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Abstract

Buckling Restrained Braced Frames (BRBFs) have become a popular seismic force
resisting system (SFRS) due to their high ductility and energy dissipation. However,
BRBFs are also susceptible to large residual drifts, which can make repair difficult.
Efforts to reduce the residual drift of BRBFs typically involve special self-centering
braces, or by using a dual system in tandem with the BRBF. This study proposes
an alternative approach, in which a self-centering steel rocking frame is used as the
boundary frame for the BRBF. The proposed system, called the NewZ-BREAKSS
Buckling Restrained Braced Frame (NZ-BRBF) utilizes the recently proposed NewZ-
BREAKSS (NZ) boundary frame to increase the post-yield stiffness of the system
while concentrating all damage to the BRBs. The NZ-BRBF system is expected to
behave similarly to conventional BRBF, but with smaller residual drifts and a bound-
ary frame that remains essentially elastic, simplifying repair. This study presents a
numerical investigation of the proposed low-damage SFRS, using the FEMA P-695
methodology as a guiding framework. The results suggest that the NZ-BRBF can
exhibit better performance than conventional BRBFs and can be designed with the

same response modification factor (R factor) as conventional BRBFs.
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Chapter 1

Introduction

This study presents the results of a numerical investigation into a newly proposed
seismic-force resisting system (SFRS), the NewZ-BREAKSS Buckling Restrained
Braced Frame (NZ-BRBF). The NZ-BRBF system is a type of Buckling Restrained
Braced Frame (BRBF) with a boundary frame detailed such that damage is concen-
trated in the Buckling Restrained Braces (BRBs). The results presented in this study
suggest that the NZ-BRBF system can be designed for a seismic response modification
factor (R factor) of 8, same as BRBFs, and that the detailing of the NZ-BRBF bound-
ary frame can help to reduce residual deformations and increase the repairability of

the system after a design-level event.

1.1 Motivation

Modern building codes require that seismic-force resisting systems (SFRSs) be de-
signed for life-safety for typical buildings. Designing only to the performance objective

of life-safety, however, can lead to severe structural damage after a design level event,



likely requiring demolition of the building. This design paradigm has left urbanized
regions vulnerable to significant economic and socio-economic losses. Alternatively,
a new design paradigm in which SFRSs are designed to be low-damage and easily
repaired could facilitate rapid recovery. Low-damage SFRSs are typically comprised
of self-centering systems that isolate energy dissipation to replaceable elements (i.e.
structural fuses) and typically provide frame self-centering through post-tensioned
(PT) rocking joint details. Towards this alternative design paradigm, this research
investigates the newly proposed NZ-BRBF system, which, while not self-centering,

utilizes a post-tensioned low-damage boundary frame to reduce residual drift.

1.2 Proposed System

The NZ-BRBF system provides resistance and ductility through buckling-restrained
braces (BRBs), and provides resilience and repairability through utilizing the re-
cently proposed NewZ-BREAKSS boundary frame [1]. NewZ-BREAKSS stands for
“New Zealand-inspired-Buffalo Resilient Earthquake-resistant Auto-centering while
Keeping Slab Sound”, and for brevity will be referred to as the NZ boundary frame.
A schematic of the proposed SFRS, with a “Lightning-Bolt” (LB) brace configuration,
is presented in Figure 1.1. For the condition shown in the figure, the post-tensioning
(PT) elements are located at the horizontal boundary element (HBE) centroid with

anchorages at the column and at 1/3 points along the beam span.

In this configuration, all structural damage is designed to be concentrated in the
BRBs; the NZ rocking joint detail provides damage-free boundary frame stiffness,
and the column hinge at the first floor midpoint prevents the formation of a plastic
hinge at the column base. The column hinge is located at the midpoint of the first floor
rather than the base of the column to mitigate potential soft-story effects arising from

a pinned column base detail. Additionally, the BRBs are connected to the frame with



Rocking joint /

VBE
BRB /

Column hinge
(multi-story only)

Foundation
/ collector beam Fixed base
NN ]

Figure 1.1: Elevation schematic of 3-story NZ-BRBF system with
Lightning-Bolt (LB) brace configuration

pinned connections separate from the beam-column joint, accommodating rocking

joint gap opening and closing. See Figure 1.2 for connection details.

The top-flange rocking joint detail accommodates large drifts while maintaining the
same center-to-center distance between columns, keeping the floor slab sound. This
differs from other rocking joints, such as flange rocking joints, where the beam rocks
about both the top and bottom flanges, leading to “beam growth”, where the distance
between columns increases with story drift [2]. See Figure 1.3 for illustration of a 4%

drift condition.
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Figure 1.2: NZ-BRBF beam-column connection
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Figure 1.3: Drift detail



Lightning-Bolt (LB) Zig-Zag (ZZ)

Figure 1.4: NZ-BRBF brace configurations

The NZ-BRBF system was investigated for the LB brace configuration and an al-
ternative “Zig-Zag” (Z7) configuration, where brace orientation alternates at every

other floor, as illustrated in Figure 1.4.

1.3 Methodology

This study follows the methodology outlined in the “Quantification of Building Seis-
mic Performance”, FEMA P-695, hereafter referred to as the P-695 [3]. The P-
695 methodology is a quantitative, statistical approach to what has otherwise been
an arbitrary process of determining ASCE 7 seismic performance factors (SPFs) for
seismic-force resisting systems (SFRSs). This methodology can be used both to check
existing SFRSs [4], [5] and to evaluate proposed systems [6], thus hastening validation
and adoption of new SFRSs.

Validating a new system using the P-695 methodology is a rigorous, peer-reviewed
process, comprised of archetype development, nonlinear model development, nonlin-
ear analysis, and performance evaluation. For archetype development, a range of
building configurations representing the design space of the system must be devel-

oped. The design space includes ranges in structural configuration, gravity loading,



seismic loads, and fundamental period (building heights). Archetype buildings must
then be designed in accordance with applicable design standards, assuming trial SPFs.
Once archetypes are designed, nonlinear models must be developed representing the
median behavior of the designed structures. Failure modes must be accounted for
in the numerical models, either directly simulated or indirectly accounted for by
non-simulated collapse conditions. Collapse evaluation of the nonlinear models is
then compared to acceptance criteria. Acceptance criteria are based off of structural
fragility curves, adjusted for uncertainties, and a target conditional probability of col-
lapse at the Maximum Considered Earthquake (MCE) intensity. If the system does
not meet acceptance criteria, new trial SPFs are selected. Then, the process repeats

until acceptable SPFs are validated.

This research loosely follows the P-695 methodology, with a limited archetype design
space, limited test data and peer-review. To reflect the limitations of the study,
penalties are imposed on performance evaluation. Therefore, this study should be
regarded as preliminary results showing promise of the NZ-BRBF system and insight
into its seismic behavior, but not validation of the system. Further study, especially

experimental studies, would have to be conducted to fully validate the system.

1.4 Research objectives

The objectives of this research are as follows:

1. Characterize the mechanical behavior of the NZ-BRBF system through devel-

opment of simple mathematical equations.

2. Create numerical models that accurately represent the kinematics of the NZ-

BRBF system.



3. Establish design requirements for the NZ-BRBF system and design a set of index

archetype models that represent a wide range of possible design configurations.

4. Quantify the seismic performance of the NZ-BRBF system through nonlinear

static and dynamic analyses.

5. Assess the collapse performance of the NZ-BRBF system by conducting Incre-

mental Dynamic Analyses.

6. Establish preliminary seismic performance factors for the NZ-BRBF system in

accordance with the P-695 methodology.

1.5 Thesis organization

The organization of the remaining chapters in this thesis are as follows:

o Chapter 2 reviews the relevant literature on BRBs and self-centering systems.
o Chapter 3 defines the kinematics of the proposed system.

o Chapter 4 describes the development and design of the index archetype build-

ings.

o Chapter 5 describes the nonlinear modeling details of the index archetype mod-

els.
o Chapter 6 presents the results of nonlinear static (pushover) analyses.

o Chapter 7 presents the ground motion suite used for nonlinear dynamic analyses,
and the system responses at design-basis and maximum considered earthquake

intensities.



o Chapter 8 presents the methodology and results of the Incremental Dynamic

Analyses conducted for collapse assessment.
o Chapter 9 presents the P-695 performance evaluation of the proposed system.

o Chapter 10 summarizes the results and discusses the findings.



Chapter 2

Background

This chapter reviews the literature on Buckling Restrained Braced Frames (BRBFs),
efforts to reduce their residual drift response at both local and global levels, and the

NewZ-BREAKSS (NZ) boundary frame.

2.1 Buckling Restrained Braced Frames

Buckling Restrained Braced Frames (BRBFs) are a special type of Concentrically
Braced Frame (CBF) which utilize Buckling Restrained Braces (BRBs) in place of
conventional braces. In contrast to conventional braces, which have asymmetric hys-
teretic response and buckle in compression, BRBs are capable of developing stable
hysteresis loops, yielding nearly symmetrically in both tension and compression, with-
out buckling [7]. This is typically accomplished by restraining the yielding core of the

brace by encasing it in an an unbonded concrete sleeve, as shown in Figure 2.1.
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Figure 2.1: Schematic of a buckling restrained brace (BRB) [8]

Early studies with BRBs and BRBFs demonstrated that BRBF's exhibit better seismic
performance than than conventional CBFs [9], [10]. Because of this, since their intro-
duction, BRBs have grown in popularity, first codified for structural use in the USA
in 2005, with provisions added to ASCE-7 & AISC 341 [11], [12]. However, because
they dissipate energy through large yielding hysteresis loops, BRBFs do not exhibit
self-centering properties, and have been shown to be susceptible to large residual
drifts, similar to comparable Special Moment Resisting Frames (SMRFs) [13]. How
large is too large? A study done on the repair of structures after the Hyogoken-Nanbu
earthquake in Japan suggested a economic repairability limit of 0.5% roof and 1.0%
inter-story residual drift [14]. Additionally, there are other factors, such as safety
and construction tolerances, that have led to a proposed permissible drift level of
0.5%, or 0.005 rad [15]. Because ordinary BRBFs often exceed residual drift levels
of 0.5%, numerous methods have been proposed to reduce or eliminate the residual

drift response of BRBFs.

