification factors (R-factor)
for the archetypes. Code R-factors consider the ductility and overstrength of a structure and are
generally expressed in the following form [Uang 1991]:

R=R,Q (6.1)

where Ry, is the ductility reduction factor and € is structural overstrength factor.

For a single-degree-of-freedom (SDOF) system, the relationship between ductility ()
and R, was well established (Newmark and Hall 1982; Riddell et al. 1989). The relationship is
period dependent and expressed in Equations 6.2, 6.3, and 6.4. Linear interpolation was used for
different period ranges.

R =1.0 (T <0.03 sec) (6.2)
NH .

R;" =21 —1 (0.125 <T < about 0.4 sec depending on ) (6.3)

R} = u (T >about 0.6 sec depending on damping ratio) (6.4)

Overstrength usually accounts for the beneficial effects from other factors such as the
material overstrength and the strain rate effect during earthquake excitation. This section
identifies response modification factors of the archetypes and examines the Code R-factors.

The overstrength, ductility, and response modification factors of the archetypes obtained
from the analyses in Chapter 5 are summarized in Table 6.2, which also includes archetype
2SCBFDmaxSAC. Note that the definitions of Q and Qg in this chapter are commonly used in
other literature [Uang 1991], but are different from those in Chapter 5. The overstrength factor Q
was obtained from the computed ), with nominal material properties times the material
overstrength 1.05 and strain-rate factor 1.1 [Uang 1991; Ellingwood et al. 1980]). RHNH was
calculated from Newmark-Hall RMNH—[,L relationships given computed structural ductility in
Chapter 5 and fundamental period. Conceptually, if the ratio Rcode/(Q*RuNH) is greater than 1.0,
it means that the overstrength and ductility capacity of the archetype designed with Req. are
insufficient. The 2-story SCBF and 16-story SCBF and BRBF archetypes have Rcode/(Q*RuNH)
ratios greater than 1.0. However, for 16-story archetypes, the estimation of overstrength factors
was affected by more uncertain factors, and Q and Q*R”NH may be underestimated in some
cases. This issue is discussed next.
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Table 6.2 Overstrength (Q, Q), ductility (4), and response modification factors
(R,,NH, Rcoqe) Of the archetypes.

Archetypes Qo Q u RpNH Reode Q*RHNH Reode! (Q*RHNH)
2SCBFDmaxSAC 1.44 1.67 4.29 2.75 6 4.59 1.31
3SCBFDmaxSAC 1.41 1.62 6.09 3.78 6 6.14 0.98
6SCBFDmaxSAC 1.34 1.55 6.57 6.57 6 10.19 0.59
16SCBFDmaxSAC 2.11 2.44 1.77 1.77 6 431 1.39
3BRBFDmaxSAC 1.48 1.71 22.67 16.26 8 27.85 0.29
6BRBFDmaxSAC 1.47 1.70 15.45 15.45 8 26.25 0.30
16BRBFDmaxSAC 1.00 1.16 3.13 3.13 8 3.61 2.22

The trend in which the 16-story archetypes have a smaller ductility capacity than the 3-
and 6-story archetypes is obvious in Table 6.2 due to drift concentration and more severe P-A
effect occurring in high-rise archetypes. The values of Q and p obtained from pushover analysis
should be interpreted with caution for high-rise archetypes because the force and deformation
responses of the first-mode nonlinear static pushover analyses are not representative of the
responses obtained from nonlinear dynamic analyses.

Nonlinear dynamic analyses obtain values of base shear and ductility capacity that differ
from those from the pushover analyses. Table 6.3 shows the median base shear demands of the
archetypes at the design-level event (Vios0) and the maximum base shear from first-mode
pushover analyses (Vmax). Because the archetypes experienced nonlinear behavior for the design-
level event, the corresponding base shear demands were similar to the capacity; the static
pushover analyses resulted in smaller base shear compared to dynamic analyses. This difference
was more obvious for 16-story archetypes. For 16SCBFDmaxSAC, the mechanism caused by
first-mode pushover occurred in the third story, whereas during SAC ground motion excitations
the mechanism mostly occurred in the first story; Vimax (1035 kips) was associated with the story
shear capacity of the third story and was smaller than Vgs0 (1544 kips) Thus Qp and Q
calculated from first-mode pushover were smaller than overstrength calculated from the base
shear in dynamic analyses (Q").

Table 6.3 Median base shear demands at the design-level event of the archetypes
and maximum base shear from pushover analyses.

First-mode pushover Median base shear demand at
Archetypes maximum base shear (Vi.x)  the design-level event (Vigs0)  Vioso/Vinax
(kips) (kips)
3SCBFDmaxSAC 730 749 1.03
6SCBFDmaxSAC 1020 1124 1.10
16SCBFDmaxSAC 1035 1544 1.49
3BRBFDmaxSAC 475 522 1.10
6BRBFDmaxSAC 558 788 1.41
16BRBFDmaxSAC 365 597 1.64
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The SDOF constant ductility spectra for the design-level event and the Newmark-Hall
relation are compared in Figure 6.13. The SDOF constant ductility spectra were constructed from
the 20 SAC ground motion records representing the events of 10% probability of exceedance in
50 years. The post-yielding stiffness ratio was assumed to be 5% for a bilinear SDOF system,
and a damping ratio of 4% was used for the system. Note that the Newmark-Hall approach
provides lower RHNH than the effective R,'”*" factors calculated from SAC ground motions. For
example, for target ductility of 6.0, RuN factors calculated using the Newmark-Hall approach
was 82%, on average, of the effective Rum/ >0 factors for periods from 0 to 5 sec.
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Figure 6.13 Constant ductility spectra of SAC ground motions.

For 16-story archetypes, because the dynamic responses exhibited higher overstrength
(Q") than the overstrength factor Q estimated from first-mode static pushover analysis, the Q'
*RMIO/50 factor representing dynamic response was greater than Q* RuNH obtained from first-
mode static pushover analysis. Therefore, although the Q* RHNH was less than Rgoge for 16-story
archetypes, only one collapse was observed when they were subjected to the SAC ground motion
excitations of the MCE-level event.

In contrast, for 2SCBFDmaxSAC, because the Q factor was less affected by the
difference between the static and dynamic analyses, the large Rcoqe/(Q2* RHNH) ratios simply
resulted from insufficient strength and ductility capacity of the archetypes. To reduce the
probability of damage and collapse of 2SCBFDmaxSAC, it is necessary to either improve the
ductility and strength capacity of the archetype or reduce the ductility and strength demands on
the archetype.

6.4 EFFECTIVE R-FACTORS FOR DESIGN OF TWO-STORY SCBF TO RESIST
COLLAPSE

To take advantage of structural overstrength and ductility, the current code specifies an R-factor.
The short-period archetype 2SCBFDmaxSAC, designed conforming to the current codes, did not
have sufficient overstrength and ductility to resist collapse in the MCE-level event. We designed
two-story SCBFs with various R-factors, and we discuss the collapse resistance in this section.

In current code for SCBFs, a design R-factor of 6 is too large for low-rise SCBF
archetypes to resist collapse in the MCE-level event, in which the probability of collapse is more
than 20% (see Chapter 5). Table 6.4 summarizes the number of collapses and DR responses of

96



two-story SCBF archetypes with design R-factors of 6, 4.5, 3.3, and 3. The archetype with the
design R-factor of 6 resulted in one collapse for the design-level event, but the archetype
exhibited collapse behavior for almost all the ground motion records for the MCE-level event. In
the case with a design R-factor of 4.5, the collapse cases were reduced to eight for the MCE-
level event, but the collapse risk was still high. At design R-factors of 3.3 and 3, no collapse
cases were observed for the design-level event and the numbers of collapse cases for the MCE-
level event were three and one for the R = 3.3 and R = 3 archetypes, respectively.

Table 6.4 also shows the median of maximum DR for these two-story archetypes. Note
that the median DRmax for a design R-factor of 6 for the MCE-level event is not shown because
only two non-collapse cases remained and the statistical results are not representative. The
results demonstrated that considering design R-factors of 3.3 or 3.0 for two-story SCBF
archetypes successfully reduces the drift demand at various hazard levels as well as the
probability of collapse in the MCE-level event.

Table 6.4 Summary of responses of two-story SCBF archetypes with different R-
factor for design.
Number of collapses Median DRmax
R T; (sec) (out of 20 records) (non-collapse)
design
(design) 10/50 2/50 10/50 2/50
6 0.4 1 18 0.028 -
4.5 0.35 0 0.016 0.033
33 0.30 0 0.007 0.017
3 0.28 0 1 0.006 0.019

6.5 DEMAND-TO-CAPACITY RATIO

Damage concentration is common in the analyses of braced frame archetypes. It causes severe
nonlinear behavior in a few stories in high-rise archetypes, while other stories still remain elastic.
This section highlights the relationship between damage concentration and the demand-to-
capacity ratio (DCR) of the building.

6.5.1 Capacity

The story shear capacity at the yielding point of the SCBF archetypes is based on the brace
capacity alone. The typical pushover response of SCBFs from OpenSees analyses shows that the
response is elastic until the first global buckling of the brace(s). For the double-story X braced
frame archetypes before the buckling occurs, the tension and compression braces have forces of
about the same magnitude but opposite sign. The story shear contributed by columns and other
structural elements is generally small (less than 10% of total story shear) at the range of elastic
responses. Therefore, it is assumed the major story shear contribution is due to the brace
capacity. This is illustrated in Equation 6.5:
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= f)compressinn ’ COS(Q + 0') + Rension ' COS(H - 9')
= P_-cos(@)+ P, -cos(0) (6.5)

=2P -cos(0)

Vbr,SCBF

where P, is the compression capacity of the buckling braces at one level, @ is the incline angle of

the brace with respect to the horizon, and &' is the story drift angle at the yielding point, which is
small compared to € and may be neglected.

The story shear capacity at the yielding point of the BRBF archetypes is estimated
similarly and expressed in Equation 6.6:

])compres.s-ion ) COS(e + 0') + })tension ’ COS(Q - 9')
= P, -cos(0)+ P, -cos(0) (6.6)

=2P, -cos(0)

Vbr,BRBF =

where P, is the tension capacity of the BRB at one level.

6.5.2 Demand-to-Capacity Ratio Profile

The story shear demand at the yielding point is based on the first-mode pushover analysis. The
demand in Figure 6.14 is normalized to the shear capacity of the story where the DCR is at
maximum considering all stories of an archetype; that is, the maximum DCR is 1.0 (see Figure
6.14).

Figure 6.14 provides indices to predict precisely where the first yielding will occur under
the first-mode pushover analysis. The base shear demand at the yielding strength of the structure
is not always near the story shear capacity of the base level. Instead, it is estimated given the
story shear capacity and the location of the level where the largest DCR occurs. The 3-story and
6-story archetypes demonstrated relatively more uniform profile of DCR along the height of the
buildings; all the DCR values were greater than 0.8. For the 16-story archetypes, the DCR of 1.0
occurred in the middle stories. Under the first-mode pushover analysis, it is expected that the
levels with higher DCRs will yield earlier and experience more nonlinear behavior, with the
likelihood of damage being concentrated in those stories.

Figure 6.15 plots the DCR of the braced frame archetypes under dynamic excitations; p
and o shown in the figure are the mean and variance among all the stories in the archetype. The
distribution of the DCR of dynamic responses differs from the results from static pushover
results in being more uniform and close to 1.0, because most of the stories experienced nonlinear
responses and the story shear demands approached the “yielding” capacity in each story.
Therefore, it was difficult to identify which story yielded first and which story experienced more
inelastic behavior from the DCR of dynamic responses. Although using the first-mode load
pattern in static pushover analyses to represent the dynamic responses of structures had uncertain
accuracy, the DCR of static pushover analyses exhibited a distribution that was possibly
associated with the drift concentration. Therefore we used the DCR of pushover analyses as an
indicator to investigate the initiation of yielding and the consequent deformation concentration.
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Figure 6.14 Story shear capacity and demand of first-mode pushover analysis and
normalized demand-to-capacity ratio of braced frame archetypes.
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Figure 6.15 Demand-to-capacity ratios of braced frame archetypes with respect to
various hazard levels.

For pushover analysis, the contribution from the P-A effect, manifested as the force of a
leaning column, was greater after buckling occurred (see Figure 6.16). After the peak loading
when the brace buckled, the column force increased rapidly while the contribution from the P-A
effect also increased. Although both of these two components increased, they are of opposite
signs, canceling out a possible increase in story shear. Generally, the total story shear was
reduced more when the P-A effect was more obvious at larger drift, whereas the column force

99



did not increase much and approached the plastic capacity of the columns. As a result, the
pushover curve demonstrated a negative slope after a peak force around the occurrence of brace

buckling.

For the MCE-level event in the dynamic analyses, DRmax values were about 5%,
whereas the contribution from the P-A effect was about 10% of the peak story shear from static
pushover analysis; the mechanisms under dynamic excitations were observed in several stories,
mostly lower stories. While the capacity of a story was estimated considering only the brace
capacity, seismic loading resulted in nonlinear responses and plastic hinges at the columns and
beams, contributing to a large component of the story shear. Therefore, Figure 6.15 shows that
the median of story shear demands was close to the yielding capacity of each level (i.e. the DCR
was about 1.0); in some stories, especially lower ones, the DCR varied between 1.0 and 2.0.
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Figure 6.16 Typical pushover curve and force contribution from various structural
elements.

6.6 CONSIDERING DEMAND-TO-CAPACITY RATIO PROFILE FOR DESIGNING
A 16-STORY SCBF ARCHETYPE

For high-rise archetypes, damage was concentrated in several stories. One reason is that the
difference in stiffness or strength at adjacent floors is too large, giving rise to a soft story/weak
story mechanism. The proportion of the structural components in the archetypes is not
appropriate, and, therefore, although the structural deformation along the building height is
within the design limits for service-level and design-level events, the damage concentration
becomes more obvious with the MCE-level event which corresponds to the higher nonlinear

demand.

The first-mode static pushover analysis of archetype 16SCBFDmaxSAC illustrated that
the DCR was greater for some stories than for others. The results from dynamic analysis also
showed a similar possible trend of drifts being greater in the stories where these static DCRs
were greater. However, the relationship between DCR and drift was not obvious. To simply
estimate the relationship between the dynamic responses of a story and the DCR from first-mode
pushover analysis, we assumed that the energy dissipation ratio of two stories is comparable to
the pushover DCR ratio for the two stories. For the stories where the pushover DCR is larger,
they were assumed to dissipate more energy during the dynamic excitations because yielding
may occur there earlier than the other stories. Note that although DCR of pushover was used
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here, more appropriate parameters need to be identified as an indication of the energy dissipation
in each story subjected to dynamic excitations.

From the simplified bilinear story shear and DR relationship shown in Figure 6.17, the
energy dissipated by story i and that dissipated by story j have a relationship in the form:

E, V,-DR,—(1/2)-V,-DR,

_ , (6.7)
E, V,-DR,—(1/2)-V,-DR,

with the primary assumption being
E. D,/C,
1t - ! ! (: a) . (6'8)
E, D,;/C,

By substituting Equation 6.8 into Equation 6.7, and by definition V; = C; and V; = C;, we obtain:

C,-DR,~(1/2)-C,-DR,
=
C,-DR,~(1/2)-C, DR,

(6.9)

C
For —-= 4,
C B

(DR, -(1/2)-DR,) &
(DR, —(1/2)-DR,)” B (6.10)

Because DR, is generally small if nonlinear behavior occurs, Equation 6.10 can be approximated
as:

DR, a D,/C}
DR, B D/C (¢4
J J J

~

The relation in Equation 6.11 implies:

1. For those stories with similar force demand determined by static pushover analysis, if the
story shear capacity of the story is greater, the DR during dynamic excitation is likely to be
smaller. This situation usually occurs in adjacent bottom stories.

2. For those stories with similar story shear capacity, if the DCR from static pushover analysis
is greater, the DR during dynamic excitation is likely to be greater. This comparison usually
applies to adjacent stories along the height.

3. For those stories with similar DCR from static pushover analysis, if the capacity of the story
is greater, the DR during dynamic excitation is likely to be smaller. The relation usually
applies to the stories with DCR close to 1.0.

Figure 6.18 shows the relationship between Dy/C;* (scaled with yielding capacity of the
archetypes) and DR of 16SCBFDmaxSAC for three hazard levels. The regression is based on
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zero intercept. The largest Dj - Vy/Ciz—corresponding to the largest median DRmax for the
MCE-level event—was the response of the 13th story where the drift was concentrated. The data
are summarized in Table 6.5. Note that although D; - Vy/Ci2 on the third story was not especially
large, dynamic analysis contends that the drift concentration was severe in this story, indicating
that the changes of stiffness and strength in the adjacent stories may be too large. Given the
proportional relatlonshlp between D; - V, /Ci# and DR, not only D; - V /C but also the change
ratio of D; - V, /Ci* at adjacent levels should be limited such that the DR in adjacent stories is not
significantly altered The constraint on the change of D; - V /C1 in adjacent stories also conﬁned
the change of the stiffness at adjacent levels. Table 6.5 also lists the change ratio of D; - V, /Ci* at
two adjacent levels. The relatively large change ratios in the 3rd and 13th stories resulted in
relatively large DR in these stories.

Vstory

DR, DR, DR, DR

Figure 6.17 Simplified story shear and DR relationship.
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Figure 6.18 Relationship between D; - V,,/Ci2 and median DRmax of 16SCBFDmaxSAC
at different hazard levels.
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Table 6.5 D;V,IC?, change ratio of D; - V,/C? and median DRmax of

16SCBFDmaxSAC.
DV IC? Change Ratio of Median DRmax

FloorStory &%, 7% DV, /C 50/50 10/50 2/50

Roof /16 0.63 0.52 0.98% 1.58% 1.93%
16 /15 1.21 0.81 1.00% 1.78% 2.12%
15 /14 1.48 0.79 1.00% 1.79% 2.28%
14 /13 1.88 2.00 0.88% 1.97% 4.38%
13 /12 0.94 0.88 0.83% 1.48% 1.82%
12 /11 1.06 0.95 0.65% 1.31% 1.77%
11 /10 1.12 0.93 0.64% 1.25% 1.72%
10 /9 1.20 1.36 0.55% 1.07% 1.68%
9 /8 0.88 0.96 0.53% 1.02% 1.31%
8 i 0.92 0.97 0.43% 0.89% 1.07%
7 /6 0.95 0.98 0.41% 0.87% 1.20%
6 /5 0.97 0.98 0.36% 0.80% 1.24%
5 /4 0.99 0.99 0.37% 1.11% 1.79%
4 /3 1.00 2.15 0.32% 1.22% 2.34%
3 2 0.46 1.00 0.24% 0.43% 0.79%
2 /1 0.47 — 0.15% 0.22% 0.49%

To reduce the drift concentration and the large DRmax of some stories for the MCE-level
event, we redesigned the archetype as 16SCBFDmaxSACR. The target chosen was 0.025 radian,
which was about the drift ratio to cause brace fracture, corresponding to D; - Vy/Ci2 = 1.3 from
the regression for the MCE-level event in Figure 6.18. The difference of Dj - Vy/Ci2 in two
adjacent levels was selected to be within 30% to reduce stiffness irregularity. The member size
and steel weight of the new design is shown in Table 6.6. Only the brace sizes were changed; the
size in beams and columns remained the same as the previous design. The change in the total
weight of the steel in the braced frames was less than 5%, and even less for the total weight of
the whole building. Table 6.7 summarizes D; - Vy/Ciz, the change ratio of D; - Vy/Ciz, and median
DRmax at various hazard levels of 16SCBFDmaxSACR; the relationship between D; - V,/C;®
and DR is depicted in Figure 6.19. The median DRmax was effectively reduced and the DRmax
profile under dynamic excitation was obviously more uniform along the height than the original
design (see Figure 6.20).
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Table 6.6 Member size and steel weight of 16SCBFDmaxSAC and
16SCBFDmaxSACR.
Floor/Story 1ésc1§rFa1;Z$SAc 168CB1313r]§i?1;>fSACR Column Beam
Roof /16 HSS9-5/8%x0.375 HSS10.75%0.375 W1x45 W18x65
16 /15 HSS9-5/8%x0.375 HSS10.75%0.375 W12x45 W18x35
15 /14 HSS8-5/8%0.5 HSS10.75%0.5 W14x82 WI18x71
14 /13 HSS8-5/8x0.5 HSS10.75x0.5 W14x82 W18x35
13 /12 HSS11-1/4x%0.5 HSS10x0.625 W14x120 W18x86
12 /11 HSS11-1/4x0.5 HSS10x0.625 W14x120 W18x35
11 /10 HSS10x0.625 HSS12.75%0.5 W14x176 W18x86
10 /9 HSS10x0.625 HSS12.75%0.5 W14x176 W18x35
9 /8 HSS11-1/4%0.625 HSS16x0.438 W14x233 W18x97
8 /7 HSS11-1/4x0.625 HSS16x0.438 W14x233 W18x35
7 /6 HSS11-1/4%0.625 HSS16x%0.5 W14x283 W18x97
6 /5 HSS11-1/4x0.625 HSS16x0.5 W14x283 W18x35
5 /4 HSS11-1/4%0.625 HSS14x0.625 W14x342 W21x93
4 /3 HSS11-1/4%0.625 HSS14%0.625 W14x342 W18x35
3 /2 W12x96 W12x96 W14x370 W24x146
2 /1 W12x96 W12x96 W14x370 W18x35
WTC ‘;gf@;‘s) 35130 29830 49530 30630
Table 6.7 D; - Vleiz, change ratio of D; - V,/C;, and median DRmax of
16SCBFDmaxSACR
) Change ratio of Median DRmax
Floor/Story D, -V, /C; D,-v,/C} 50/50 10/50 2/50
Roof /16 0.59 0.52 1.00% 1.85% 2.33%
16 /15 1.13 1.21 1.01% 1.88% 2.40%
15 /14 0.93 0.79 0.99% 1.86% 2.34%
14 /13 1.18 1.04 0.89% 1.70% 2.38%
13 /12 1.13 0.88 0.87% 1.62% 2.22%
12 /11 1.29 1.15 0.67% 1.43% 1.98%
11 /10 1.12 0.93 0.63% 1.42% 1.84%
10 /9 1.20 1.26 0.55% 1.14% 1.64%
9 /8 0.95 0.96 0.54% 1.10% 1.42%
8 /7 1.00 1.25 0.45% 1.00% 1.13%
7 /6 0.80 0.98 0.41% 0.93% 1.10%
6 /5 0.81 1.10 0.38% 0.84% 1.28%
5 /4 0.74 0.99 0.37% 0.79% 1.18%
4 /3 0.75 1.31 0.31% 0.67% 1.04%
3 2 0.57 1.00 0.28% 0.61% 1.38%
2 /1 0.57 - 0.16% 0.52% 2.14%
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Figure 6.20 Profiles of the maximum story drift ratios of 16SCBFDmaxSACR under
SAC ground motions corresponding to three hazard levels.
6.7 FLOOR ACCELERATION DEMAND

Life safety hazards can develop as a result of falling objects. The potential for nonstructural
elements and contents falling is related to floor level accelerations. In addition to posing a life
safety hazard, acceleration-sensitive objects can be dislodged or damaged, requiring considerable
effort and funds to repair following an earthquake. For these reasons, we examined the maximum
peak floor level accelerations (PFAs).

Figure 6.21 shows the median and 84th percentile of PFA of all the archetypes
corresponding to various hazard levels. Figure 6.22 shows the median PFA of all the archetypes.
Both figures only accounted for the non-collapse cases. The difference between the 84th
percentile and the median shown in Figure 6.21 illustrates that these differences in BRBF
archetypes are between 0.13g and 0.66g and those of SCBF archetypes are between 0.12g and
0.88g. The 6-story archetypes had greater differences than 3- and 16-story archetypes, which
means that the PFAs had greater variation in the 6-story archetypes. Figure 6.21 also shows that
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for all SCBF archetypes, the largest PFAs occurred on the bottom and roof floors (or the 5th
story of 6SCBFDmaxSAC), but for all BRBF archetypes, the largest PFAs occurred on the
bottom floors.

Figure 6.22 shows that median PFAs of low-rise archetypes were generally greater than
those of high-rise counterparts. Note that PFAs for the MCE-level event were generally greater
than those for the other hazard levels; this was especially true on the lower floors of 3-, 6-, and
16-story archetypes. For the 16-story BRBF archetype, median PFAs on the higher floors were
similar for all three hazard levels, and for 16-story SCBF archetype, median PFAs on the higher
floors were similar for the design-level and MCE-level events and greater than median PFAs for
the service-level event. Median PFAs of the SCBF archetype 16SCBFDmaxSAC were greater
than those of I6BRBFDmaxSAC along the height of the archetypes at three hazard levels due to
the longer fundamental period and higher flexibility of BRBF archetypes. For 6-story archetypes,
median PFAs of SCBF were greater than those of BRBFs on the top two floors at three hazard
levels; for 3-story archetypes, median PFAs of SCBFs were greater than those of BRBFs along
the height of the archetypes at three hazard levels, except on the roof for the MCE-level event.
Generally, nonstructural damage associated with floor acceleration was more severe for SCBF
archetypes than for BRBF archetypes at three hazard levels, and more severe for short-period
archetypes than for long-period archetypes.
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Figure 6.21 Peak floor accelerations of braced frame archetypes with respect to
various hazard levels.
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Figure 6.22 Comparison of peak floor accelerations of different archetypes under
SAC ground motions corresponding to three hazard levels.
6.8 SUMMARY

Sixty SAC ground motion records representing three hazard levels were applied to evaluate the
performance of 3-, 6-, and 16-story SCBF and BRBF archetypes. Low-rise SCBF archetypes
showed a higher probability of collapse for the MCE-level event according to the evaluation in
Chapter 5, while the high-rise SCBF archetypes had deformation concentrated in a few stories.
The design R-factor of the two-story SCBF archetype was investigated for its high probability of
collapse. To reduce the deformation concentration, the 16-story SCBF archetype was redesigned
based on the proposed parameters. The results are summarized below.