2.1.1 Efforts to Reduce Residual Drift

In general, there have been two approaches utilized to reduce the residual drift re-

sponse of BRBFs. The first approach is to modify the brace itself to achieve better
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performance, typically through use of post-tensioning rods configured such that they
are engaged in both tension and compression of the brace. The second approach is
to add a secondary system that increases the post-yield stiffness of the system and
therefore reduces the residual drift responses. The NZ-BRBF system utilizes this

second approach, with the NZ boundary frame providing secondary elastic stiffness.

2.1.1.1 Self-Centering Buckling Restrained Braces

One common approach to reduce the residual drift response of BRBFs is to utilize
special self-centering BRBs as proposed by Christopoulos et al. 2008 [16]. This
approach utilizes post-tensioning rods attached to the brace in a specific configuration
that engages the post-tensioning when the brace is in tension and compression, as

shown in Figure 2.2.
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Figure 2.2: Schematic and mechanics of generalized self-centering en-
ergy dissipative brace (SCED) [16]
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This concept was also employed by Eatherton et al. 2014, fitting a BRB with with
pretensioned shape memory alloy (SMA) rods designed to nearly eliminate the resid-

ual deformation of the brace, as shown in Figure 2.3.
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at Mi’ildlé3 Tubg Shortens at Outer Tube
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g ' is]
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the Gaps and Bring (a) Brace Subjected to Shortening
Tubes into Alignment
Gap Opening BRB Core Gap Opening L]
at Outer Tube Elongates at Middle Tube ™|

-

|
o O o O
o O o O
|

(b) Brace Subjected to Elongation

Figure 2.3: Schematic of self-centering buckling restrained brace (SC-
BRB) [17]

Similarly, Atasever et al. 2020 proposed a special BRB with externally post-tensioned
carbon fiber composite cables, as shown in Figure 2.4, with experimental results

demonstrating its effectiveness in reducing residual drift response.

Another similar brace was proposed by Xie et al. 2020, additionally incorporating
a friction fuse to prevent fracture of the post-tensioned carbon fiber composite ca-
bles, increasing its maximum deformation while sacrificing some of its self-centering

capability.
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Figure 2.4: Schematic of externally post-tensioned buckling restrained
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2.1.1.2 BRBF Combined with Secondary System

Another common approach that has been studied for reducing residual drift of BRBFs
is to utilize a secondary system in parallel with the BRBF to increase its post-yield
stiffness. The benefit of this approach over using self-centering BRBs is that it can

be easily implemented with conventional structural components.

As an example of the effectiveness of this approach, Kiggens and Uang 2006 com-
bined a BRBF system with a SMRF in parallel, and effectively reduced the residual

interstory drift, as shown in Figure 2.6.
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(b) 6-story frames.

Figure 2.6: Peak and residual drift profiles, comparing BRBF alone
(BF) with a dual BRBF-SMRF frame [20]
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Another study combined a self-centering concentrically braced frame (SCCBF) in
parallel with a BRBF, and similarly found that the residual drift response was sig-

nificantly reduced.
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Figure 2.7: Peak and residual drift profiles, comparing BRBF alone
with a dual BRBF-SCBRBF frame [21]

2.2 Post-Tensioned Steel Rocking Frames

The NZ-BRBF system utilizes the NewZ-BREAKSS (NZ) boundary frame, a type
of post-tensioned steel rocking frame proposed by Dowden and Bruneau 2011 [2],
to provide secondary elastic stiffness, which is expected to reduce the residual drift
response of the system. The NZ boundary frame is a special type of post-tensioned
steel rocking connection, which is an alternative connection detail to conventional
moment resisting connections. Post-tensioned steel rocking connections were first
developed as a solution to the problem that traditional moment resisting connections

had low plastic rotation capacity and were susceptible to failure [22].

One of the first post-tensioned steel rocking connections was proposed by Christopou-
los et al. 2002: the post-tensioned energy dissipating (PTED) steel connection [22].

The PTED is a beam-column connection detailed such that the beam is allowed to

15



rock about its top and bottom flanges. This rocking behavior causes “beam growth”
that engages post-tensioning cables anchored at both ends of the boundary frame. In
addition, small yielding elements at the top and bottom beam flanges yield in ten-
sion and compression, providing energy dissipation. The resulting hysteresis of the
post-tensioning response and the yielding element response is flag-shaped, providing
energy dissipation with no residual drift. A schematic of the PTED system is shown

in Figure 2.8.
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Figure 2.8: Schematic of post-tensioned energy dissipating (PTED)
steel connection [22]
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However, this “beam growth” can cause damage to the floor diaphragm, which is
counter-productive to the goal of seismic resiliency. This problem was the motivation
behind development of the NZ boundary frame, which rocks only about the top-flange
of the beam, resulting in effectively zero beam growth. In order to engage the post-
tensioning in this configuration, two separate post-tensioning elements are required,

anchored independently on the beam, as shown in Figure 2.9.

The resulting system exhibits low-damage self-centering behavior without beam
growth, and was validated experimentally with Self-Centering Steel Plate Shear Walls
(SC-SPSWs) by Dowden et al. 2016. Experimental results on the SC-SPSWs estab-
lished that the boundary frame remained essentially elastic and the residual drift of

the system was less than the 0.5% limit at the MCE level intensity [23].

Rocking Point Rocking Point

Drift
\Gap Open G/ap(CIose

Figure 2.9: Schematic of NewZ-BREAKSS (NZ) steel connection [1]
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2.3 Summary of Relevant Research

Since their introduction, Buckling Restrained Braces (BRBs) have been increasingly
used in seismic applications for their substantial energy dissipation in tension and
compression. Buckling Restrained Braced Frames (BRBFs), have been shown to
have better seismic performance than conventional Concentrically Braced Frames
(CBFs). However, while BRBFs have excellent energy dissipation, they have low
post-yield stiffness, and are susceptible to large residual drifts, similar to Special

Moment Resisting Frames (SMRFs).

Two main methods have been proposed to reduce or eliminate the residual drift of
BRBF systems. One method is to modify the BRBs directly, adding post-tensioning
in a configuration that increases the post-yield stiffness of the brace. The other
method is to externally increase the post-yield stiffness of the system through the use
of a secondary system. Both methods have been shown to be effective in reducing

residual drifts.

This study focuses on externally increasing the post-yield stiffness of the system,
through use of the NewZ-BREAKSS (NZ) boundary frame. The NZ boundary frame
is a type of post-tensioned steel rocking frame, developed as an alternative to con-
ventional welded moment connections. Studies have shown that the NZ boundary
frame is effective in reducing residual drift of Steel Plate Shear Walls (SPSWs), while
remaining essentially elastic. While BRBFs are not the same system as SPSWs, it
is expected, based on the literature, that incorporating it in parallel with BRBs will

reduce the overall residual drift response.
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Chapter 3

Kinematics of NZ-BRBFs

The NZ-BRBF system acts like a dual system, with BRBs acting as the main energy
dissipating seismic-force resisting elements, and the NZ boundary frame providing
elastic secondary stiffness and damage free-detailing. Combined, the system is ex-
pected to behave similarly to conventional BRB frames, but with smaller residual
drifts and increased repairability. This benefit of using the NZ boundary frame was
previously demonstrated by work on self-centering steel plate shear walls (SC-SPSWs)
[23].

This chapter presents analytical equations characterizing the kinematics of both com-
ponents of the NZ-BRBF system, as well as development of axial, shear, and moment
diagrams for the horizontal boundary frame elements. Some of the dimensions and

variables used in this chapter are illustrated in Figure 3.1.
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h brb

ALl pt
= L |
(a) Rocking joint (b) Brace and bay
Figure 3.1: NZ-BRBF dimensions (LB configuration)
where,
burp Horizontal offset to BRB connection
by Frame bay width
byt Horizontal offset to PT anchor
Aybe Depth of vertical boundary element (VBE)
Ahpe Depth of horizontal boundary element (HBE)
oo Vertical offset to BRB connection
hy = Frame story height
Pt = Vertical offset from top flange of HBE to PT
Ly, = Length of the BRB, from pin to pin.
Ly PT length
Ly Diagonal length from workpoint to workpoint.
NITSE TS
Q@ Brace angle from the horizontal
tan™" (hy/by)
W.P. = Work point (intersection of HBE & VBE centerlines)

20



3.1 Buckling Restrained Brace (BRB)

The NZ-BRBF system utilizes buckling restrained braces (BRBs) as its primary seis-
mic force resisting component. A free-body diagram of the equivalent seismic forces

acting on the frame and the yielding mechanism of the BRBs is shown in Figure 3.2.

—
Vbase

(a) LB configuration (b) ZZ configuration

Figure 3.2: NZ-BRBF yielding mechanism

where,
E; = FEquivalent lateral force acting at level ¢
P, = BRB axial force at floor ¢
Viwse = DBase shear
Mpese = Overturning resisting moment at base

The benefit to using BRBs as the inelastic energy dissipation element in the NZ-BRBF
system is that BRBs exhibit stable hysteresis and substantial energy dissipation in
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both tension and compression. This property of BRBs is achieved by utilizing a
reduced-section yielding core, which is braced against buckling, often through use of
a restraining steel tube filled with concrete fill. However, because BRBs are a man-
ufactured structural element, detailing can vary between manufacturers [24]. This
complex and uncertain geometry of BRBs can be a challenge for modeling and analy-
sis. Therefore, generalized equations were developed for this study which characterize

a wide range of BRB geometries.

For this study, typical BRB geometry was assumed, shown in Figure 3.3. The typical
BRBs has three zones: the restrained yielding core, the stiffened connections and
the transition zone between the core and connections. The stiffened connections
are assumed to behave elastically, and the transition zones are assumed to remain

essentially elastic. However, in lieu of specific detailing from a manufacturer, and

De-bonding agent
& expansion material Concrete fill

& = -f
R \ Steel tube
4 PR
Steel core/ =
SECTION A-A o i Transition ~ Connection
Yielding region region region
typ. typ.
A 4—|
A 4J View of overall BRB

Restrained Unrestrained
non-yielding non-yielding

Restrained yielding segment segment segment
.

typ. typ.

View of BRB steel core

Figure 3.3: Common BRB assembly [25]

to simplify analytical and numerical modeling, the connection and transition zones
were lumped into one linear-elastic end-zone (this combined end zone must have an

effective area larger than the yielding core area in order to maintain the linear-elastic
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assumption). The simplified representation of the brace, with yielding core and elastic

end zones labeled, is shown in Figure 3.4.

i Lez/Z Lyz Lez/Z ™
> | Ae A, A | O
Pin
(Typ.) Ly
Figure 3.4: Simplified representation of a BRB
where,
A,. = Cross-sectional area of yielding zone/core.
L,., = Length of the yielding zone/core.
A.. = Cross-sectional area of the elastic zone of the brace.
L.. = Total length of the elastic zones of the brace.
= Lbrb - Lyz

3.1.1 Effective Prismatic Truss

Because BRBs are non-prismatic, numerical modeling is typically done by either using
actual dimensions and material properties, applied to multiple elements representing
the different zones, or by using one prismatic truss element with effective dimensions
and material properties that capture the response of the brace. For simplicity in
modeling and analysis, the effective prismatic truss is desirable, and therefore was

used in this study.
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3.1.1.1 Effective Stiffness and Area

In order to determine the stiffness of the BRBs required for the effective prismatic
truss, the braces were idealized as springs in series, as is shown in Figure 3.5. Indi-
vidual spring stiffnesses are shown in Egs. (3.1-1) & (3.1-2), where Ej, is the elastic
modulus of the BRB material.

Figure 3.5: Springs in series

A zEbrb
k,, = —2 2 3.1-1
Y Lyz ( )
AezEbrb
ke, = 3.1-2
I (3.1-2)

Accordingly, the stiffness of the brace, k., can then be determined using the equation

for the stiffness of springs in series as shown in Eq. (3.1-3).

kpry = T 1 (3.1-3)

In order to model this stiffness in a single truss element extending from pin-to-pin,
the area and/or the elastic modulus must be modified. For this study, the elastic

modulus was kept constant, and an effective area was determined. The effective area,
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A;p, required to achieve the same stiffness is presented in Eq. (3.1-4), where Ly, is

as defined in Figure 3.4:
o kbrbLbrb
brb Ebrb

(3.1-4)

3.1.1.2 Stiffness Modification Factor and Detailing Ratios

Because the end elastic zone areas are assumed to be larger than the yielding zone
core areas, the effective area, Aj,,, of the brace will also be larger than the core
area. Additionally, assuming a rigid boundary frame from the BRB pin connections
to the frame workpoints, the effective prismatic truss stiffness will be larger than if
the yielding core area was extended to the workpoints. The ratio between the brace
stiffness and the stiffness of the core extended to the workpoints is a common measure
of the relative stiffness of a BRB [25]. This ratio, hereafter referred to as the stiffness
modification factor, fsns, is defined in Eq. (3.1-5)

Ay By
fsm = kbrb/ yL ot (3.1-5)
wp

Substituting Eq. (3.1-3) into Eq. (3.1-5) and simplifying, the stiffness modification

factor can be expressed solely in terms of the BRB geometry.

—_

fSM = Lyz AyzLez (31—6)

pr * Aez pr

For further simplification of Eq. (3.1-5), and referencing Figures 3.1 & 3.4, three

detailing ratios can be defined: the ratio of yielding to elastic zone area, A4, the ratio
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of brace length to work-point length, A\g, and the ratio of yielding core length to brace

length, A¢c.
M= Ay A (3.1-7)
Ap = Lbrb/pr (31—8)
Ao = Ly./Loms (3.1-9)

With these relationships defined, fsy; can be expressed solely in terms of dimension-

less detailing ratios, as shown in Eq. (3.1-10).

1
Jsm = Mg + AsAe — AdgAo

(3.1-10)

Additionally, using the stiffness modification factor and detailing ratios presented
above, Eq. (3.1-4) for effective area of the truss can be re-written to be in terms
of the yielding core area, A,., the stiffness modification factor, fsys, and the brace

length ratio, Ag, as shown in Eq. (3.1-11).

A;;"b - (fSM)\B)Ayz (3]_-1]_)

3.1.1.3 Effective Yield Point and Stress Conversion

Using the effective brace area, Aj;,,, the elastic response of the effective truss will
match that of the actual brace. However, in order to maintain the same yield force,

y, an effective yield stress, oy, rather than the yield stress of the core material, oy,
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must be used. Equating axial force of the yielding core to that of the effective truss

at the yield point condition, an expression for effective yield stress can be obtained.

o,A,. (Yielding Core
p={"" ( ) (3.1-12)

o Agy  (Effective Truss)

Substituting Eq. (3.1-11) for A;,, into Eq. (3.1-12) , the effective yield stress can be
expressed in terms of the yield stress of the core material, the stiffness ratio, and the

brace length ratio, leading to Eq. (3.1-13).

* Uy
o= 3.1-13
Y fsmAm ( )

Additionally, the effective yield strain is as follows, where ¢, is the yield strain of the

yielding core material.

*
* Uy gy

" Ewy  fsuAs

Using the effective yield stress o, and yield strain £, the effective truss will not

£ (3.1-14)

only represent the elastic BRB behavior, but will also capture the yield point of the
actual brace. Additionally, because the components of the BRB are in series, the
stress conversion in Eq. (3.1-13) is valid for all stress values, not just the yield stress.
Accordingly, re-expressing Eq. (3.1-13) for any stress, the component axial stress,

04y, Can be converted to yielding zone stress, oy, with equation Eq. (3.1-15).

0y. = (fsmAB)opn, (3.1-15)

In addition to converting stresses, it is also of interest to convert effective truss model
strains to yielding core strains. However, unlike the generalization of the stress con-
version in Eq. (3.1-15), the strain conversion in Eq. (3.1-14) cannot be applied to all

strain values. This is due to the concentration of plastic strain in the yielding core.
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Therefore, relationships between effective truss model strain and yielding core strain

were developed for both elastic and plastic strains and are addressed subsequently.

3.1.1.4 Elastic and Plastic Strain Conversion

Assuming elastic-plastic with kinematic strain hardening behavior in the BRB, the
elongation of the brace and its individual regions can be separated into their elastic

and plastic components, as shown in Figure 3.6.

Figure 3.6: Components of brace elongation

where,
) = Total elongation.
= o+ 0p
0 = Elastic elongation.
0,y = Plastic elongation.
P = Axial force.
P, = Axial force at yield.
AP = Axial force increment due to strain hardening.
I6] = Strain hardening ratio.
k = [FKlastic stiffness.
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Because the axial force in the brace is the same in all parts of the brace, the yielding
core and brace (i.e., effective truss) elastic elongations are proportional to each other,

as is shown in Eq. (3.1-16).

kus(0yz)e Yielding Core
p_ v(0)at ) (3.1-16)

koo (Oprp)er  (Effective Truss)

The elastic strains of the yielding core and effective truss can then be determined by

dividing by the yielding core and brace lengths, respectively.

(5yz)el = (5yz)el/Lyz (31—17)

(€bro)et = (Obrb)er/ Loro (3.1-18)

Combining Egs. (3.1-16), (3.1-17) & (3.1-18), a conversion between effective truss

and yielding core elastic strains, shown in Eq. (3.1-19), can be obtained.

yz)el kyzLyz

(€57 et (3.1-19)

Substituting in expressions for k., and k. from Egs. (3.1-5) & (3.1-1), Eq. (3.1-19)
can be simplified as shown in Eq. (3.1-20). Note the similarity to Eq. (3.1-15).

(eyz)et = fsmAB(Egm)el (3.1-20)

While the elastic strains of the brace and core are related by axial force, the plastic
strains are related by plastic elongation, which is concentrated in the yielding core,
due to the design of the BRBs. Therefore, the plastic elongation of the brace, (dps)pi,
is equivalent to the plastic elongation of the yielding core (dy),. So, because the

yielding core is shorter than the BRB brace, the plastic core strain will be larger than
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the effective plastic strain of the brace.

(eyz)piLly.  (Yielding Core)
@)t =1 (3.1-21)
(egrn)piLory  (Effective Truss)

Equating the yielding core and effective truss cases in Eq. (3.1-21) and substituting
in Eq. (3.1-9), a conversion between plastic strains, shown in Eq. (3.1-22), can be
obtained. This conversion is useful for understanding how detailing ratios can affect
the fatigue life of a BRB; smaller yield length ratios, A\¢, cause higher core plastic

strain demands.

(eyz)p = (6’;”)}” (3.1-22)
C

Finally, because strain is the sum of elastic and plastic strains, Eqs. (3.1-20) &
(3.1-22) can be combined to obtain a conversion from effective truss stress and strain

to yielding core strain as is shown in Eq. (3.1-23).

Elastic Plastic
o; 1 o}
ey = fsnn El;l; + g (527,17 — El;l; ) (3.1-23)

3.1.1.5 Effective Strain Hardening

Because the core plastic and effective truss plastic strains are not equal, a strain
hardening ratio, 3, appropriate for the yielding core material, is not appropriate for
the effective truss material. So, in absence of component testing and calibration, an
effective strain hardening ratio, §*, can be determined based on kinematics, using
relationships established in Figure 3.6. In both the yielding core and the effective
truss, the increment in axial force after yielding is identical, and can be expressed as

a function of both the core material and the effective strain hardening ratios, as can
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be seen in Eq. (3.1-24).