Drift Ratio: The deformation of archetype 3SCBFDmaxSAC tended to concentrate drift
in the bottom story. For 16SCBFDmaxSAC, a few of the middle stories had larger
median DRmax and 84th percentile. Deformation and damage concentration in those
stories led to weak stories under dynamic excitations, especially for the MCE-level event.
The BRBF archetypes generally had more uniform profile of DRmax than SCBF
archetypes. In I6BRBFDmaxSAC, although the maximum of median DRmax occurred in
the middle stories, the change was gradual between adjacent floors, a different response
scenario compared to the sudden drift change displayed in 16SCBFDmaxSAC. The
uniform distribution of drift contributed to a more efficient pattern for energy dissipation
in BRBFs.

Residual Drift Ratio: The median residual DRs of SCBF and BRBF archetypes at the
service-level and design-level events were small (usually around 0.5% radian). For the
MCE-level event, median residual DRs of all archetypes increased to 1.0% to 3.0%,
signifying non-repairable damage to the buildings. The maximum median residual DR of
16BRBFDmaxSAC was about 2.5% and distributed across a few stories. For
16SCBFDmaxSAC, the maximum median residual DR was 1.44% and occurred in only
one story.
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Story shear: In general, the median story shears were similar to the 84th percentile of
story shears for each archetype. The story shears approached the yielding capacity of
each story if the archetype had experienced nonlinear behavior. Because the strength
capacities of SCBF archetypes were generally greater than those of BRBF archetypes, the
story shear demands in BRBFs were smaller than those in SCBFs.

Effective R-factor: The 2-story SCBF and 16-story archetypes had Rcoae/(2*R,) ratios
greater than 1.0, which suggests that the overstrength and ductility capacity of the
archetype designed with Rco. are insufficient. The estimation of overstrength and R,
needs to be modified to reflect the dynamic responses of archetypes and the
characteristics of selected ground motions, respectively. After the modification, the code
design parameters were appropriate for the 16-story archetypes. For the 2-story SCBF,
the overstrength and ductility capacity were still insufficient. For archetype
2SCBFDmaxSAC, a smaller design R-factor (3.3 or 3.0) was more consistent with the
ductility capacity of the structural system and more appropriate for the design. The code
mandated R-factors appear to be unconservative for short-period archetypes. The R-
factors of 3.3 and 3.0 successfully reduced the drift demand at various hazard levels as
well as the probability of collapse in the MCE-level event. For collapse prevention in the
MCE-level event, a period-dependent design R-factor may be more appropriate for the
short-period SCBF archetypes designed for SDC Dmax.

Demand-to-Capacity Ratio: The DCR provided indices to predict at which story the first
yielding would occur in the first-mode pushover analysis. Although using the first-mode
load pattern in static pushover analyses to represent the dynamic responses of structures
had uncertain accuracy, the DCR of static pushover analyses exhibited a distribution that
was possibly associated with the drift concentration. Therefore the DCR of pushover
analyses was used here as an indicator to investigate the initiation of yielding and the
consequent deformation concentration. Under the assumption that the energy dissipation
profile over the height of the building during dynamic excitations is proportional to DCR
distribution of the first-mode pushover analysis along the height, DR of each story was
approximately proportional to Dy/C;* (or D - Vy/Ciz). The analysis of the 16-story SCBF
archetypes demonstrated that by limiting the D; - V),/Ci2 ratios, the target DR could be
met at different hazard levels. The stiffness difference in adjacent stories should also be
limited to reduce drift concentration. A difference of 30% for the D; - Vy/Ci2 ratio in
adjacent stories was adopted successfully reduced the stiffness irregularity of the 16-story
SCBF archetype.

Peak Floor Acceleration: The largest median PFAs occurred on the bottom or roof floors
(or the 5th story of 6SCBFDmaxSAC) for SCBF archetypes; for all BRBF archetypes,
the largest median PFAs occurred on the bottom floors. Analyses showed that the low-
rise archetypes had greater median PFAs than the high-rise counterparts and that PFAs
had greater variation in the 6-story archetypes than in the other archetypes. In general,
median PFAs for the MCE-level event were greater than those at the other hazard levels,
especially for the lower floors of all SCBF and BRBF archetypes. Median PFAs of
16SCBFDmaxSAC were greater than those of 16BRBFDmaxSAC along the height of the
archetypes at three hazard levels due to the longer fundamental period and higher
flexibility of BRBF archetypes. For 3-story and 6-story archetypes, however, the median
PFAs of the BRBF archetypes were not always smaller than those of the SCBF
counterparts. In general, nonstructural damage associated with floor acceleration was
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expected to be more severe for SCBF archetypes than for BRBF archetypes at three
hazard levels, and more severe for short-period archetypes than for long-period
archetypes.
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7 Seismic Demand Evaluation of Structural
Members in Steel Braced Frame Buildings

7.1 INTRODUCTION

This chapter discusses the EDPs for structural members including the braces, beams, and
columns corresponding to different hazard levels. These EDPs include out-of-plane deformation
of braces in SCBFs, ductility demands of the braces, damage indices of braces, axial force and
moment demands in beams and columns, and vertical deformation in the middle span of the
beam where braces intersect. We propose simple and accurate approaches to estimate the out-of-
plane deformation of braces and to estimate the column compressive axial forces.

7.2 BEHAVIOR AND DEMANDS FOR BRACES

This section discusses the demands of out-of-plane deformation and ductility of braces and
damage of braces. Brace damage is expressed in terms of a damage index to represent the fatigue
life of the braces under various hazard levels.

7.2.1 Out-of-Plane Deformation

In previous earthquakes, out-of-plane deformation of braces was commonly seen in SCBF
buildings when gusset plates were oriented to allow braces to move out of the plane. The major
concern of out-of-plane deformation of braces is the damage it may cause to adjacent walls and
nonstructural components. A few design details can easily be employed so that the braces deform
in-plane, although they are beyond the scope of this research. Although the numerical models
presented here are two-dimensional assuming in-plane buckling of the braces, out-of-plane
deformation of braces can be investigated by measuring the brace deformation transverse to its
longitudinal axis. Figure 7.1 shows the out-of-plane deformation of braces for the SCBF
archetypes for three hazard levels. The median out-of-plane deformation for the MCE-level
event was 28.7, 22, and 19 inches for 3SCBFDmaxSAC, 6SCBFDmaxSAC, and
16SCBFDmaxSAC, respectively.

The distributions of the out-of-plane deformation along the height of the buildings were
similar to the profile of the maximum DR, and their relationships were approximately
proportional. Figure 7.2 illustrates the relationship between out-of-plane deformation and story
drift. Story drift caused shortening of the compression braces, which led to out-of-plane
deformation of the braces. It was assumed that the axial and flexural deformations of the braces
were negligible and the deform shape was composed of straight lines.
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Figure 7.1 Profiles of out-of-plane brace deformation of SCBF archetypes under SAC
ground motions corresponding to three hazard levels.

Figure 7.2 Simplified relationship between story drift and out-of-plane brace
deformation.

The out-of-plane displacement can be expressed as:

Lbr :
A, =7-s1n¢

= % : sin{cos’l(Lb’ ~h-cos0- DR D (7.1)

Lbr

1
:5\/2-Lb,-h-cosé’-DR—hz-cosZQ-DR2

where ¢ = cosl(M) . The brace length is given by:
br
h
Lbr =n SinH (72)

where 7 is the ratio of hinge-to-hinge length to workpoint-to-workpoint length of braces.

In this analysis, the effective brace length was assumed to be 70% of the workpoint-to-
workpoint length and therefore 17 = 0.7. Substituting Equation 7.2 into Equation 7.1, the out-of-

plane displacement can be rewritten and approximated as:
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A = L, \/DR.stH(l_stH‘DR]

i 4 (13)

The out-of-plane deformation is approximately proportional to the square root of DR.
Note that when the DR is less than the DR that initiates buckling of the brace, the out-of-plane
deformation has not yet occurred and A,,, should be zero. In that case we can modify Equation
7.3 as follows:

A, =0 if DR< DR,,,, (7.4)

oop

oop %\/Slnﬂze (DR - DRbuckle) if DR > DR, eie (7.5)

where DR, . 1s the DR value that initiates buckling of the brace, which was about 0.25%
radian in the analyses.

Tremblay et al. [2003] derived a simplified relationship between the brace axial
deformation and out-of-plane deformation. The relation is rewritten in Equation 7.6:

Aoop,Tremblay = O7ﬂ A - COS 6 . Lbr . (76)

This relation provides a conservative estimate for a low DR demand while yielding
accurate estimations of large deformations [Tremblay et al. 2003]. Figure 7.3 compares these
simplified estimations and the analytical responses for archetype 3SCBFDmaxSAC. Equation
7.5 provides accurate estimations of A,,, for various DR demands, especially small ones. In
other words, Equation 7.5 gives precise information to evaluate damage and loss in SCBF
systems at various hazard levels for PBEE.
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Figure 7.3 Out-of-plane brace deformation of 3SCBFDmax under SAC ground
motions versus predicted relationships.
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7.2.2 Ductility Demand

Local and global buckling of conventional braces results in damage concentration and limits the
ductility capacity of the braces. We investigated the ductility demand of braces to aid the design
of braced frame systems within the limitations of the brace ductility capacity. Figure 7.4 shows a
typical hysteresis loop of a conventional buckling brace. In this section, the positive and negative
ductility is defined and normalized by the yielding deformation of the brace.

Figure 7.5 shows the ductility demand of SCBF archetypes at various hazard levels. The
data only included the non-collapse results. The distribution of the ductility demand was
assumed to be lognormal. For the given SAC ground motions, most of the response of the SCBFs
showed a larger ductility demand in the negative direction. For the MCE-level event, the
maximum of negative median normalized brace ductility demand, exhibited by
3SCBFDmaxSAC, was 34.4. For the design-level event, this maximum was 14.9 and occurred in
archetype 6SCBFDmaxSAC. The normalized median brace ductility demands of
6SCBFDmaxSAC were greater than those of 3SSCBFDmaxSAC for the service-level and design-
level events, but smaller for the MCE-level event. Archetype 16SCBFDmaxSAC had the
smallest brace ductility demands for the three hazard levels; the normalized median brace
ductility demand was 10.2 for the design-level event.

Figure 7.6 shows the ductility demands for the BRBF archetypes at various hazard levels.
These show symmetrical responses in both the positive and negative directions. The median
ductility demands of 3BRBFDmaxSAC and 6BRBFDmaxSAC were similar for the service-level
and design-level events, but 3BRBFDmaxSAC demand exceeded 6BRBFDmaxSAC demand for
the MCE-level event. The median brace ductility demands for the design-level event were 9.0
and 9.3 for archetypes 3BRBFDmaxSAC and 6BRBFDmaxSAC, respectively. Archetype
16BRBFDmaxSAC had the smallest brace ductility demand at all hazard levels. There was only
a slight difference in median brace ductility demands for the service-level event, which were
3.18, 3.96, and 3.39 for 3-, 6-, and 16-story BRBF archetypes, respectively.

Pa

P ‘
Ppos=Apos/Ay - !
”neg=Aneg/Ay i
A=P,/K JK ;
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| A
\ i
| |
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Figure 7.4 lllustration of positive and negative ductility of a conventional buckling

brace.
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A comparison of the SCBF and BRBF archetypes shows that the brace ductility demands
of BRBFs were generally smaller at various hazard levels, with larger difference occurring
between median and 84th percentile for the design-level and MCE-level events. The smaller
brace ductility demands and better ductility performance of BRBFs may lead to a more reliable
seismic resisting structural system for BRBFs compared to SCBFs.
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Figure 7.5 Ductility demands of braces in SCBF archetypes under SAC ground
motions corresponding to three hazard levels.
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motions corresponding to three hazard levels.
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7.2.3 Damage of Braces

The damage of each brace in the archetypes was monitored. The damage of each fiber at each
modeled section was accumulated using the Rainflow cycle counting algorithm and Miner’s rule,
as discussed in Chapter 3. The normalized damage index DI [Uriz and Mahin 2008] at the
modeled brace section is:

N

> 4,-DI,
DI == — | (7.7)
A4

1

M-

Il
—_

where A; is the representative area of fiber i and DI; is the damage index of fiber i. The maximum
DI of the two braces in the same story is plotted in Figure 7.7. A DI of 1.0 represents the
exhaustion of the fatigue life in a brace, that is, its complete rupture.

For 3SCBFDmaxSAC, the median brace damage indices were less than 0.04 for the
service-level event in every story. For the design-level event, the median DI was 0.18 in the first
story and less than 0.02 in the other stories. The variation of DI was large in the first story. The
maximum DI in the first story for the design-level event was 0.87, meaning there was no
complete rupture of the braces, but rupture was likely to have initiated. For the MCE-level event,
the drift was concentrated more in the first story; therefore, the median DI in the first story was
1.0 but less than 0.05 for the other stories; the maximum DI values for the second and third story
were smaller than those measured for the design-level event.