Bkys [(0prp) + AP/, Yielding Core
Ap_ ) [(Gr)pi [kyzl g Core) (3.1.24)

B* kb [(Ovrp)pt + AP/ kyp]  (Effective Truss)

Solving for AP and equating both sides, Eq. (3.1-24) can be rewritten as:

ﬁkyz o 6*kbrb
1-5 1-p

(3.1-25)

Solving for §* and substituting in the stiffness modification factor, fsys, and detailing

ratios, the following expression for the effective strain hardening ratio is acquired:

B

P = Forma(l—B) 1 5

(3.1-26)

For detailing ratios (A4, Ag, and A¢) between zero and one, Eq. (3.1-26) will provide
an effective strain hardening ratio larger than the core material strain hardening ratio.
In other words, the post-yield stiffness of a BRB is larger than the post-yield stiffness
of a traditional brace with the same material and elastic stiffness as the BRB, due to

the higher plastic strain demands in the BRB core.
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3.1.1.6 Example Application

To demonstrate use of the effective BRB equations, consider a BRB with the following

detailing ratios and dimensions, shown in Figure 3.7.

Detailing ratios: é/\/l]l?

Ag =0.70
AC = 0.85
13’
4.904'
Rigid zone
(Typ.)

Pin (Typ.)

Figure 3.7: Dimensions of example BRB in frame

With the dimensions shown in the figure, the stiffness modification factor, fss, is
approximately 1.544, and the effective truss area, Aj,, is approximately 5.405 in%.
To validate the kinematic equations, two separate models were built in OpenSees, one

with components in series, and one with the effective truss, as shown in Figure 3.8.

The material in the core was assumed to have a yield stress of 42 ksi, an elastic
modulus of 29,000 ksi, and a kinematic strain hardening ratio of 0.02. With these
material properties and the dimensions established in Figure 3.7, the effective yield
stress was determined to be 38.85 ksi, and the effective strain hardening ratio was
determined to be about 0.0217. Both the “components in series” model and the
“effective truss” model were subjected to the same cyclic deformation history, and

the force-deformation response of the two models is presented in Figure 3.9.
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Figure 3.8: Comparison of example BRB dimensions to effective truss

As can be seen in the figure, the global force-deformation responses of the two models
are identical. However, the stress-strain response of the yielding core component
vs. the effective truss are different, as shown in Figure 3.10. Both the yielding core
and effective truss have the same loading and unloading stiffness, but different yield
points. Additionally, the plastic strain demand on the core is significantly larger
than the plastic strain demand of the effective brace. This highlights the importance
of conversion equations between effective stress & strain to yielding core stress &
strain. Eqgs. (3.1-15) & (3.1-23) were used to back-calculate the yielding core stresses
and strains from the effective stresses and strains, and the results are over-plotted
in Figure 3.10. As can be seen in the figure, the back-calculated stress-strain values
are identical to the values from the “components in series” model. Therefore, the
BRB can be modeled as an effective prismatic truss without losing the yielding core

stress-strain response.
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Figure 3.9: Global force-displacement response of brace components in
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Figure 3.10: Local stress-strain response of yielding core component vs
effective prismatic truss

34



3.1.2 Frame Stiffness

Because the BRBs are the primary seismic force resisting component, the frame kine-
matics of the NZ-BRBF system are similar to those of conventional diagonally braced
BRB frames. A schematic of a diagonally braced BRB frame under frame action is

shown in Figure 3.11.

*‘y# F_, /)\

~
—~
—~

=" Oprp

/Pbrb
——————— P, ,C0sQ

Figure 3.11: Elongation of brace under frame drift

where,
A = Lateral deflection of frame
y = Story drift
= A/hy
Oy = Brace elongation
P,y = Axial force in brace
F = Lateral force on frame
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Assuming a rigid frame and small drift angles, the elongation of the brace (0p) is

equal to:

Opry = A\ cOS v (3.1-27)

Sty = Yhy cos (3.1-28)

Using an effective stiffness of the brace, k., the axial force in the brace in respect to
A is equal to:
Poro = KprpOpry, = kprpA cos a (3.1-29)

Therefore, the lateral force on the frame in respect to A is
F = Py, cosa = kypA cos® a (3.1-30)
and the lateral stiffness of the story due the BRB, K, is equal to:
Ky = F/A = kyppy cos® (3.1-31)

Substituting Eq. (3.1-5) for k. in Eq. (3.1-31), the lateral stiffness due to the BRB

can be expressed as follows:

Ayz Ebrb

Kb'rb = fSM COS2 (0% (31—32)

wp
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3.1.3 Peak brace ductility

Peak brace ductility, expressed as fimqe, is measured as the ratio of ultimate brace
deformation to brace yield deformation, as is shown in Eq. (3.1-33), where d,,4,

represents the absolute maximum value of dp,.

i = 25 (3.1-3)
Brace ductility demand is an important measure of damage, because ductility demand
exceeding the capacity of a BRB component may cause component or connection
failure [26]. So, to better understand this important quantity in relation to the
system response, an alternate form of Eq. (3.1-33) was determined in respect to story
drift. Substituting Eq. (3.1-28) for d,,4, and &y Lirp for 0y, the following is obtained,

where ¥, represents the absolute maximum value of 7.

h
Hmaz = (fCOSOC> Tmax (31_34)
EZLbrb

Then, substituting Eq. (3.1-14) for ¢; and sina for hy/L,,, brace ductility can be
expressed in terms of the stiffness modification factor fgys, the brace angle «, the

material yield strain ¢,, and the peak story drift 7,4, as shown in Eq. (3.1-35).

o — (fSM sin o cos a) . (3.1.35)
y
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3.2 NewZ-BREAKSS (NZ) Boundary Frame

The NZ-BRBF system utilizes the NewZ-BREAKSS (NZ) boundary frame to enhance
the post-yield stiffness of the system and provide damage-free detailing. The enhanced
post-yield stiffness of the system provided by the PT components, while the damage-
free detailing is provided by the NZ frame’s unique top-flange HBE-to-VBE rocking
connection, which is designed to eliminate undesirable “beam growth” present in
other rocking frame configurations [2]. A representation of the NZ boundary frame in
a rightward drift condition with dimensions and variables labeled is shown in Figure

3.12.

While some kinematic equations have been developed for the NZ boundary frame,
no closed-form expression for the contribution to lateral stiffness provided by the
NZ boundary frame has been developed [1]. Additionally, while rationale has been
provided for selecting the PT parameters, the rationale was limited in application to
steel plate shear walls (SPSWs) [27]. Therefore, in pursuit of greater understanding
of the NZ boundary frame global behavior and to establish a more generalized basis
for design, kinematic equations were developed to characterize the forces in the PT

elements and the contribution to lateral stiffness provided by the NZ boundary frame.

Although previous work on the kinematics of the NZ boundary frame accounted for
a flexible boundary frame, the assumption of a rigid boundary frame was adopted in
developing the kinematic equations. This simplification was made because the intent

of the work is simply to provide design guidance and insights into system behavior.
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Figure 3.12: Idealized representation of the NZ boundary frame

Moment resisted by NZ rocking connection.

Column angle at PT anchor (assumed equal at both sides).

PT elongation/shortening for left /right PT due to column rotation
Length of PT (Modeled)

Offset of PT from HBE top flange

dppe /2
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3.2.1 PT Component Forces

In order to compute the NZ boundary frame stiffness, an expression for PT component
force must be established. The elastic axial force in the left and right PT components,

F,y and Fp,, can be expressed as shown in Egs. (3.2-1) & (3.2-2),

AE

Fot = =5 (8pto + 0pt) > 0 (3.2-1)
pt
AE

Fpt’r = th 2 (5pt0 - 5pt) >0 (32—2)
pt

where A, is the area of the PT component, E, is the elastic modulus of the PT
material, L, is the modeled length of the PT component, and ¢, is the effective

initial elongation of the PT component, as shown in Eq. (3.2-3),
5pt0 = gptoLpt (32-3)

where €, is the effective initial PT strain, as shown in Eq. (3.2-4),

- Fpto
Epto - A

(3.2-4)

pt Ept

where F),, is the initial post-tensioning force of the PT components.

3.2.2 NZ Boundary Frame Stiffness

Previous experimental and numerical studies have shown that the NZ boundary frame
exhibits a bilinear elastic force-displacement response [1], [27], but analytical equa-

tions for the stiffness have not yet been developed. So, because the effects of the
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PT parameters on the frame stiffness are of interest for design purposes, analyti-
cal equations for the NZ boundary frame stiffness were developed and are presented

below.

The stiffness of the NZ boundary frame was developed using Castigliano’s first the-
orem (stiffness approach), which derives the stiffness as the second derivative of the
internal energy of the system in respect to displacement [28]. Consider a single-bay
NZ boundary frame in a rightward drift condition, shown in Figure 3.12. In this
condition, the left PT elongates and the right PT relaxes (i.e., loss in PT forces).
Assuming rigid boundary frame behavior, the internal energy of the frame can be

expressed entirely in terms of the PT elastic elongation.

The internal energy of the PT elements can be calculated as the internal elastic energy
of springs in tension (the area under the elastic force-displacement curve equal to one
half the stiffness times the displacement squared). Then, modeling the PT elements

as tension-only springs, the internal strain energy of the system is equal to:

Ui i 6, < Gy
u,=4 "o (3.2-5)

Uptg if 5pt > 5pto

where,
Left PT Right PT
Upt1 = ;A”[fpt(a,,to +0p)% + ;A’ijt (Opto — Opt)* (3.2-6)
1 Ap Byt 2
Uptz = iTpt(épto + 0pt)° + 0 (3.2-7)

Note that the “Right PT” portion of the internal energy goes to zero when d,; > dpo.
Simplifying and substituting the relationship between 4,; and 6 from Figure 3.12 into
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Egs. (3.2-6) & (3.2-7), the internal energy with respect to € is obtained:

AnE
Upt = ’Z 2 (Opto” + i ”0%) (3.2-8)
pt
1 ApE
Upiz = 52 (810" + 20p10hpe + hye*0?) (3.2-9)
2 Ly

Because stiffness is derived from internal energy and the expression for internal energy
is in two parts, the NZ boundary frame stiffness K, is also divided into two parts:
anl and ang.

Ko if 0y < 8o
K= (3.2-10)

ang if 5pt > 5pto

where,
d2
Ky = d92Uptl (32-11)
d2
Kz = =53 Upz (3.2-12)

Solving for the second derivative of Eqgs. (3.2-8) & (3.2-9) with respect to 6, the

following is obtained:

A E
K, = ”Ltitf’thpf (3.2-13)
p
A E 1
Kz = P hy = S K (3.2-14)
pt

Therefore, the NZ boundary frame has a bilinear stiffness response, with a secondary

stiffness equal to half the initial stiffness. Both the initial and secondary stiffnesses

42



are increased by increasing the PT area, reducing the strand length, and/or increasing

the eccentricity depth.