For 6SCBFDmaxSAC, the DI at the roof level was larger than at the other stories for the
service-level and design-level events. Although the braces did not completely rupture in the
service-level event, the median and maximum DI values for the 6th story were 0.22 and 0.89,
respectively. The braces in the other stories had minor damage for the service-level event. For
the design-level event, complete rupture of braces in the 6th story was observed during some
earthquake excitations; therefore, the maximum DI for the 6th story was 1.0. The median DI
values in all stories for the design-level event were similar to those for the service-level event,
but they increased for all stories. For the MCE-level event, the median and maximum DI values
for the 6th story were 0.16 and 1.0, respectively, similar to those for the design-level event (0.21
and 1.0, respectively). The damage was more concentrated in the lower stories, especially in the
first story, where the median and maximum DI values were 0.77 and 1.0, respectively. The
higher DI at the roof level showed that the deformation due to higher mode effects was greater
for the 6-story SCBF archetype than for the 3-story SCBF archetype.

For 16SCBFDmaxSAC, the median DI values in all stories for the service-level and
design-level events were less than 0.02. The maximum DI values occurred in the 3rd and 13th
stories, where the story drift was concentrated. For the MCE-level event, some complete ruptures
occurred at the 3rd and 4th stories; this was also the location where the DR was greater due to
drift concentration. The maximum DI for the 13th story was 0.83; this level of damage may
cause severe damage to braces in the event of an aftershock.

Compared to the SCBF archetypes, the BRBF archetypes showed more uniformly
distributed DI in the braces along the height of the building. Also, the maximum DI among all
the BRBF archetypes was less than 0.3, which occurred for the MCE-level event in the first story
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of 3BRBFDmaxSAC. All DI values were less than 0.3 for 3BRBFDmaxSAC, 0.17 for
6BRBFDmaxSAC, and 0.1 for 16BRBFDmaxSAC for the MCE-level event.
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Figure 7.7 Profiles of brace damage indices of SCBF and BRBF archetypes under
SAC ground motions corresponding to three hazard levels.

Figure 7.8 compares the damage indices for braces at the same story for various
archetypes and hazard levels. Note that some values differ from the values of the envelope
depicted in Figure 7.7 because the sample sizes were different for the two figures. The median
DI values for the two braces in the same story were almost identical for most of the archetypes.
The maximum DI profile of the BRBF archetypes was symmetric, but that of SCBF archetypes
showed some asymmetric distribution. For those stories where one brace ruptured completely
(DI = 1.0), the other brace wusually also ruptured except for some instances in
16SCBFDmaxSAC. The right braces in the 3rd and 4th story of 16SCBFDmaxSAC ruptured
completely, but the maximum DI in the left brace was only 0.27 for the 3rd story and 0.05 for the
4th story. The drift concentration for a few ground motions resulted in an asymmetric profile of
the brace damage in the SCBF archetypes. For the BRBF archetypes, the brace damage
distribution along the height showed a uniform and symmetric response at various hazard levels.

Figure 7.9 shows an approximately linear relationship between brace damage indices and
DRmax for all archetypes; the responses from all stories were plotted together. The data
demonstrate that few DI data points were between 0.3 and 0.6, with most readings below 0.3 or
close to 1.0. In other words, in most cases, the braces had ecither not reached a 30% level of
fatigue or were near rupture. For 6SCBFDmaxSAC, the DI values were usually less than 0.3
when DR was less than 2.0%, but when DR was greater than 2.0%, many DI values became 1.0.

Among the SCBF archetypes, 6SCBFDmaxSAC showed the steepest slope in the
relationship between brace damage indices and DRmax. Data points where the brace damage
indices were large but with small DRmax resulted in a steeper relationship, which usually
occurred at the 6th story.
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SCBF and BRBF archetypes under SAC ground motions corresponding to
three hazard levels.
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Figure 7.9 Relationship between the maximum brace damage indices of a story and

DRmax for all archetypes.

Figure 7.10 shows the story drift histories and brace axial deformation histories of
various SCBF archetypes under the excitation of LA09. In general, brace damage usually occurs
as (1) damage with only few large excursions and several small ones, such as the response of the
first story in 3SCBFDmaxSAC, the first story in 6SCBFDmaxSAC, and the third story in
16SCBFDmaxSAC; or (2) damage with several median-range excursions, such as the responses
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of the 6th story in 6SCBFDmaxSAC. The brace axial deformation histories at the 6th story of
6SCBFDmaxSAC showed many excursions with about +2 inch deformation range. These cycles
resulted in severe damage to the braces (DI close to 1.0) without an extreme DRmax. Higher
mode effects may contribute to such responses, as in the 6th story in 6SCBFDmaxSAC. The
responses of the 3rd story in 3SCBFDmaxSAC and the 13th story in 16SCBFDmaxSAC showed
higher-frequency and lower-frequency excitations, respectively, but the story drift was smaller
than that in the 6th story in 6SCBFDmaxSAC and the brace damage indices were also smaller.
Although DR is often used as a quick estimation of brace damage, the brace damage index is a
more precise measurement.
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Figure 7.10 Story drift history and brace deformation history of SCBF archetypes
subjected to ground motion LA09.

7.3 BEHAVIOR AND DEMANDS FOR BEAMS

For beams, the flexural moment demands are generally expected to be more critical than the
axial force demand. The beam design for our archetype buildings considered the potential axial
force demand from braces, such as unbalanced loads in chevron braced frames. The structural
designs of the archetypes are described in Appendix A. This section discusses the axial force
demands, flexural moment demands, and deformation demands in the middle span of the beams
where the braces connect in the double-story X configuration.

7.3.1 Beam Axial Force Demand

The axial force demands in the beams of braced frames in the elastic range are expected to be
small. The force demands come from the lateral forces (collectors) and the forces transferred
from the braces. In the double-story X configuration, forces transferred from the braces are
usually transferred to braces in adjacent stories or to columns rather than beams. Thus the design
of these beams is usually not governed by the possible force demand or capacity of the braces
and only accounts for the load combinations of dead load, live load, seismic load, etc. However,
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when the braces yield, buckle, and degrade, the force of the braces in adjacent stories needs to be
transferred by the beams.

Figure 7.11 shows the maximum axial force of the beams at different levels under
different ground motion excitations for different archetypes. The beams of the odd stories have
intersected braces in the middle span, and those of the even stories have braces connected in the
beam-column connections.
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Figure 7.11 Maximum beam axial forces of SCBF and BRBF archetypes under SAC
ground motions.

For the beams in odd stories, if the strength capacities of the braces on adjacent floors are
similar, then the unbalanced load applied to the beams in design is canceled out. The force
demands to consider when designing such beams are small. Because of the conservative design
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of the archetypes, for beams in even stories large axial forces were developed to enable the
complete yielding of the tension braces and 30% capacity of the compressive brace in two
adjacent stories. For most of the responses of the archetypes, the beam axial forces did not
exceed the capacity of the beams in odd stories where the demand for design was relatively
small. The responses also showed that the axial force demands of beams were greater in the
lower stories. Generally, the axial force demands in SCBF archetypes were slightly greater than
in BRBF archetypes. For stories where the drift was concentrated, the demands were greater for
both SCBF and BRBF archetypes. There were a few instances in 16SCBFDmaxSAC where the
damage was concentrated in certain stories. Many of the maximum beam axial force demands in
16SCBFDmaxSAC approached the capacity of the second floor beam (first story, 1F), which
was designed for relatively small demand. Some of the data from the 3rd floor beam (second
story, 2F) showed a greater demand than the capacity of the second floor beam. In summary, for
the design of beams in even stories, the estimation of beam axial forces demand was very
conservative by considering the full capacity of braces on adjacent floors. For the design of
beams in odd stories, the estimation of beam axial forces demand was appropriate by considering
the full capacity of braces in adjacent stories unless severe drift concentration occurred.

Figure 7.12 shows the median and maximum of the beam axial force demands for SCBF
and BRBF archetypes at different hazard levels. The median axial force demands were about
40% of capacity (AgFy) in the odd stories and about 10% to 15% in even stories for all
archetypes. The beam design for all archetypes estimated the axial force demands by accounting
for brace yielding and buckling at extreme conditions, which resulted in greater axial force
demands of beams in even stories than those in odd stories. However, the profile of beam axial
force demand under ground motion excitations showed a different trend. The estimations of
beam axial force demand for design were much greater than the dynamic responses of the
archetypes.
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Figure 7.12 Profiles of beam axial forces of SCBF and BRBF archetypes under SAC
ground motions corresponding to three hazard levels.

121



7.3.2 Beam Flexural Moment Demand

The profile of moment demands in beams of all the archetypes is shown in Figure 7.13. For
3SCBFDmaxSAC, the median and maximum of moment demands in the first story were
approximately equal to the moment capacity of the first story for the design-level and MCE-level
events, while those on the second and third stories were about 30% of the moment capacity. At
various hazard levels for 6SCBFDmaxSAC, none of the beams reached their moment capacity
because this design had a relatively uniform drift distribution and the force demands were also
distributed more uniformly along the height. For 16SCBFDmaxSAC, the drift was concentrated
in the 3rd and 13th stories for the design-level and MCE-level events, resulting in highly
nonlinear behavior on those floors; the beam moment demands for these stories reached the
beam capacity.

The properties of the beam moment demands profile for the BRBF archetypes differed
from those of the SCBF archetypes. For 3BRBFDmaxSAC and 6BRBFDmaxSAC, these profiles
were rather uniform at the three hazard levels; for the design-level and MCE-level events, the
medians, maxima, and beam capacity were similar in the lower stories. For I6BRBFDmaxSAC
for the design-level event, all the medians of beam moment demands were below the moment
capacity, but the maxima of beam moment demands almost coincided with the moment capacity;
for the MCE-level event, the medians, maxima, and beam moment capacity were almost
identical except for the top few floors. Because of strain hardening, some of the maxima
exceeded the capacity of the beam moments.

The difference between the maximum beam moment demand and capacity demonstrates
that beam moment demand reached capacity in many stories for the BRBF archetypes for the
design-level and MCE-level events. Given that, it would be expected that the BRBF archetypes
experienced more nonlinear flexural behavior of beams, dissipating more energy through beam
plastic rotations than their SCBF counterparts. The magnitude of beam moment demands were
also greater in the BRBF archetypes.
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Figure 7.13 Profiles of beam end moments of SCBF and BRBF archetypes under SAC
ground motions corresponding to three hazard levels.
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7.3.3 P-M Relationship of Beams

While the medians and maxima of beam axial force and moment demands provided these peak
responses independently, it was more common that the axial forces and moments interacted, and
the peak responses of beam axial force and moment demands did not occur at the same time.
Figure 7.14 shows examples of the P-M demands of beams in the first story for all archetypes
under the excitation of LA09. In the first story of 3SCBFDmaxSAC, although the beam axial
force was below 20% of the beam axial force capacity most of the time, at some instants it was
more than 30% of capacity. The left beam at the left end, which is the beam-column connection,
and the right beam in the middle span reached the moment capacity (M,) in this example. In the
first story of 6SCBFDmaxSAC, the responses of beam axial force demand were similar to those
in 3SCBFDmaxSAC with one difference. The moment demands at all beam ends were about
50% of the beam moment capacity; the left beam at the left end and the right beam in the middle
span had similar moment demands. In the first story of 16SCBFDmaxSAC, the beam axial force
demand was about half that of 3SCBFDmaxSAC and 6SCBFDmaxSAC, and the beam moment
demand was much smaller than in the 3- and 6-story counterparts; the beam moment demand
was about 20% of the capacity. Clearly for 16SCBFDmaxSAC the beam moment demands were
higher at beam-column connections (i.e. at the left end of the left beam and right end of the right
beam) than the moment demand in the middle span of these beams.

The P-M responses of BRBF archetypes show more consistency among different
archetypes; the beam axial force demands were all about 20% of capacity and beam moment
demands all reached capacity in the three archetypes. For all BRBF archetypes, the inelastic
behavior and moment demands were concentrated at beam-column connections rather than at the
middle span of the beams.

The archetypes were designed with double-story X configuration, which reduced the
unbalanced load in beams. In SCBF archetypes, although the unbalanced load was reduced, its
effects still cannot be ignored in beam design. Under the unbalanced load, the moment demands
in the middle span of the beams were about the same magnitude as the moment demand in the
ends of the beams, as shown in the first story of 3SCBFDmaxSAC and 6SCBFDmaxSAC. For
16SCBFDmaxSAC, because the deformation and force demands were smaller, the unbalanced
loads were usually small and the moment demands in the ends of the beams were greater than
those in the middle span of beams; only the floors that had a higher deformation demand had
similar beam moment demands in the middle and ends of the beams. In the BRBF archetypes,
the unbalanced loads had little effect on the beam moment demands in the middle span of beams;
all of these beam moment demands were far smaller than those in the ends of the beams.

Figure 7.15 shows the P-M relation of the beams on the second story. The beam axial
force demands were about 10% of the capacity, and the beam moment demands dominated the
behavior of the second story in all SCBF and BRBF archetypes. The response loops in the SCBF
archetypes were relatively small because the capacity of these beams was much greater than the
demands. In fact, the maximum beam moment demand of 6SCBFDmaxSAC was similar to that
of 6BRBFDmaxSAC (about 700 kips-ft), the maximum beam moment demand of
3SCBFDmaxSAC was smaller than that of 3BRBFDmaxSAC, and the maximum beam moment
demand of 16SCBFDmaxSAC was greater than that of I6BRBFDmaxSAC. For the even stories,
the beam moment demands in SCBF and BRBF archetypes were similar.
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Figure 7.14 P-M interactions of the beams in the first story of SCBF and BRBF

archetypes under the excitation of SAC ground motion LA09.
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Figure 7.15 P-M interactions of the beams in the second story of SCBF and BRBF

archetypes under the excitation of SAC ground motion LA09.

7.3.4 Vertical Displacement in the Middle Span

In chevron braced frames, beams are designed to resist the unbalanced loads due to yielding and
buckling of the braces. In double-story X configuration, these unbalanced loads are expected to
be small. However, some of the analytical results show that the vertical deformation in the
middle span of beams where the braces intersect should not be neglected. These beams are
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designed considering the brace capacity difference, which is small, on adjacent floors. However,
when one of the braces intersected in a beam yields, buckles, or loses its strength capacity, the
unbalanced loads in the beam increase leading to a large mid-span vertical displacement.

Figure 7.16 shows the median vertical deformation in the middle span of the beams in the
odd stories for all SCBF and BRBF archetypes at different hazard levels. For the service-level
event, the median vertical deformations were small, with the maximum deformation of about 0.2
inch occurring in the first and third stories of 3SCBFDmaxSAC.

For the design-level event, the median vertical deformations were more than 1.0 inch and
1.5 inches in the first story of 3SCBFDmaxSAC and 6SCBFDmaxSAC, respectively. The
vertical deformation of 1.0 inch in the middle span of the beam corresponded to about 0.5% drift
ratio in the beam-column connections. In such cases, the deformation demands of the beam-
column connections increase by 0.5% radian. Note that the beam vertical deformations in
16SCBFDmaxSAC were relatively large in the stories where the DR was concentrated; the beam
vertical deformations were 0.78 inch and 0.22 inch in the 3rd and 13th story, respectively, for the
design-level event. Although this amount of vertical deformation in 16SCBFDmaxSAC may not
increase the structural damage to a large extent, it may cause nonstructural damage that cannot
be ignored.

For the MCE-level event, the median vertical deformation was as high as 3.93 inches on
the first floor of 6SCBFDmaxSAC, which corresponded to about 2% drift ratio in the beam-
column connections; this increased the deformation demands of the beam-column connections
by a large amount, thereby increasing the risk of damage to them. Other large median vertical
deformations in the middle span of beams for the MCE-level event occurred in the third story of
6SCBFDmaxSAC (2.15 inches), in the third story of 16SCBFDmaxSAC (1.82 inches), in the
first story of 3SCBFDmaxSAC (1.45 inches), and in the 13th story of 16SCBFDmaxSAC (1.1
inches).

In general, the large median vertical deformations in beams occurred on the floors where
the DI values of braces had greater differences between adjacent stories (see Figure 7.7). When
one of the braces intersected in the beam yielded, buckled, or degraded, the unbalanced load was
likely to cause large mid-span deformation in the beam.
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Figure 7.16 Median vertical deformations in the middle span of beams in odd stories
in SCBF and BRBF archetypes under SAC ground motions corresponding
to three hazard levels.

7.4 BEHAVIOR AND DEMANDS FOR COLUMNS

Columns are one of the most critical structural components that protect buildings from collapse.
This section discusses column axial force demands (compression and tension), column moment
demands, and P-M relationships.

7.4.1 Column Axial Force Demand

Axial force is one of the primary components of the ability of columns to resist lateral forces.
Axial force demand usually governs the design of columns. Here we extract the column axial
force demands from the responses to the combinations of gravity loads and lateral seismic loads,
and 1solate the responses to lateral seismic loads.

Figure 7.17 shows the median column axial force demands under various hazard levels.
Positive values represent tensile axial force demands and negative ones represent compressive
axial force demands. For all the 3-story and 6-story archetypes, the medians and maxima of
column axial force demands were similar at the same story, and the values were almost identical
for various hazard levels. Clearly, the column axial force demands of 3-story and 6-story
archetypes were bounded as the medians and maxima coincided with each other. In
16SCBFDmaxSAC, while the maxima of column axial forces were similar to the capacity at all
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hazard levels, the medians increased as the hazard level increased from the service-level event to
the design-level and MCE-level events. The maximum axial force demands in
16SCBFDmaxSAC reached the capacity of the columns for the design-level and MCE-level
events on almost all floors. In 16BRBFDmaxSAC, the maximum column axial force demands
barely changed with the hazard levels and were about 40% of the column axial force capacity.
Here, the median column axial force demands were smaller than the maximum column axial
force demands for the service-level event, but similar to the maximum column axial force
demands for the design-level and MCE-level events.

The profile of the column axial force demands shows that these demands change every
two stories. The double-story X configuration contributes to this profile. More specifically, the
column axial force demands are related to the force demands and capacity of braces.
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Figure 7.17 Profiles of axial forces in columns of SCBF and BRBF archetypes under
SAC ground motions corresponding to three hazard levels.

7.4.2 Column Flexural Moment Demand

Figure 7.18 shows the column moment demands of all archetypes at different hazard levels,
displaying only the maxima of the top and bottom ends of the column in the same story. In
3SCBFDmaxSAC and 3BRBFDmaxSAC at all hazard levels, the maxima of the column moment
demands reached the capacity at the first story. For the 6- and 16-story archetypes, the median
column moment demands increased, in general, as the hazard level changed from the service-
level event to the design- and MCE-level events. For 3SCBFDmaxSAC for the service-level
event, the median column moment demand in the third story was slightly greater than that
measured in the second story. For 6SCBFDmaxSAC, the median and maximum column moment
demands increased along with the hazard levels. For the MCE-level event, the maximum column
moment demands reached capacity at odd stories, where the column section changed. In higher
stories of 6SCBFDmaxSAC, the column moment demands were small but approached the
column moment capacity for all three hazard levels. The trends for 6BRBFDmaxSAC and
6SCBFDmaxSAC were similar. In 16SCBFDmaxSAC and 16BRBFDmaxSAC, the median
column moment demands were less than 800 kips-ft, which is about 40% of the column moment
capacity, on the stories higher than the 5th story at all hazard levels. In the first stories of the 16-
story archetypes, the maximum column moment demands were less than 80% of column moment
capacity for the design-level event. The maximum column moment demands reached the 95%
and 100% of column moment capacity in the first stories of 16SCBFDmax and 16BRBFDmax,
respectively, for the MCE-level event.
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Figure 7.18 Profiles of column end moment of SCBF and BRBF archetypes under
SAC ground motions corresponding to three hazard levels.

7.4.3 P-M Relationship of Columns

Figure 7.19 shows the P-M relationship of the columns in the first story of all archetypes under
the LA09 excitation. For the SCBF archetypes, the column axial force demand was about 600
kips in 3SCBFDmaxSAC, 2000 kips in 6SCBFDmaxSAC, and 5000 kips in 16SCBFDmaxSAC.
For 3SCBFDmaxSAC, the column axial force demand was about 30% of the column axial force
capacity. The column moment demands of 3SCBFDmaxSAC reached the P-M envelope in both
left and right columns at both top and bottom ends. For 6SCBFDmaxSAC, the column axial
force demand was about 40% of the column axial force capacity. While the column moment
demands at the bottom end of the columns of 6SCBFDmaxSAC reached the column moment
capacity, those at the top ends were about 30% of the column moment capacity. For
16SCBFDmaxSAC, the P-M response obviously differed from those in 3SCBFDmaxSAC and
6SCBFDmaxSAC. The columns on the first story were subjected to large axial force demands to
resist lateral forces in this high-rise building. The column moment demand was about 10% of
column moment capacity.

In the BRBF archetypes, the column axial force demand was about 300 kips in
3BRBFDmaxSAC, 1000 kips in 6BRBFDmaxSAC, and 2500 kips in 16BRBFDmaxSAC. For
3BRBFDmaxSAC, the column moment demands reached the P-M envelope in both left and right
columns at both the top and bottom ends. For 6BRBFdmaxSAC, the column axial force demand
was about 20% of the column axial force capacity, and the column moment demands were all
under the P-M envelope. For 16BRBFDmaxSAC, the column axial force demands of the
columns were not as high as those found in 16SCBFDmaxSAC, but the column moment demand
at the bottom of the column reached the P-M envelope. The 16-story BRBF archetype obviously
had a greater column moment demand under the same ground motion excitation than its SCBF
counterparts; the column responses of 16BRBFDmaxSAC exhibited greater flexural behavior
and those of 16SCBFDmaxSAC exhibited greater tensile and compressive behavior.
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Figure 7.20 shows the P-M relationships of the columns in the second story for all
archetypes under LA09 ground motion excitation of. The axial force demands were about the
same as those in the first story, as the axial force demands changed approximately every two
stories. The column moment demands were lower than in the first story for most of the
archetypes, except in the case of I6SCBFDmaxSAC. The responses show that the bottom of the
columns usually had slightly greater moment demands than the top of the columns in all
archetypes.
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Figure 7.19 P-M interactions of the columns in the first story of SCBF and BRBF
archetypes under the excitation of SAC ground motion LA09.
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Figure 7.20 P-M interactions of the columns in the second story of SCBF and BRBF
archetypes under the excitation of SAC ground motion LA09.

7.4.4 Estimation of Column Compression Force Demand

The column axial force demands were bounded and changed every two stories, as shown in
Figure 7.17. Here we discuss the accurate estimation of the column demands based on the
capacity and demands of the braces and beams. In the SCBF archetypes, the force demands in
the braces reached the capacity in some stories and usually not in all stories. A conservative
estimate of column axial demands for design would consider the full capacity of braces and
beams in all stories. Figure 7.21 illustrates the design estimation of the upper bound of column
force demand, which is the sum of the brace and the beam capacity of the upper floors. In the
double-story X configuration, the estimate was calculated differently for the odd stories than for
the even stories. The vertical component of brace in story j can be expressed as:

V., =Hb,  -sin@ (7.8)

br,j

P j=135,...

where B, =< . and @ is the incline angle of the brace with respect to the
J P, j=24.,0,..
horizontal.

Accordingly, the column axial force demand in story i was estimated as the sum of the
demands of the braces and beams in all upper stories:

#story

SV, +V, )4V, i=135,...

oy

J=r (7.9)

col,i ) #story

Z(V,,,,j +7,)) i=246,.
=i
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Note that the difference between P, ; and P.,;» was only V}, that between P, 3 and P, 4 Was
only V},,, and so forth.
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I:)col,i+2 Pbr,i+2
Vi1
Pootivt| Py us
%Vb’,i
l:)col,i Pbr,i
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+ (Vo + Vst +... + Vi r00r)

Figure 7.21 Estimation of column axial force demands.

The previous analysis of the demands in beams and braces demonstrated that the
demands were usually smaller than the corresponding capacity, although the demands did reach
the capacity in some stories under some ground motion excitations. To estimate the column axial
force, the reduction factor in Equation 7.10 for the brace capacity of upper stories was adopted.
To estimate the axial force demand of column on floor 7, the reduction factor was applied to each
upper story (from story i to the roof level). The reduction factor was proposed to account for the
full brace capacity on the floor in question, while decreasing exponentially with the power of k
for the higher floors (which varies depending on the archetypes).

For the 3- and 6-story archetypes, the k factor was taken as a large number such that the
reduction factor ¢ ;; was 1.0 for all the upper floors to be considered, i.e., the full brace capacity

of upper floors were used to estimate column axial demands. For the 16-story archetypes, the
reduction factor changed along the height, reducing the brace capacity for estimation of column
axial force demands for the higher floors. At the instant when the maximum column axial force
demands occurred in a story, the force demands in the other upper stories were usually not the
maximum demands. What was more common was that the force demands in some upper stories
reached the corresponding force capacity but remained small in other stories. The reduction
factor was assigned to maximize the possible braces strength but reduce the braces strength on
some floors as necessary for estimating column demands. In other words, the reduction factor
was greater for the braces in the lower stories (with larger capacity) and less in the higher stories:

. . k
j—i .
L=1- >1. 7.10
P (#Sm j J (7.10)

If we apply the reduction factor for the braces, the column axial force demands can be rewritten
as:

#story
SV, btV )4V, i=13,5....
P =1 o (7.11)
Z (I/br,j ’ ¢ji + Vb,(/’) l = 254765'“
Jj=i
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where V, depends on the moment demands at beam ends. As demonstrated in the response of

SCBF archetypes, most of the beam end moments were usually less than the beam moment
capacity, and the corresponding beam shear was neglected when estimating the column axial
force. For BRBF archetypes, the beam end moment demands were closer to the corresponding
capacity, and therefore the cumulative beam shear acting on columns was more significant than
in the SCBFs. As shown in Figure 7.22, by ignoring ¥, in SCBF archetypes and including V}; =

2M,,;/ span in BRBF archetypes, we obtained the estimated column axial force demands and
percent errors. Note that the percent errors in top stories were large because the calculation was
normalized by the values of the column axial force demands (which were small in top stories).