3.2.3 Softening Point

The softening point occurs when the right PT element (for a rightward drift condition)
becomes slack, or when the elongation of the PT due to column rotation, d,;, equals
the initial elongation of the PT, d,,. From a design-standpoint, it is advantageous to
delay the softening point, so that the full stiffness of the PT boundary frame is realized
for a larger range of column rotation angles. A representation of the PT boundary
frame stiffness and the softening point is shown in Figure 3.13. This softening point,

expressed as column rotation in terms of effective initial PT elongation, is shown in

Eq. (3.2-15).
(515 Ept L t
0 = 22 = 2P 3.2-15
Dt hpt hpt ( )

K nz2

K anZ = %anl

nzl

|
|
|
|
|
|
|
|
|
L

0

0

pto

Figure 3.13: NZ boundary frame bilinear stiffness

From Eq. (3.2-15), it is clear that the softening point is pushed back by increasing
the initial PT strain, increasing the length of the strands, and/or decreasing the

eccentricity depth to the PT. Thus, comparing to Egs. (3.2-13) & (3.2-14), the
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parameters depth and length have opposite effects on the stiffness and softening
point. In contrast, increasing the number of PT strands, or the area of PT, has the
benefit of increasing the PT boundary frame stiffness without negatively affecting
the softening point. Additionally, increased initial strain delays the softening point
without negatively affecting the boundary frame stiffness. Therefore, from a design
stand-point, it is more advantageous to modify the number of PT strands and initial
strain, rather than the PT depth or length, to increase the initial stiffness and delay

the softening point.

3.3 Horizontal Boundary Frame Elements (HBE)

Due to the utilization of the NZ boundary frame and atypical BRB anchor details,
the kinematic equations governing the demands on the horizontal boundary elements
(HBE) of the NZ-BRBF system are unique. Therefore, free-body diagrams and closed-
form equations for the axial, shear, and moment along the HBE were developed to

better understand the system and inform HBE design.

3.3.1 Complete Free-body Diagrams

For development of free-body diagrams and kinematic equations, an idealized beam
was assumed, with five general regions (A-B, B-C, C-D, D-E & E-F), divided by six
control points (A, B, C, D, E & F), as shown in Figure 3.14. This is needed for the
reason that the HBE axial force, shear, and moment demands along the HBE are not
continuous functions. As can be seen in the figure, the beam is idealized to extend to
the inside face of the vertical boundary element (VBE), represented by control points
A & F. Shear plate and rocking point reactions are assumed to act at control points

A & F, BRB resultant forces are assumed to act at control points B & E, and PT
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Figure 3.14: Dimensions of idealized HBE (LB configuration)

where,
Lippe = bf —dppe : Length of HBE
Ept = by — dwe/2 : Horizontal offset from VBE face to PT anchor on HBE
ey = bprp — dupe/2 : Horizontal offset from VBE face to BRB connection

anchor forces are assumed to act at control points C & D. Using this idealization, the
complete resultant force NZ-BRBF HBE free-body diagrams were developed and are

shown in Figure 3.15.
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Figure 3.15: Complete HBE free-body diagrams

* Not included on roof level
T Not included on odd numbered levels (ZZ configuration)
1 Not included on even numbered levels (ZZ configuration)
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In the free-body diagrams, the distributed dead and live load acting on the beam is
represented by the variable w. The BRB axial force, P, is separated into its = & y
components by the brace angle « referenced from the horizontal, and is represented
by Fype and Fypy, as is shown in Egs. (3.3-1) & (3.3-2). Positive brace force values
are taken to indicate tension, and subscripts (i) and (i + 1) indicate the floor number

of the brace.

Fbrbx = Pbrb COS «v (33—1)

Fbrby = Pbrb sin « (33—2)

The tension forces in the PT elements are represented by variables F,; and [, for
the left and right PT, respectively, and are calculated as expressed in Egs. (3.2-1) &
(3.2-2), and are assumed to act at the HBE centerline. Horizontal reaction forces at
the top-flange rocking point are represented by variables R,; and R,,, for the left and
right reactions, respectively. Because the reaction acts at the top flange, a moment
due to eccentricity is introduced at the ends. Vertical reaction forces at the shear plate

are represented by variables R,; and R, for the left and right reactions, respectively.

3.3.2 Horizontal End Reactions

Although the PT boundary frame does exhibit some lateral stiffness, for design of the
HBE, the story force at each level is assumed to be completely resisted by the BRBs,
and the amount of shear carried by the columns is assumed to be zero. A free-body
diagram of one story with the assumed load path for rightward drift is illustrated in
Figure 3.16. Note that the story forces are shown to act completely on the left side of
the frame. For leftward drift, the story forces act completely on the right side of the
frame. This is an important distinction, and is a result of the unique loadpath of the

NZ-BRBF system. With the NZ-BRBF system, the braces are only connected to the
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Figure 3.16: Assumed load path of lateral forces under rightward drift

beam, and the beam-column connections are compression only. Any load that would
act on the closing gap side of the NZ-BRBF system is assumed to be redistributed to

the opening gap side through a rigid diaphragm or similar mechanism.

Summing the lateral forces, the story force F; is equal to the difference between
the x-component of the brace forces in the floor below from the floor above, shown
in Eq. (3.3-3). Note that typically, brace force signs will be equivalent in the LB

configuration and alternating in the ZZ configuration.

Forba(i) — Fpw(ivn) (LB configuration)

Fy = 3 Forw(i) + Fyra(in) (ZZ configuration, odd floors) (3.3-3)

_Fbrbx(i) - Fb*

wha(iv1)  (ZZ configuration, even floors)

* Not included on roof level
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PT anchor (Typ.)

Figure 3.17: VBE horizontal free-body diagram, neglecting column
shear

With the same assumption that the columns carry no shear, the horizontal end reac-
tions on the HBE, R,; & R,,, can be expressed in terms of the story force, F;, and the
PT tension forces, Fyy; & Fj. This is illustrated in Figure 3.17 by a horizontal force
free-body diagram of the VBE at the rocking connection in rightward drift condition.

Summing the lateral forces for the left and right VBE, the HBE reactions are as shown
in Egs. (3.3-4) & (3.3-5), where F; is determined based on Eq. (3.3-3). Note that for
positive story force (rightward drift), the left reaction carries the story force, while
for negative story force (leftward drift), the right side of the beam carries the load.

This is accomplished in the equations with simple maximum and minimum functions.

Rxl = Fptl + HlaX<E, O) (33—4)

R, = Fj, — min(F;,0) (3.3-5)

It is worth noting that due to the eccentricity of the PT from the top flange of the
HBE, the summation of moments in Figure 3.17 are not equal to zero. Therefore,
the assumption that the columns carry no shear is not entirely correct. A previous
study on the NZ boundary frame accounted for this by assuming that the shear in
the column at the base of the column balanced the eccentric PT moment [1]. This

led to a reduction in the contribution of the PT to the HBE end reaction. However,

49



vae(i+1)

—_—
F; — —- Ry
F —r>h pt

ptI [}

m "‘"h f

>

—
vae(i)

Figure 3.18: Left VBE horizontal free-body diagram, including column
shear

the study only considered a single-story structure, with no shear due to PT effects
acting in the VBE above the connection. If the shear from the story above, Vipe(i+1),
is considered, the supposed reduction of end reaction is minimized, as is shown in

Figure 3.18.

Summing the lateral forces in Figure 3.18, the following expression for end reaction
is obtained:

Ra = Fi + Foy — (Vipes) — Vobe(i+1)) (3.3-6)

The shear from the floor above acts in the direction of the story drift, thus minimizing

the aforementioned reduction of HBE end reaction for multi-story structures.

Therefore, with the exception of the roof level, in which there is no column shear
above, the reduction in PT contribution to HBE end reaction as described in the
previous study diminishes for multi-story frames. However, it should be noted that
the free-body diagram in Figure 3.18 does not include the VBE end-moments, which
would further complicate the determination of the horizontal HBE end reactions.
Nevertheless, it can be shown that even for a continuous column, the reduction of PT

contribution to end reactions still diminishes for multi-story structures.
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Figure 3.19: Proportion of PT force resisted by HBE end reaction

To demonstrate this, consider a continuous beam, representing the VBE, with unit
loads evenly spaced by h, shown in Figure 3.19. These unit loads represent the PT
forces acting on the HBE. Consider then, evenly spaced loads, x, offset from the unit
loads by an eccentricity of d. These represent the contribution of the PT forces to
the end reaction between the HBE-to-VBE rocking point. Assuming a pinned end
condition and summing the moments about O in Eq. (3.3-7), the proportion of the
PT force carried by the HBE horizontal end reactions, x, can be determined by Eq.
(3.3-8).

n n

SMo =Y z(ih+d)—> ih=0 (3.3-7)
=1 i=1
_ Ximth
xr = " Gh 1 d) (3.3-8)

For a 1-story structure, Eq. (3.3-8) reduces to z = h/(h + d), and as n — oo, z — 1.
For example, consider a story height, h, of 13 ft and a PT eccentricity, d, of 1 ft. For
n = 1, the proportion of the PT force carried by the HBE end reactions, z, is about
0.93. For n = 3, x = 0.96. At 15 stories, the reduction becomes less than 1%. So,
the reduction in PT force on the HBE is only slightly significant for short structures.
Even in its most extreme case n = 1, the reduction is small. Therefore, for design
purposes in this study, the entirety of the PT forces was assumed to contribute to the

HBE end reactions.
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3.3.3 Vertical End Reactions

Determination of left and right vertical end reactions, R,; & R,,, is presented here

for both LB and ZZ configurations.

3.3.3.1 Left Vertical End Reaction

Summing the vertical forces in Figures 3.15a & 3.15b , the left vertical end reaction,
Ry, is equal to a combination of the distributed gravity load, the vertical brace force

components, and the right vertical end reaction.