For the 3- and 6-story archetypes, reduction factor ¢ for all braces was taken as 1.0. This

corresponded to a large value of k, and 100% of the brace capacity was considered to estimate
the column axial forces. For the 16-story archetypes, the reduction factors for braces were
calculated with k of 0.95. For example, when calculating the column axial force demand in the
second story, 100% of the brace capacity was considered in the second story while 12% of the
brace capacity was considered for the roof. With the appropriate reduction factors, the
percentage errors for all archetypes were reduced to less than 10% except for the top stories,
where the absolute errors were not greater than for the other stories.
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Figure 7.22 Estimated axial compressive forces in columns and percent errors of
SCBF and BRBF archetypes under design-level SAC ground motions.
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7.5 SUMMARY

We evaluated the EDPs of structural components in braced frame buildings, including the force
and deformation demands in braces, beams, and columns. These demands at various hazard
levels are expected to provide indices to improve the design criteria for structural components in
steel braced frame buildings.

For braces, the out-of-plane deformation is approximately proportional to the square root
of DR. Note that when the DR is less than the DR that initiates buckling of the brace, no out-of-
plane deformation has occurred. The proposed relationship between out-of-plane deformation
and DR estimates out-of-plane deformation accurately at various hazard levels.

Comparing the SCBF archetypes with their BRBF counterparts, the brace ductility
demand of BRBFs is generally smaller at various hazard levels. The smaller brace ductility
demand and better ductility performance of BRBF archetypes lead to a more reliable seismic
resisting structural system compared to SCBFs.

The median damage indices (DI) of braces were approximately identical for two braces in
the same story for most of the archetypes. While the maximum DI values of the BRBF
archetypes were similar for the two braces in the same story, those of the SCBF archetypes
showed differently shaped DI profiles. The drift concentration of a few ground motions resulted
in an asymmetric profile of the brace damage for SCBF archetypes. The brace damage profile of
BRBF archetypes showed uniform and symmetric response at various hazard levels. DI provides
an index to monitor the fatigue life of braces. In most cases, braces were either 30% exhausted in
terms of fatigue life or had nearly completely ruptured.

For beams, the axial force demands were slightly greater in the SCBF archetypes than in
the BRBF archetypes. For designing beams for even stories, where the braces connect in beam-
column connections, the estimation of beam axial force demand becomes very conservative if
considering the full tensile capacity of braces and neglecting the compressive capacity of braces
in adjacent stories. For designing beams for odd stories, where the braces connect in the mid-
span of beams, the estimation of beam axial force demand is acceptable if considering the full
capacity of braces in adjacent stories, unless severe drift concentration occurs.

For the beam moment demands, the analyses showed that most of the median beam
moment demands in SCBF archetypes were less than the beam moment capacity. For BRBF
archetypes, median and maximum beam moment demands reached the capacity in many stories
for the design-level and MCE-level events. Our simulations showed that the beams in the BRBF
archetypes experienced more nonlinear flexural behavior and, therefore, dissipated more energy
through beam plastic rotations than their SCBF counterparts.

In all BRBF archetypes, the beam axial force demands were all about 20% of the capacity
and beam moment demands all reached the capacity. The inelastic behavior and beam moment
demands were concentrated at beam-column connections (left end of left beam and right end of
right beam) rather than the middle span of the beams. The unbalanced loads had little effect on
the beam moment demands in the middle span of beams, which were far less than those in the
ends of the beams.

In SCBF archetypes, although the unbalanced load was reduced, its effects could not be
ignored. Under the unbalanced load, the moment demands in the middle span of the beams were
about the same magnitude as the moment demand in the ends of the beams. For the design-level
event, the median vertical deformations in the middle span of beams were more than 1.0 inch for
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the first story of 3SCBFDmaxSAC and 6SCBFDmaxSAC, increasing the deformation demands
of the beam-column connections by 0.5% radian. This amount of deformation may not greatly
increase the structural damage, but it may cause nonstructural damage that must be addressed.
For the MCE-level event for 6SCBFDmaxSAC, the vertical deformation was as high as 3.93
inches at the first story, which corresponded to about 2% radian rotation of the beam-column
connections. This greatly increased the deformation demands of the beam-column connections,
increasing the risk of damage to them.

For columns, the profile of the column axial force demands showed that the demands
along the height changed every two stories, a result of the double-story X configuration. It is
expected that the axial force demands of columns are related to the brace demands and capacity.

For all 3-story and 6-story archetypes, the medians and maxima of column axial force
demands were similar in the same story and did not change much with hazard levels. The axial
force demands in 16SCBFDmaxSAC reached the capacity of the columns for the design-level
and MCE-level events in almost all stories. The axial force demands for I6BRBFDmaxSAC
were not as high as those in 16SCBFDmaxSAC. The 16-story BRBF archetype had higher
column moment demands than their SCBF counterparts under the same ground motion
excitation; the column responses of 16BRBFDmaxSAC exhibited more flexural behavior while
those of 16SCBFDmaxSAC exhibited more tensile and compressive behavior. In all archetypes,
the response of column moment demands also showed that the bottoms of the columns usually
had slightly greater moment demands than the tops.

For the SCBF archetypes, the braces reached capacity in some levels but not all levels. It
was conservative if the column axial demands were estimated using the full capacity of braces
and beams in all upper stories. Reduction factors were used to determine the percentage of
capacity of braces and beams for estimating column axial force demands. With the appropriate
reduction factors, the percent errors were less than 10% except in the top stories, where the
absolute errors were not greater than the other floors.
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8

Conclusions and Recommendations

To design and utilize concentrically braced frames more efficiently and with more confidence,
our numerical studies of several SCBF and BRBF archetypes were analyzed and interpreted on
the basis of probability and statistics. Computationally efficient and accurate fiber-based models
were constructed to perform an extensive set of nonlinear static and dynamic analyses. We
investigated the seismic demands of concentrically braced and buckling-restrained braced frame
systems for several ground motion records corresponding to various hazard levels. The results
were used to assess performance and improve the design criteria of braced frame systems. The
conclusions we reached are summarized below.

8.1

MODELING

The force-based beam-column element demonstrates an acceptable degree of accuracy
and is recommended to better estimate the nonlinear responses of braced frame systems.

An appropriate working point at the column base should be defined so that the accurate
height of the first story can be included in numerical models, thus reflecting realistic
structural behavior.

A finite-element model (LS-DYNA) satisfactorily captured the local buckling behavior
and changed the strength gradually before and after peak strength was reached. The fiber-
based OpenSees model exhibited a sudden drop in strength following buckling and when
fracture criteria were met. The global buckling of braces occurred at about 0.3% radian
drift ratio in the analyses.

The OpenSees analyses suggest that statistically, the effect of low-cycle fatigue is not
pronounced, but it is important to include when predicting the structural response under a
single ground motion. The effect of fatigue is more important for predicting the residual
displacement than it is for the peak displacement.

Using inelastic rather than elastic spectrum displacement for the short-period SCBF
systems significantly reduced the scatter in the statistical data, especially for large
intensity events.
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8.2

ANALYTICAL BEHAVIOR OF CONCENTRICALLY BRACED FRAMES

From the analyses, the performance of 3-story SCBFs designed as per ASCE/SEI 7-05
and 1997 NEHRP are quite similar statistically. The responses of the top floor are
different due to the change in design criteria for the roof beam of chevron braced frames.

The expected median maximum story drift ratios of SCBFs with an R of 6 for the service-
level event had more than 75% probability to be greater than 0.3%, which is close to the
DR that results in buckling of braces. Thus, following an occasional earthquake, for
which no structural damage is generally desired, it is necessary to replace one or more
braces and repair nonstructural damage to adjacent elements. The expected median
maximum story drift ratios had more than 70% probability of exceeding 2.5% radian for
the MCE-level event, at which point the braces fractured due to low-cycle fatigue, but the
integrity of the beam-to-column connections is likely adequate.

The expected median maximum story drift ratios of SCBFs with an R of 3 were less than
those needed to initiate buckling for the service-level event, and less than those likely to
fracture the beam-to-column connections for the MCE-level event. Reducing the R-factor
was effective in reducing the drift demand of braced frames.

The BRBF model in Chapter 4 experienced large residual drifts at various hazard levels
partly because of its relatively longer fundamental period. Because the elastic stiffness of
BRBFs did not decrease dramatically after the braces yielded or were damaged, the
braced frame required more force to swing back during a ground motion.

For SCBFs, reducing the R-factor reduced the tendency to form a soft story. The cost of
constructing SCBFs with smaller R-factors is higher and significant elastic response can
be expected, but the demands are more consistent with the ductility capacity of the
connections and buckling braces considered here.

The analyses of the archetype buildings showed that the 3-story SCBF tended to
concentrate deformation in the bottom story, the 6-story SCBF had greater story drift
ratios at the roof level, and the largest drift ratio for the 16-story SCBF occurred in the
middle stories. The BRBF archetypes generally had more uniform DRmax profiles than
the SCBF archetypes.

The story shear demands of all the archetypes were usually close to the yielding capacity
of each story if the archetype had experienced nonlinear behavior.

For the two-story SCBF archetype, R-factors of 3.3 and 3 for design were more
consistent with the ductility capacity of the structural system, which also reduced the drift
demand at various hazard levels and the probability of collapse for the MCE-level event.

This research assumed that the energy dissipation profile over the height of the building
during dynamic excitations was proportional to DCR distribution of the first-mode
pushover analysis over the height. Under this assumption, the DR of each story was
approximately proportional to Diy/Ci> (or D; - Vy/Ciz). The analysis of the 16-story SCBF
archetypes showed that the target DR at different hazard levels could be achieved by
limiting the Dj - Vy/Ci2 ratios. We also found that the stiffness difference at adjacent
levels should be limited to reduce damage concentration. A 30% difference of D; Vy/Ci2
ratio in adjacent stories was adopted in this case study, which successfully reduced the
stiffness irregularity and damage concentration of the 16-story SCBF archetype.
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In general, median PFAs for the MCE-level event were greater than those at the other
hazard levels, especially for the lower floor of all SCBF and BRBF archetypes. Because
of the longer fundamental period and higher flexibility of BRBF archetypes, the median
PFAs of SCBF archetypes were greater than those of BRBF archetypes along the height
of the archetypes. Thus nonstructural damage associated with floor acceleration was
expected to be more severe for the SCBF archetypes than for the BRBF archetypes.

We propose a relationship in which out-of-plane deformation is approximately
proportional to the square root of DR. The proposed estimate is accurate at various
hazard levels.

The low-cycle fatigue life of braces was monitored in the analyses. The analyses show
that in most cases, the braces either exhausted 30% of their fatigue life or they nearly
completely ruptured.

The beam moment demands of SCBF and BRBF archetypes showed that the BRBF
archetypes experienced more nonlinear flexural behavior of beams and, therefore, were
expected to dissipate more energy through beam plastic rotations than their SCBF
counterparts.

For the SCBF archetypes, although the unbalanced load was reduced in the double-story
configuration, its effects still could not be ignored in beams. Under the unbalanced load,
the moment demands in the middle span of the beams were similar to the moment
demand in the ends of the beams.

For double-story X SCBFs, the middle-span vertical deformation of beams for the
design-level event may not contribute to the structural damage to any large extent, but it
may cause nonstructural damage that cannot be ignored. For the MCE-level event for the
first story of 6SCBFDmaxSAC, the vertical deformation in the middle span of beams was
as high as 3.93 inches, corresponding to about 2% rotation of the beam-column
connection. This greatly increased the deformation demands of the beam-column
connections and hence increased the risk of damaging them.

For the double-story X configuration, the column axial force demands changed every two
stories. The axial force demands of columns are presumably related to the brace demands
and capacity. The 16-story BRBF archetypes had higher column moment demand than
their SCBF counterparts under the same ground motion excitation; the column responses
of 16BRBFDmaxSAC exhibited more flexural behavior while those of
16SCBFDmaxSAC exhibited more tensile and compressive behavior.

To estimate the axial force demands of columns, it is conservative to consider the full
capacity of braces and beams in all stories. Reduction factors were used in the capacity of
braces and beams for estimating column axial force demands. With the appropriate
reduction factors, the percent errors were less than 10% except for the top stories, where
the absolute errors were not greater than the other stories.
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8.3

EVALUATION OF DESIGN PARAMETERS USING FEMA P695
METHODOLOGY

Various archetypes of SCBF and BRBFs ranging from 2 to 16 stories were evaluated. The
appropriateness of seismic performance factors was investigated according to the FEMA P695
(ATC-63) methodology.

8.4

The BRBFs passed the evaluation, but the two-story SCBF designed for the upper bound
of seismic design category D failed. Therefore the seismic performance factors of
ASCE/SEI 7-05 seem appropriate for BRBFs based on FEMA P695 and the archetypes,
but may need adjusting for the two-story SCBF.

The taller archetypes were designed with the drift control criteria, and member sizes may
be increased to obtain more stiffness to limit the drift. The strength is usually increased
by increasing the stiffness accordingly. Low-rise archetypes typically satisfy drift
requirements, and member sizes need not be increased beyond those required for
strength. Thus they have less reserve capacity to resist collapse.

The Equivalent Lateral Force Analysis (ELF) and Model Response Spectrum Analysis
(RSA) resulted in greater differences in member sizes for higher-rise braced frames than
lower-rise braced frames. For example, in the 6-story SCBFs, the difference of force
demand in the members determined by ELF and RSA was within 10%. For the 16-story
SCBFs, the difference increased to 50%. The displacement demand under RSA was much
less than that of ELF.

RECOMMENDATIONS FOR FUTURE WORK

Full-scale component and frame test data from large brace sizes will significantly
improve the numerical models and increase the confidence of performance evaluations.
Brace components with larger sections are usually stockier and tend to be used with
smaller slenderness ratio (KL/r). Braces with smaller KL/r ratio usually have less
ductility capacity, although they provide higher initial compression strength. Gusset
plates and brace-to-framing connections adjacent to the braces, based on capacity design
criteria, also have higher deformation and force demand due to the larger capacity of the
heavy braces. The test data should be used to improve the confidence on the quality of
the parameters to design the braced frame systems in a more rational manner.

The evaluation of braced frames should be extended to different design choices, such as
different floor plans, different vertical configurations, and different numbers of braced
bays. Investigations of different brace configurations should cover a wider range of
samples to improve the confidence of the evaluation.

The torsional effect of the braced frames building is an important factor, especially when
the structure is subject to near-field ground motions in two orthogonal directions, which
may cause obvious asymmetric excursions. Future numerical simulations should be able
to model the fracture of the braces and structural behavior under multidirectional force
demand.

Complex nonlinear behavior of buckling braces and the tendency to form weak stories in
SCBFs increase the difficulty of designing such a structural system using PBEE. New
strategies need to be developed to reduce or redistribute the engineering demand, so that
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the demand can be compatible with the structural capacity by applying other engineering
solutions, such as base-isolation systems, rocking mechanisms, or elastic back-up frame
systems.

While the performance-based design method is a powerful tool, it requires extensive
nonlinear analyses. This complex and time-consuming analysis has limited appeal in
practice, and more efforts are required to simplify the method.
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9 Appendix A: Design of SCBF and BRBF
Archetype Buildings for Evaluation of
Seismic Performance Factors

Index archetypes for SCBF and BRBF are designed by adopting the design requirements of
ASCE/SEI 7-05 and the referenced standards. Test data are used to support the designs as
necessary. The index archetype designs of SCBF and BRBF account for the significant design
features that may affect the structural collapse behavior. Structural components such as beams,
columns, and braces are designed to comply strictly with the code requirement.

There are a variety of archetype configurations and design choices. In the evaluation of
the SCBF and BRBF, our objective is to give an overview of the performance of braced frame
systems. Therefore, we adopted the most common options during the design. Regular structural
layouts and typical loading conditions were used. The archetype designs were intended to cover
a reasonable range of the practical designs, but not include those designs for extreme seismic
performances. The seismic criteria, design loads, load combinations, and related requirements for
the SCBF and BRBF archetypes are described in this appendix.

A.1  Archetype Design Information

All the archetypes have similar floor layouts with typical material properties and gravity loads.
The material properties and gravity loads are modified from Steel TIPS [Lopez and Sabelli 2004;
Cochran and Honeck 2004] and SAC building designs [Gupta and Krawinkler 1999]. The design
information is summarized as follows:

Structural Materials

« W sections ASTM A992 (Fy = 50 ksi, Fu= 65 ksi)

« HSS sections ASTM A500 Gr.B (Fy = 42 ksi for square tube sections, 46 ksi for
circular pipe sections, Fu = 58 ksi )

. BRB Steel Core ASTM A36 or JIS G3136 SN 400B with supplemental yield
requirements: Fyq. = 42 ksi

« Gusset plates ASTM A572, Grade 50 (Fyg = 50 ksi, Fu = 65 ksi )

« Weld electrodes E70XX (notch toughness: 20 ft-1b at —20° Fahrenheit)
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Gravity loading
Roof Loading:

Roofing and insulation: 7.0 psf
Metal deck and concrete fill: 47.0 psf
Steel framing and fireproofing: 8.0 psf

Ceiling: 3.0 psf

Mechanical/electrical: 2.0 psf

Total: 67.0 psf
Floor Weights:

Metal deck and concrete fill: 47.0 psf
Steel framing and fireproofing: 13.0 psf

Partition walls: 20.0 psf
Ceiling: 3.0 psf
Mechanical/electrical: 2.0 psf
Total: 85.0 psf

Average Exterior Curtain Wall Weight including Column and Spandrel Covers: 15.0 psf

Live Loads (reducible):
Roof: 20 psf
Floor: 50 psf

Based on these loadings, the design considerations and the member sizes of all the
archetypes are summarized in the following sections.

A.2 Seismic Design Loading Criteria

The seismic loads and design criteria in ASCE/SEI 7-05 were specified based on the Seismic
Design Category (SDC) of the structure. SDCs are determined from the ground motion intensity
of the design earthquake and the Occupancy Category of the structure. FEMA P695 (ATC-63)
assumes all structures to be either Occupancy Category I or II with a corresponding importance
factor equal to unity. For the SCBFs and BRBFs we evaluated, the Occupancy Category was
chosen to be II. The design spectral response acceleration short periods and 1-second period are
shown in Table A.1. The site coefficients F, and F, and the response modification coefficient R
are also listed in Table A.1.
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Table A1 Design parameters of SCBF and BRBF archetypes.

Seismic design category Dinax Duin
Occupancy category II (Office)
Importance factor 1.0
Design spectral acceleration at
short periods, Spg 1.0g 0.5
Design spectral acceleration at
. . 2
1-sec period, Sp; 0.6¢ 0.2¢
F, 1.0 1.36
F, 1.5 2.27
R 6(SCBF), 8(BRBF)

A.3 Seismic Load Resisting System Parameters

The seismic base shear varies depending on the analysis procedure. In the design of SCBF and
BRBF archetypes, the analysis procedure was determined for each archetype from Section 12.6
in ASCE/SEI 7-05. The equivalent lateral force analysis (ELF) was used for most of the
archetypes except for archetypes 16SCBFDmax, 16SCBFDmin, 12BRBFDmax, 12BRBFDmin,
16BRBFDmax, and 16BRBDmin, for which the modal response spectrum analysis (RSA) was
used.

A.3.1 Equivalent Lateral Force Analysis
In the ELF procedure, the seismic base shear, V, in ASCE/SEI 7-05 is defined by

V=CW (A.1)

where C; is the seismic response coefficient and W is the effective seismic weight of the
building. The seismic coefficient, Cj, is calculated for short-period and long-period archetypes.

For short-period archetypes (T < Ty):

S
C, =" A2
ST R (A2)

where Sps is the design spectral response acceleration parameter in the short period range and R
is the response modification factor. The occupancy importance factor, I, is unity and not shown
in the equation.

For long-period archetypes (7, < T < T;):

(A.3)

where Sp; is the design spectral response acceleration parameter at a period of 1.0 sec, T is the
fundamental period of the structure (sec), and Tp is the long-period transition period (sec)
between the constant velocity and constant displacement response domains. Again, the
occupancy importance factor is 1.0 and not shown in the equation.
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In FEMA P695 (ATC-63), the calculation of seismic response coefficient from Equation
A.3 is constrained by a lower bound value of 0.044 for Sps which is used in many of the long-
period archetypes, especially the higher-rise BRBFs.

In ASCE/SEI 7-05, the value of Cs is computed from another equation for very long
period structures with a fundamental period 7' > T;. It does not apply to the evaluation here. Due
to possible limitations on the low-frequency content of the selected ground motion records, the
FEMA P695 (ATC-63) methodology limits the index archetype designs to configurations with
fundamental periods less than 4 sec.

The design story drift was computed by amplifying the story drift under elastic analysis
and can be expressed in Equation A.4.

é‘x = Cd 5)[8 (A4)

where Cq is the deflection amplification factor and o, are the deflections determined by an

elastic analysis. The elastic analysis is conducted by using the seismic base shear V. The elastic
drifts, o, , were determined by using seismic design forces based on the computed fundamental

xe

period of the structure without the upper limit of (Cy)(T,).
A.3.2 Modal Response Spectrum Analysis (RSA)

Some of the SCBF and BRBF archetypes were designed using the RSA procedure from
ASCE/SEI 7-05. For those archetypes, the analyses included a sufficient number of modes so the
combined modal mass participation was more than 90% of the actual mass. The force-related
design parameters for each mode of response were computed from the response spectra divided
by R. The value for displacement and drift quantities computed from the response spectra were
multiplied by C4, which equals R for the SCBF and BRBF archetype design. The combined
responses from various modes were calculated by the SRSS method.

The base shear, V, of the archetype to be evaluated was calculated using (C,)(T,) as
prescribed in ASCE/SEI 7-05, since the calculated fundamental period T; of each archetype
exceeds (Cy)(T,). The combined response for the modal base shear V; for each archetype was
less than 85% of the base shear V calculated from the ELF procedure. Therefore the forces in the
RSA procedure were multiplied by 0.85(V/Vy), but according to ASCE/SEI 7-05, the drifts need
not increase by the factor 0.85(V/V;). The drift calculation was based on V;, which can be much
less than V, in the SCBF and BRBF archetypes. For the archetype designs that drift controls, the
force demand is reduced dramatically if RSA is adopted instead of ELF.

A.4  Story Drift Limit

The design story drifts determined from either ELF or RSA are limited by the allowable story
drift in ASCE/SEI 7-05. For the two- and 3-story archetypes, the maximum story drift ratio
modified by Cq4 factor was limited to 2.5% radian; for the 6-, 12-, and 16-story archetypes, the
maximum story drift ratio modified by Cq4 factor was limited by 2.0% radian. By changing the
member sizes, the stiffness of the archetypes was increased to satisfy the code prescript drift
limits.
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A.5 P-A Effects

The P-A effects, which can be evaluated as per ASCE/SEI 7-05, are less likely to control the
design of buildings in high seismic areas. In the SCBF and BRBF archetypes designed for SDC
Dpax and Dpin, the P-A effects did not dominate the design as calculated. Instead, the force
controls the design of lower-rise archetypes and drift controls the design of higher-rise
archetypes in general.

A.6 Loads and Load Combinations

The archetypes were designed in accordance with the seismic load effects and load combinations
of Section 12.4 of ASCE/SEI 7-05 and guidance provided in FEMA P695 (ATC-63). The
designs ignore snow load S and foundation loads H, and the basic seismic load combinations are:

(12+402S,))D+0, +1L (A.5)
(0.9-0.25,,)D+0, (A.6)

where D is dead loads including the structural self weight and superimposed dead loads, L is the
live load including appropriate live load reduction factors, and Qp is the effect of horizontal

seismic forces resulting from the base shear V. The redundancy factor, p, is conservatively
assumed to be 1.0 in all cases in FEMA P695 (ATC-63), so it is not shown in the load
combination.

The overstrength is required for the seismic load effect for the design of some structural
components, such as columns. Ignoring snow and foundation loads, the load combinations for
strength design of such components are:

(12+402S,)D+Q,0, +L (A.7)
(0.9-0.25,,)D+Q,0, (A.8)

where Q, is the overstrength factor.

The load combinations for the design of SCBF and BRBF archetypes are summarized in
Table A.2.

Table A.2 Load combination of SCBF and BRBF archetypes.

With or SDC Dmax, SDS = 1.0g SDC Dmin, SDS = 0.5¢

without Q,
SCBF and BRBF SCBF and BRBF
Where Qo 18 14D +Qp + L 1.3D+Qp+L
not required
0.7D+ Qg 0.8D+Qf
SCBF BRBF SCBF BRBF

Where Q088 | 1 4p12.00, +1L 1.4D+2.505 +L 1.3D+2.00; + L 1.3D+2.50; +L

required

0.7D+2.0Q; 0.7D+2.50% 0.8D+2.00g 0.8D+2.50p
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A.7 Trial Values of Seismic Performance Factors

For the purpose of evaluating the appropriateness of seismic performance factors in current code,
we chose the response modification coefficient R and the overstrength factor €, based on
ASCE/SEI 7-05. The displacement amplification coefficient Cq4, however, was equal to R for
most structural systems without damping devices. Section 7.7 in FEMA P695 (ATC-63) defines
the value of the deflection amplification factor C4 to be the same as the value of the R factor,
unless the system has increased damping (i.e., greater than nominal 5% of critical).