Ryl = _Ryr + thbe + Fbrby(i) - (E)Tbg/(i-&-l))j< (33_9)

This expression works for both LB and ZZ configurations. The right vertical end

reaction, however, requires different equations for the different configurations.

3.3.3.2 Right Vertical End Reaction (LB Configuration)

Summing the moments in Figure 3.15a about point A, the right vertical end reaction,

R, is equal to:

1 dppe  WLnpe?
Ryr = (Rxl - Rzr)ﬂ + w2 + Fbrbx(i)hbrb(i) + ..
Lppe 2 2

Firvy (i) (Lnbe — €brv) + (Fbrbx(i-l—l)hbrb(i—i—l) - Fbrby(z’+1)ebrb) ) (3.3-10)

* Not included on roof level
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3.3.3.3 Right Vertical End Reaction (ZZ Configuration, Odd Floors)

Summing the moments in Figure 3.15b about point A, where the braces are anchored

to the right side of the HBE, the right vertical end reaction, R,,, is equal to:

+ Fyrva(iyMorv) + -

dppe  WLppe?

Frrvy(iy(Libe — €orv) — (Fbrb:p(iJrl)hbrb(z’Jrl) + Forby(i+1) (Libe — ebrb)) ) (3.3-11)

3.3.3.4 Right Vertical End Reaction (ZZ Configuration, Even Floors)

Summing the moments in Figure 3.15b about point A, where the braces are anchored

to the left side of the HBE, the right vertical end reaction, R,,, is equal to:

1 dppe  WLppe?
Ryr = (Rxl - Ra:r) i + hhe Fbrb:r(i) hbrb(i) + ..
Lppe 2 2

Forvy(i)€orp + (Fbrbx(i+l)hbrb(i+1) - Fbrby(i-i—l)ebrb) ) (3.3-12)

* Not included on roof level
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3.3.4 Axial, Shear and Moment Distribution

In order to determine the internal force distribution along the HBE, section free-body
diagrams were cut, and piece-wise axial, shear, and moment equations were developed

for the HBE, using the HBE end reactions Ry, R,,, Ry, and R, established in the

previous sections.

3.3.4.1 Region A-B

The section free-body diagram for region A-B, between the left rocking connection
and left BRB connection, is shown in Figure 3.20. In this region, the axial force is
simply equal to the end reaction, and the shear and moment are typical of a simply

supported beam with a distributed load.

Ryl

Figure 3.20: Free-body diagram of HBE region A-B

Pap(z) = Ru (3.3-13)

Vap(z) = Ry — wz (3.3-14)
Rdppe 2

Map() = =52 + Ry % (3.3-15)
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3.3.4.2 Region B-C (LB Configuration)

Region B-C, between the left BRB connection and PT anchor, is shown in Figure 3.21

for an LB configuration frame. Note that for the roof level, the free-body diagrams

and kinematic equations are the same as for region A-B.

*

‘ F brby (i+1)

Fbrbx (i+1) *

A iB P
e Rl

Figure 3.21: Free-body diagram of HBE region B-C (LB configuration)

Ppc(2) = Ry + Firpo(ivn)”

Vie(z) = Ry —wzx + Fbrby(iJrl)*

R.idnse w?
MBc<x): l2hb —|—Ryl$—7—|—...

(Fbrba:(iJrl)hbrb(iJrl) + Fyrpy (i) (T — 6brb))

* Not included on roof level
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3.3.4.3 Region B-C (ZZ Configuration)

Region B-C, between the left BRB connection and PT anchor, is shown in Figure
3.22 for a ZZ configuration frame. Note that for odd-numbered floors, the free-body

diagrams and kinematic equations are the same as for region A-B.

.I.
‘ Fbrby (i+1) *

1.
F by (i+1)*

RXI 1
A B P
R
1.
R, F iy (2
F by iy

Figure 3.22: Free-body diagram of HBE region B-C (ZZ configuration)

Ppo(z) = Rot 4 Fyrva(n)' + Forbaien) ™ (3.3-19)
Vio(z) = Ry — wx — Foyiy' + Forpy(in)™ (3.3-20)
RZ‘ d (& 2
MBC<x>: lth +Ryll’—%+...

T
- (Fbrbm(i)hbrb(i) + Fyrpy () (7 — €brb)) +

*f
(Fbrbx(i-i-l)hbrb(i—i-l) + By i1y (@ — ebrb)) (3.3-21)

* Not included on roof level
1 Not included on odd numbered levels
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3.3.4.4 Region C-D (LB Configuration)

Region C-D, between PT anchors, is shown in Figure 3.23 for an LB configuration
frame. The left PT force, F,, is introduced to the equation for axial force. Otherwise,

the shear and moment equations are identical to those in region B-C.
‘ Fbrby(i+1)*

Fbrbx (i+1) *

|
|
o ! 1%
A B C P
@;———@}—«—@F——d ——————— M
p

Figure 3.23: Free-body diagram of HBE region C-D (LB configuration)

Pep(7) = Ry + Fyrpo(ivn)” — Fpu (3.3-22)
Vep(x) = Vpe(z) (3.3-23)
Mcp(z) = Mpc(z) (3.3-24)

* Not included on roof level
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3.3.4.5 Region C-D (ZZ Configuration)

Region C-D, between PT anchors, is shown in Figure 3.24 for a ZZ configuration
frame. The left PT force, F,, is introduced to the equation for axial force. Otherwise,

the shear and moment equations are identical to those in region B-C.
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Figure 3.24: Free-body diagram of HBE region C-D (ZZ configuration)

Pep(®) = Ra + Fovot)' + Forvaoian)™ — Fpu (3.3-25)
Vep(z) = Vpe(r) (3.3-26)
Mep(z) = Mpe(x) (3.3-27)

* Not included on roof level
1 Not included on odd numbered levels
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3.3.4.6 Region D-E (LB Configuration)

Region D-E, between the right PT anchor and right BRB connection, is shown in
Figure 3.25 for an LB configuration frame. The right PT force, F,,, is introduced to
the equation for axial force. Otherwise, the shear and moment equations are identical

to those in region B-C.
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Figure 3.25: Free-body diagram of HBE region D-E (LB configuration)

Ppe(r) = Rer + Fypa(ivr)” — Fpu + Fpir (3.3-28)
Vpe(z) = Vae(x) (3.3-29)
Mpg(z) = Mpe(x) (3.3-30)
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3.3.4.7 Region D-E (ZZ Configuration)

Region D-E, between the right PT anchor and right BRB connection, is shown in
Figure 3.26 for a ZZ configuration frame. The right PT force, F},, is introduced to
the equation for axial force. Otherwise, the shear and moment equations are identical

to those in region B-C.
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Figure 3.26: Free-body diagram of HBE region D-E (ZZ configuration)

PDE('CE) = Rmr + Fﬂbrbav(i)]L + Fbrbx(iJrl)*T - Fptl + Fptr (33-31)
Voe(z) = Vpe(x) (3.3-32)
Mpp(z) = Mpc(z) (3.3-33)

* Not included on roof level
1 Not included on odd numbered levels
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3.3.4.8 Region E-F

The last region, region E-F, between the right BRB connection and the right end
connection, is shown in Figure 3.27. The equations for axial, shear and moment in

this region are similar in form to those for region A-B.

Figure 3.27: Free-body diagram of HBE region E-F

Pgp(r) = Ry (3.3-34)
Ver(r) = —=Ryr + w(Lppe — ) (3.3-35)
_ Rurdpe w(Lppe — 7)*

MEF(SL’)

+ Ryr(the — JJ) - (33—36)
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3.4 Vertical Boundary Frame Elements (VBE)

The vertical boundary frame elements (VBEs) are continuous between floors, so closed
form equations for VBE demands are dependent on building height and configuration.
Therefore, closed form equations for VBE demand are not presented here, but it is

important to discuss the impact of column base detailing on overall system response.

Typically, BRBFs have fixed column bases [4], [29], [30]. However, this means that
the column bases are susceptible to permanent damage during a seismic event. The
typical alternative is to use a pinned base. However, this is undesirable for multi-
story braced structures, for two reasons. First of all, a pinned column base results in
a single-curvature drift profile, concentrating demand on the first floor. Second, the
pinned fixity on the first floor results in a significantly lower boundary frame stiffness,
resulting in a soft-story mechanism after the first floor brace yields. This combination
of effects results in a fragile system with little redundancy, which goes against the

objectives of collapse prevention and life-safety.

To address both of these issues while minimizing damage to the column base, the first
floor column is fixed at the base and has a moment release hinge at the midpoint. The
detail greatly increases the elastic boundary frame stiffness of the first floor, while
allowing for the column base to remain essentially elastic. Additionally, because the
moment release is located at the first floor column midpoint, the column angle 6 at
the first level is half that of the first floor drift v (assuming a rigid VBE), as shown in
Figure 3.28. This greatly reduces strain demand on the first floor brace, practically
ensuring that the second floor brace will fail before the first floor. The combination
of these two effects greatly improves the collapse capacity of the NZ-BRBF system,

while maintaining the performance objective of seismic resiliency.
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Figure 3.28: Column angle and story drift for first floor with column
hinge at midpoint

3.5 Summary

In this chapter, equations were established for determining effective BRB brace sizes
and material properties, which are used for numerical modeling of the NZ-BRBF
system in this study. Then, frame stiffness equations were developed for both the
BRB component and the NZ boundary frame, which help to understand the system
and inform design. To further inform design, closed-form equations were developed
for the axial, shear, and moment HBE demands, which can be used for the preliminary
sizing of boundary frame members. Finally, the effects of and rationale behind using

the unique column base detail (midpoint hinge) were discussed.
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Chapter 4

Index Archetype Design

This chapter presents the development and design of the NZ-BRBF index archetype
configurations. The resulting designs are used in subsequent chapters for evaluation

of the proposed seismic performance factors (SPFs).
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4.1 Archetype Configurations

For this study, a total of 10 index archetype buildings were studied, spanning a design
space of four building heights (1, 3, 6, and 9 stories), and two brace configurations
(LB and ZZ), and two levels of post-tensioning (14 and 22 strands). The ZZ brace
configuration was only investigated for 3-story archetypes, and was determined to not
have a significant impact on results, and to not be the controlling brace configuration.
Variation in gravity loading was not considered, because the design of the main seismic
force resisting elements (BRBs) is not dependent on gravity loads. The archetype IDs
with their corresponding brace configurations and building heights are shown in Table

4.1.

Table 4.1: Building archetypes

Archetype ID  Stories Brace Configuration PT Strands

1S-LB-14 1 LB 14
1S-LB-22 1 LB 22
3S5-LB-14 3 LB 14
3S5-LB-22 3 LB 22
3S-77-14 3 77 14
3S-77-22 3 77 22
65-LB-14 6 LB 14
65-LB-22 6 LB 22
9S-LB-14 9 LB 14
9S-LB-22 9 LB 22

The archetype buildings for this study were developed based on SAC Steel Project
model buildings [31]. These model buildings were developed to be typical of office
buildings, and have been widely used as benchmark buildings for other SFRSs [10],
23], [32]. Building plan and elevations for the archetype buildings are shown in Figure
4.1.
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Figure 4.1: Floor plan and elevation for archetype buildings (LB brace
configuration shown)
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4.2 Design Requirements

In accordance with the P-695, designs for archetypes were developed in accordance
with applicable design standards and documents. Design loading for the index arche-
types was applied in accordance with “Minimum Design Loads and Associated Cri-
teria for Buildings and Other Structures, ASCE/SEI 7-167, hereafter referred to as
ASCE 7-16 [33]. In particular, the Equivalent Lateral Force (ELF) procedure speci-
fied in ASCE 7 was used for seismic design. BRB design and resulting overstrength
on the boundary frame was determined in accordance with “Seismic Provisions for
Structural Steel Buildings, AISC 8/1-16", hereafter referred to as AISC 341-16 [34].
Additional guidance for BRB design was obtained from “Seismic Design of Steel
Buckling-Restrained Braced Frames: A Guide for Practicing Engineers” [25]. De-
mand on boundary frame members was determined based on the capacity-limited
seismic effect from the BRBs as prescribed by AISC 341, and using load combi-
nations as prescribed by the P-695 methodology. Finally, boundary frame member
capacities were determined according to “Specifications for Structural Steel Buildings,

AISC 360-167, hereafter referred to as AISC 360 [35].

These design documents helped to inform the design requirements for the NZ-BRBF
index archetype designs. These design requirements establish the information needed

for sizing and detailing the system components, and set boundaries on the application

of the proposed SFRS.

The BRBs in the NZ-BRBF system were sized to resist the entirety of the ELF loads
per ASCE 7-16, and were detailed in accordance with strength requirements per AISC
341-16 for BRBFs. Supplemental yield requirements of 42 ksi + 4 ksi were used for
the steel core of the BRBs, as is common in practice [25]. Due to lack of coupon

testing of the steel core, the axial yield strength of the core was calculated with the
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minimum specified yield stress of 38 ksi, and the adjusted strength of the core for
overstrength on boundary frame members was calculated with the maximum specified

yield stress of 46 ksi.

Because brace detailing can vary significantly between manufacturers, a general BRB
configuration was assumed, with brace detailing ratios as defined in Eqs. (3.1-7),
(3.1-8) & (3.1-9). For this study, brace detailing ratios of Ay = 0.5, Ap = 0.7, and
Ao = 0.85 were used, as they resulted in realistic detailing dimensions, comparable
to reported BRB dimensions [8], [36], [37]. For simplicity, brace detailing ratios were
assumed to be kept the same between floors, and core areas were rounded up to the

next 0.1 in?.

In addition to the connection requirements in ASCE 341-16 for BRBFs, BRB con-
nections were assumed to be pinned, with stiffened gusset plate connections sized to
ensure that connection failure is precluded by brace rupture. Similarly, the shear
plate in the NZ connection was assumed to be capacity designed per AISC 341-16, so

shear-plate connection failure was not considered.

The boundary frame members were capacity designed for the adjusted strength of the
BRBs, and the demands experienced from a nonlinear static pushover analysis at 4%
roof drift, using the ELF lateral load distribution. Although flexural forces resulting
from seismic drift may be neglected per AISC 341-16, the NZ-BRBF beam-column
and BRB connections are novel and can cause significant moments in the beams and
columns. Therefore, end moments created by the NZ beam-column connections were

not neglected.

For the post-tensioning (PT) design, the same number of PT strands was used for
every floor, and the initial stress was selected such that the PT remains elastic at a

beam-column joint rotation angle of 0.04 rad.
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4.3 Design Load Cases

The index archetype buildings were designed for the two design load cases as required

by the P-695 methodology, as shown in Eqgs. (4.3-1) & (4.3-2),
(1.2+0.2Sps)D + L+ Qg (4.3-1)

(0.9 —-0.25ps)D + Qp (4.3-2)

where Spg is the short-period Design Basis Earthquake (DBE) spectral response
value, D is the dead load including structural self-weight and superimposed dead
loads, L is the live load (with appropriate reduction factors), and Qg is the effect

from horizontal seismic forces.

Because the BRBs do not contribute to dead and live-load lateral resistance, only Qg
was considered in the design of the BRBs, which were sized to resist the entirety of the
equivalent lateral loads. The boundary frame members, however, resist both gravity
loads and the capacity-limited seismic load effect from the BRBs, F,, as defined in
AISC 341-16 [34]. Additionally, the forces in the boundary frame members differ for
the direction of seismic forces. So, for the seismic ground motion values considered
in this study, the following load combinations were used for design of the NZ-BRBF

boundary frame:

14D + L + E,, (4.3-3)

0.7D + E,, (4.3-4)
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4.4 Gravity Loads

Gravity loads on the NZ-BRBF system were taken directly from the SAC model
building report. Dead load for each floor was assumed to be equal to the floor/roof
seismic weight, as tabulated in Table 4.4, distributed evenly over the building layout,
and a reduced live load of 20 psf was assumed for all floors and the roof. Gravity loads

were distributed to the boundary frame and the P-Delta leaning column as illustrated

in Figure 4.2.
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Figure 4.2: Gravity load tributary areas for 6 and 9-story archetypes
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4.5 Seismic Design

Seismic design was performed in accordance with the ELF method, as it is consistent
with previous P-695 studies on BRB frames [4]. Only the N-S direction was considered
in this study, and lateral resistance from the gravity system was neglected. An R
factor of 8 was assumed for this study, as it is the reported value in ASCE 7 for

BRBFs, and the displacement modification factor Cy; was assumed to be equal to R.

4.5.1 Seismic Ground Motion Values

The archetype buildings were assumed to be located in regions of high seismicity,
represented by Seismic Design Category (SDC) D,,q, in the P-695. The mapped
spectral accelerations and site coefficients are shown in Table 4.2. These parameters
correspond to Maximum Considered Earthquake (MCE) spectral response values of
Sus = 1.5g and Sy;; = 0.90g, and to Design Basis Earthquake (DBE) spectral
response values of Spg = 1.0g and Sp; = 0.60g.

Table 4.2: SDC D,, ., seismic parameters

Parameter Value Description

S, 1.5 Mapped short-period spectral acceleration (g)
Sh 0.6  Mapped 1-second spectral acceleration (g)

F, 1.0 Short-period site coefficient

F, 1.5 Long-period site coefficient
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4.5.2 Fundamental Period and Design Spectral Acceleration

The fundamental period for use in designing the index archetype buildings and an-
choring ground motions was determined in accordance with the P-695 Methodology,
using Eq. (4.5-1), where C, is the coefficient for the upper limit on the calculated
period, equal to 1.4 for SDC D,,,.., C; and x are the approximate period coefficients,
equal to 0.03 and 0.75 for buckling-restrained braced frames, and h,, is the structural
height in feet.

T =C,Ch;, (4.5-1)

The design spectral acceleration, S,, was determined in accordance with ASCE 7-
16, using the seismic ground motion values established in Table 4.2. The structural
height, fundamental period, and design spectral acceleration for the four archetype

building heights are shown in Table 4.3, and illustrated in Figure 4.3

Table 4.3: Fundamental period and design spectral acceleration

Stories  h, (ft) T (s) S. (g)

1 13 0.288  1.000
3 39 0.655 0.915
6 83 1.155  0.520
9 122 1.542  0.389
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Figure 4.3: Design spectrum for archetype buildings

4.5.3 Seismic Mass and Base Shear

Seismic masses for each level of the archetype buildings were taken directly from the
SAC model building report. These seismic masses include floor dead loads, cladding
and parapet loads, the dead load of the penthouse on the roof level, and an assumed
steel self-weight [31]. The corresponding level masses are summarized in Table 4.4.

The total seismic weight, W, was determined by summing the level masses and mul-

Table 4.4: Seismic masses

Stories Levels Mass (kip-sec?/ft)

1 1 70.9
1-2 65.53

3 3 70.9
1 69.04

6 2.5 67.86
6 731

1 69.04

9 2.8 67.86
9 73.1
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tiplying by gravity. The total base shear, V', was taken as the product of the total
seismic weight and the seismic response coefficient, C, calculated in accordance with
the provisions of ASCE 7-16. The total seismic weight, the seismic response coeffi-

cient, and the total base shear are summarized in Table 4.5.

Table 4.5: Total base shear

Stories W (kips) Cs V (kips)

1 2281 0.125 285
3 6498 0.114 744
6 13307  0.065 864
9 19857  0.049 966

4.5.4 Base Shear Distribution and Brace Sizes

The total base shear was distributed evenly between the four braced bays, and was
distributed to the floors in accordance with the provisions of ASCE 7-16. The story
shear was then assumed to be fully resisted by the yielding core of the BRBs, assuming
the minimum specified yield stress of 38 ksi and a strength reduction factor of 0.9 per
AISC 341. The resulting story shear and yielding core sizes (rounded up to next 0.1

in?) are summarized in Table 4.6
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Table 4.6: Brace sizes

Stories Level Story shear (kips) BRB core area (in?)