A.8 Structural Configurations and Member Sizes

The structural layouts of the archetypes are shown in Figures A.1 to A.3. Regular plan view is
selected to avoid excessive torsional effects. The structural layouts of 3- and 6-story archetypes
are similar to braced frames by others [DASSE 2007]. The braced bays (for both SCBFs and
BRBFs) are located at the perimeter of the structures. For 2-, 3-, and 6-story archetypes, one bay
of braced frame is used in each side of the perimeter. For 12- and 16-story archetypes, two bays
of braced frame are used in each side of the perimeter. The floor plan is 180 ft by 120 ft. Beam
spans are typically 30 ft, except in the 2-story archetypes where the span is 20 ft. The
configuration of double-story X is used in the archetypes due to its benefit for design cost. The
story height is 15 ft for all archetypes, except for the 2-story series, which has story height of 10
ft. The archetype of the 2-story SCBF designed for SDC Dmax is designed to comply with the
design of the tested specimens [Uriz and Mahin 2008].

\ 9x20 =180 ‘
T HET 2
I—H H —H H H HH-H—IO|
TP U U U U L LA U ot | BT
I—H+—H—H—H—H-—H—H—H I -
LT e ©
R =
I——H—H —H—H—H-—H—H—H-—I N C>\l<
Jc—n—h—n-tflifwlfn-‘lfiqflu—n-h :IE:S 2 STORY
AT e, ==
Figure A1 Plan and elevation of 2-story braced frame archetypes.
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Figure A.2 Plan and elevation of 3-story and 6-story braced frame archetypes.
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Figure A.3 Plan and elevation of 12-story and 16-story braced frame archetypes.

The gravity systems are simplified as leaning columns, which are pin-connected on each
floor level to account for P-A effects in the design. The gravity systems are assumed to have no
lateral resisting capacity, and their failure is not specially considered in analysis of the
archetypes. Axial load on the leaning column is taken as the total dead load of the system
tributary to a braced bay. The member sizes of the archetypes, shown in Table A-3 to Table A-
12, are determined from the strength and drift requirements in ASCE/SEI 7-05 and the
methodology of FEMA P695 (ATC-63).

Table A.3 Member sizes of 2-story SCBF archetypes.
2 STORY SCBF
Columns Braces Beams
Floor - - -
Dmax Dmin Dmax Dmin Dmax Dmin
Roof W10x45 W10x30 HSS6x6x3/8 HSS6x0.25 W24x117 W18x35
2F W10x45 W10x30 HSS6x6x3/8 HSS6x0.25 W24x117 w18x50
Table A.4 Member sizes of 2-story BRBF archetypes.
2 STORY BRBF
Columns Braces Beams
Floor - - -
Dmax Dmin Dmax Dmin Dmax Dmin
Roof W10x39 W10x26 5in.? 2.5in? W18x35 | WI18x35
2F W10x39 W10x26 5in.? 2.5in.? W18x50 | W18x35
Table A.5 Member sizes of 3-story SCBF archetypes.
3 STORY SCBF
Columns Braces Beams
Floor : : :
Dmax Dmin Dmax Dmin Dmax Dmin
Roof W12x120 W12x72 HSS8-3/4x0.312 HSS6-1/8%0.25 W30x173 | W21x132
3F W12x120 W12x72 HSS8-3/4%0.5 HSS6-7/8%0.312 W21x111 W18x76
2F W12x120 W12x72 HSS9-5/8%0.5 HSS7-1/2x0.312 W18x65 W18x46
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Table A.6

Member sizes of 3-story BRBF archetypes.

3 STORY BRBF

Floor Columns Braces Beams
Dmax Dmin Dmax Dmin Dmax Dmin
Roof W12x120 W14x82 3in.? 1in2 W21x62 W21x62
3F WI12x120 | W14x82 5.5in. 2in’ WI8x76 | W21x55
2F W12x120 W14x82 6 in.? 2in? W21x62 W21x62
Table A.7 Member sizes of 6-story SCBF archetypes.
6 STORY SCBF
Columns Braces Beams
Floor
Dmax Dmin Dmax Dmin Dmax Dmin
Roof W14x68 W12x53 HSS7-1/2x0.312 HSS6x0.25 W18x97 W18x76
6F W14x68 W12x53 HSS9x5/8%0.375 HSS6-5/8x0.25 W24x104 W18x76
S5F W14x176 W12x106 HSS9x5/8x0.5 HSS7x0.312 W24x131 W18x76
4F W14x176 W12x106 HSS11-1/4x0.5 HSS7x0.375 W18x76 W21x68
3F W14x342 W14x159 HSS12-1/2x0.5 HSS8-3/4%x0.312 W24x146 W18x86
2F W14x342 W14x159 HSS12-1/2x0.5 HSS8-3/4%x0.312 W21x62 W21x62
Table A.8 Member sizes of 6-story BRBF archetypes.
6 STORY BRBF
Columns Braces Beams
Floor
Dmax Dmin Dmax Dmin Dmax Dmin
Roof W14x90 W14x53 2.5in? 1 in? W18x76 W21x55
6F W14x90 W14x53 5in.? 1.5 in.2 W21x62 W21x62
S5F W14x193 | W14x90 | 5.5in’ 1.5in” | WI8x76 | W21x55
4F W14x193 W14x90 7 in? 2in? W21x62 W21x62
3F W14x342 W14x176 8 in. 2in? W18x76 W21x55
2F | Wl14x342 | W14x176 | 8in? 2in? W21x62 | W21Ix62
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Table A.9

Member sizes of 12-story SCBF archetypes.

12 STORY SCBF (ELF)

Floor Columns . Braces . Beams .
Dmax Dmin Dmax Dmin Dmax Dmin
Roof | WI12x45 W12x40 HSS6-5/8x0.312 HSS5x%0.25 W18x55 W18x40
12F W12x45 W12x40 HSS6-5/8x0.312 HSS5x%0.25 W18x35 W18x35
11F W14x99 | WI14x53 HSS8-3/4x0.312 HSS6-5/8x0.25 W18x60 W18x46
10F W14%x99 W14x53 HSS8-3/4%x0.312 HSS6-5/8%x0.25 W18x35 W18x35
9F W14x193 W14x74 HSS10x0.375 HSS6-7/8x0.312 W18x65 W18x46
8F W14x193 Wl14x74 HSS10x0.375 HSS6-7/8%x0.312 W18x35 W18x35
7F W14x283 W14%x99 HSS10x0.375 HSS7x0.312 W18x65 W18x46
6F W14x283 W14x99 HSS10x0.375 HSS7x0.312 W18x35 W18x35
SF W14x398 | W14x132 HSS9-5/8%0.5 HSS7x0.312 W18x71 W18x46
4F W14x398 | W14x132 HSS9-5/8%0.5 HSS7x0.312 W18x35 W18x35
3F W14x550 | W14x176 HSS9-5/8x0.5 HSS7x0.312 W18x71 W18x46
2F W14x550 | W14x176 HSS9-5/8%0.5 HSS7x0.312 W18x35 W18x35
Table A.10 Member sizes of 12-story BRBF archetypes.
12-STORY BRBF (RSA)

Floor Columns . Bra.ces Bea@s

Dmax Dmin Dmax Dmin Dmax Dmin

Roof | WI12x40 W12x40 3 1.5 W18x46 W18x35

12F W12x40 W12x40 3 1.5 W18x35 W18x35

11F W14x74 W14x61 35 2 W18x46 W18x35

10F W14x74 W14x61 35 2 W18x35 W18x35

9F W14x99 Wl14x74 4 2.5 W18x46 W18x35

8F W14x99 W14x74 4 2.5 W18x35 W18x35

7F W14x145 W14x90 4.5 3 W18x46 W18x35

6F W14x145 W14x90 4.5 3 W18x35 W18x35

S5F W14x176 | W14x120 55 35 W18x50 W18x35

4F W14x176 | W14x120 5.5 35 W18x35 W18x35

3F W14x257 | W14x176 6 3.5 W18x50 W18x35

2F W14x257 | W14x176 6 35 W18x35 W18x35
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Table A.11

Member sizes of 16-story SCBF archetypes

16-STORY SCBF (RSA)

Floor Columns Braces Beams
Dmax Dmin Dmax Dmin Dmax Dmin
Roof W12x45 W12x40 HSS9-5/8x0.375 HSS5x0.312 W18x65 W18x50
16F W12x45 W12x40 HSS9-5/8%0.375 HSS5x%0.312 W18x35 W18x35
15F W14x82 W14x53 HSS8-5/8%0.5 HSS6x0.312 W18x71 W18x50
14F W14x82 W14x53 HSS8-5/8%0.5 HSS6x0.312 W18x35 W18x35
13F W14x120 W14x68 HSS11-1/4%0.5 HSS6x0.312 W18x86 W18x50
12F W14x120 W14x68 HSS11-1/4x0.5 HSS6x0.312 W18x35 W18x35
11F W14x176 W14x90 HSS10x0.625 HSS6x0.312 W18x86 W18x50
10F W14x176 W14x90 HSS10x0.625 HSS6x0.312 W18x35 W18x35
9F W14x233 | W14x109 | HSS11-1/4x0.625 HSS6-5/8%0.312 W18x97 W18x50
8F W14x233 | W14x109 | HSS11-1/4x0.625 HSS6-5/8x0.312 W18x35 W18x35
7F W14x283 | W14x132 | HSS11-1/4x0.625 HSS6-5/8%0.312 W18x97 W18x50
6F W14x283 | W14x132 | HSS11-1/4x0.625 HSS6-5/8%0.312 W18x35 W18x35
S5F W14x342 | W14x159 | HSS11-1/4x0.625 HSS6-5/8%0.5 W21x93 W18x60
4F W14x342 | W14x159 | HSS11-1/4x0.625 HSS6-5/8%0.5 W18x35 W18x35
3F W14x370 | W14x193 W12x96 HSS6-5/8%0.5 W24x146 W18x60
2F W14x370 | W14x193 W12x96 HSS6-5/8%0.5 W18x35 W18x35
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Table A.12 Member sizes of 16-story BRBF archetypes.

16-STORY BRBF (RSA)

Floor Columns ' Braces . Beams '
Dmax Dmin Dmax Dmin Dmax Dmin

Roof W12x40 W12x40 3 1.5 W18x46 W18x35
16F W12x40 W12x40 3 1.5 W18x35 W18x35
15F W14x82 W14x61 35 2.5 W18x46 W18x35
14F W14x82 W14x61 35 2.5 W18x35 W18x35
13F W14x109 W14x82 4.5 3 W18x46 W18x35
12F W14x109 W14x82 4.5 3 W18x35 W18x35
11F W14x159 W14x99 4.5 3 W18x46 W18x35
10F W14x159 W14x99 4.5 3 W18x35 W18x35
9F W14x193 | W14x120 5.5 35 W18x50 W18x40
8F W14x193 | W14x120 5.5 35 W18x35 W18x35
7F W14x233 | W14x145 6 35 W18x50 W18x40
6F W14x233 | W14x145 6 35 W18x35 W18x35
SF W14x342 | W14x176 6.5 4 W18x50 W18x40
4F W14x342 | W14x176 6.5 4 W18x35 W18x35
3F W14x426 | W14x233 7 4.5 W18x55 W18x40
2F W14x426 | W14x233 7 4.5 W18x35 W18x35

Braces in SCBFs and BRBFs are assumed to have pin connections to the framing. Rigid-
in-plane offsets are assumed at the beam-column connections and brace-to-framing connections.
The effective length of the braces corresponds to 70% of the workpoint-to-workpoint length. The
braces are designed to resist more than 70% of the lateral forces. HSS round sections are used for
most of the SCBF archetypes except for the locations where the demand is too large to use HSS
round sections, in which case compact wide flange sections are used. For the buckling-restrained
braces, only the steel core areas are determined in the design of the archetypes. The effective
stiffness of the BRBs are modified to 1.4 times the stiffness computed using only the steel core
to account for the stiffness contribution from tapered and connection areas of the BRBs.

Fully restrained connections are adopted in the design of beams. Beams are laterally
supported at quarter points along the span. In SCBF and BRBF archetypes, the beams where the
braces intersected at beam-column connections are also designed to carry the axial force from
braces. The capacity design concept is adopted. The axial force from braces are conservatively
estimated as R,F,4, in tension and zero in compression, where R,F, is the expected yield
strength of the braces and A, is the brace gross area. For the beams where the braces intersected
at the mid-span, the unbalanced loads due to the capacity difference of braces above and below
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the beams are applied. The unbalanced loads in SCBFs are estimated based on R,F,4, for tension
braces and 0.3P, for compression braces, where P, is the nominal compression capacity of the

conventional buckling braces. In BRBFs, the capacity of braces is estimated as wfP,, for

compression and P, for tension, where @ is the tension strength adjustment factor, S is the

compression strength adjustment factor, and P,

s 18 the yield strength of steel core. @ and wf
are estimated as 1.15 and 1.18, respectively, which are similar to the design in Steel Tips [Lopez
and Sabelli 2004]. Due to the configuration of double-story X in elevation, the unbalanced loads
of the SCBF and BRBF archetypes cancel out and only a small portion of the unbalanced force is
applied in the beams. The beams are also designed to carry the tributary gravity load distributed

along the span.

Columns of the braced frames are fixed at the base. They are oriented to resist lateral
force by strong-axis bending. The columns are designed to carry the appropriate load
combinations including the overstrength factor, QQ,. W14, and W12 sections with proper axial,
shear, and flexural capacity are used for the columns. Generally, the column sections are
changed every two stories and the splices are assumed to be on the floor level.
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