1 1 713 2.3
1 185.9 6
3 9 157.9 5.1
3 98.9 3.2
1 9216.0 74
9 207.3 6.7
3 189.7 6.1
6 4 161.7 5.2
5 122.1 3.9
6 70.2 2.3
1 92415 8.3
9 9238.4 7.6
3 9314 74
4 92195 7
9 5 201.9 6.5
6 177.8 5.7
7 146.6 47
8 107.6 3.5
9 60.4 9
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4.6 Adjusted Strength of BRBs

While the BRBs are sized to resist the entirety of the seismic forces at the minimum
yield stress, the boundary frame must be designed to resist the maximum forces that
could be developed in the BRBs, in order to ensure that the boundary frame remains
essentially elastic. For this study, the adjusted strength of the BRBs was taken to
be the maximum yield stress, 46 ksi, times the overstrength at the expected brace

deformation.

In addition to using the maximum yield stress, the stress in tension and compression
are modified by overstrength factors w and 3, defined as shown in Figure 4.4, where ¢,
is the brace yield displacement and d,,, is the expected brace deformation, as required
by AISC 341. These factors typically range in value from 1.3 to 1.5 for w and 1.05 to
1.15 for 8 [25]. Therefore, in lieu of testing data, overstrength factors of w = 1.4 and
B = 1.1 were selected for this study.
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Figure 4.4: BRB force-displacement backbone curve
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With the maximum yield stress of 46 ksi and overstrength factors of w = 1.4 and
£ = 1.1, the adjusted strengths in tension and compression are 64.4 ksi and -70.84
ksi, respectively. These overstrength stresses, multiplied by the BRB yielding core
areas, give the overstrength brace forces that need to be resisted by the boundary

frame.

4.7 Boundary Frame Design

The boundary frame members were capacity designed for the adjusted strength of the
BRBs, the demands from an ELF lateral load pattern at 4% roof drift, and the gravity
loads tributary to each frame. The PT strands were assumed to be 0.6 in (15.2 mm)
diameter 270 grade, low-relaxation strands. Each PT strand was assumed to have an
initial stress equal to 30% of yield stress, where the yield stress was taken to be equal
to 90% of the ultimate stress [38]. Demand was determined from a finite element
model of the NZ-BRBF system, presented in Chapter 5. The resulting member sizes
are shown in Tables 4.7 & 4.8.
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Table 4.7: Boundary frame member sizes

Archetype ID  Level VBE (Column) HBE (Beam)
1S-LB-14 1 W14X74 W21X93
1S5-LB-22 1 W14X90 W21X101

1 W14X109 W24X146
35-1B-14 2 W14X109 W24X131
3 W14X109 W21X101
1 W14X145 W24X207
39-LB-22 2 W14X145 W24X176
3 W14X145 W24X131
1 W14X109 W24X176
3S-77-14 2 W14X109 W24X146
3 W14X109 W21X101
1 W14X145 W24X207
397799 2 W14X145 W24X176
3 W14X145 W24X131
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Table 4.8: Boundary frame member sizes (continued)

Archetype ID  Level VBE (Column) HBE (Beam)
1 W14X283 W24X207
2 W14X283 W24X176
3 W14X283 W24X146
6S-LB-14 4 W14X176 W21X122
5 W14X176 W18X97
6 W14X176 W18X76
1 W14X283 W24X250
2 W14X283 W24X229
3 W14X283 W24X192
6S-LB-22 4 W14X176 W21X147
5 W14X176 W18X106
6 W14X176 W18X76
1 W14X550 W24X250
2 W14X550 W24X207
3 W14X550 W24X176
4 W14X500 W24X162
9S-LB-14 5 W14X500 W24X146
6 W14X500 W21X132
7 W14X145 W21X101
8 W14X145 W18X76
9 W14X145 W16X57
1 W14X550 W27X336
2 W14X550 W27X307
3 W14X550 W27X258
4 W14X455 W24X192
0S.1,B.22 5 W14X455 W24X176
6 W14X455 W21X147
7 W14X132 W21X122
8 W14X132 W18X86
9 W14X132 W18X65
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Chapter 5

Nonlinear Model Development

This chapter presents details of the nonlinear models used to design and analyze the
NZ-BRB index archetype buildings. Nonlinear modeling and analysis was conducted
with OpenSees, an open source finite-element software for earthquake engineering sim-
ulation [39]. OpenSees materials, elements, and other components used are italicized

for emphasis.
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5.1 General

In order to simplify analysis, each archetype building was idealized as a two-
dimensional plane-frame model, in line with previous P-695 BRBF studies [4]. Two
frames were modeled, with opposing direction braces, and a P-A leaning column was
included to represent the P-A effects from the building’s gravity columns. The P-
A columns were modeled as elasticBeamColumn elements with large axial stiffness,
small rotational stiffness, and a PDelta geometric transformation. For boundary con-
ditions, the frame columns were fixed at the base with a moment-release at the first
floor midpoint, and the first floor BRB were assumed to be pinned at the base. The
foundation collector beam, shown in Figure 1.1, was not modeled, assuming it to
be essentially rigid. The boundary conditions of the NZ-BRBF system and the P-A

column configuration for a LB configuration frame are shown in Figure 5.1.

Frame configuration was based on the NewZ-BREAKSS top-flange rocking beam
detail proposed by Dowden et al. (2014) [27], but with a few modifications. A
schematic of the finite element model used is shown in Figure 5.2, where circles
represent nodes, and lines represent elements or constraints, numbered according to

their type.
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Figure 5.2: NZ-BRBF connectivity (LB configuration)
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5.2 Boundary Frame Elements

The boundary frame elements were modeled with force BeamColumn elements, using
a Linear geometric transformation for the HBEs and, to capture second order effects,

a PDelta geometric transformation for the VBEs.

Although the NZ-BRBF boundary frame was designed to remain essentially elastic,
some yielding of the boundary frame members may occur, especially at collapse-
level ground motions. Therefore, to capture the softening in the frame elements,
fiber sections representing the steel wide-flange sections were used with a distributed
plasticity Lobotto integration scheme with five integration points. The individual
fibers in the fiber section were modeled with Steel01 material with 2% kinematic

strain hardening [13].

5.2.1 Validation of HBE Kinematic Equations

Figures 5.3, 5.4, & 5.5 compare the kinematic equations for axial, shear, and moment
HBE force demands to the demand from the OpenSees numerical model subjected to
a column rotation 6 of 0.04 rad. The demand on the HBE was computed from the
kinematic equations assuming the fully developed brace forces For brevity, only the
3-story archetypes with 22 strands are shown, and for the right-ward drift load case
in Eq. (4.3-3). The results from the rigid OpenSees model are nearly identical to the
rigid kinematic equations, and are larger in magnitude than the flexible OpenSees
model results. While the archetypes were not designed directly from the kinematic
equation demands, but rather the demand from a 4% roof drift static pushover anal-
ysis, these plots serve to validate both the kinematic equations and the numerical

model.
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Figure 5.3: HBE axial force comparison
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Figure 5.4: HBE shear force comparison
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Figure 5.5: HBE moment comparison
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5.3 Post-Tensioning (PT)

Post-tensioning (PT) elements were modeled as tension-only truss elements, con-
nected to the HBE centerline directly and to the VBE via a rigid offset, and with an
area equal to the number of strands times the area of each strand. The stress-strain
response of the PT elements was modeled with an ElasticPPGap material, using an
elastic modulus of 29000 ksi and a yield stress of 243 ksi, which is equal to 90% of
the ultimate stress of the PT [38]. Although experimental tests have demonstrated
that PT strands exhibit some strain hardening [40], the post-yield stiffness of the
PT elements was conservatively assumed to be zero. No initial gap was used for
the FElasticPPGap material, and the “damage” flag was enabled, allowing for gap
growth if the PT yields. Finally, the FlasticPPGap material was wrapped with the

InitStressMaterial uniaxial material wrapper to apply the initial PT stress.

5.3.1 Accounting for PT Loss

If the reacting structure is not infinitely rigid, the initial PT forces will cause the
reacting structure to deform, in turn reducing the applied initial PT forces. Previous
studies have accounted for this PT loss phenomenon by iteratively changing initial
PT stress/strain until final stresses are within a tolerance of the target [17], or by
developing an analytical equation for the required initial strain that incorporates
the known stiffnesses of the reacting elements [1], [22]. This study proposes a new
method, presented in Algorithm 1, to account for PT loss in the model, in which
the initial stress/strain values are unchanged. The proposed method simply removes
and restores the PT elements until the stress losses after an equilibrium analysis drop
below an acceptable tolerance. This method works with truss elements in OpenSees,
which are applied at the displaced location, rather than the initial location, of the

end points.
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Algorithm 1 Iterative method for applying post-tensioning elements

repeat
remove and restore PT elements
perform static equilibrium analysis
until stress losses are acceptable

5.4 Buckling Restrained Braces

The BRBs were modeled with corotTruss elements as single prismatic trusses rep-
resenting the BRB components in series, with assumed detailing ratios of A4 = 0.5,
Ap = 0.7, and A\¢ = 0.85, which corresponds to a stiffness modifier fsy; of about 1.54.
In order for the prismatic truss to have the same stiffness as the components in series,
an effective area was used, computed with Eq. (3.1-11), and the elastic modulus was
taken to the be the elastic modulus of the core material (29000 ksi). The yield stress
of the BRB core material was assumed to be the same in tension and compression,
and was taken to be the median specified yield stress of 42 ksi. However, in order
for the prismatic truss with an effective area to have the same yield force as the

components in series, an effective yield stress was used, computed with Eq. (3.1-13).

The main hysteretic response of the BRBs was modeled using the SteelM PF mate-
rial, due to its simple implementation of asymmetric isotropic and kinematic strain
hardening, which was used to calibrate the material to typical BRB backbone curves.
Low-cycle fatigue and strain limits were included using the Fatigue material wrapper,
and calibrated to published test data, adjusting for the geometry of the BRB. The
resulting BRB model captures the stiffness, capacity, hardening, and failure behavior

of typical BRBs.
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5.4.1 SteelMPF Material

The main hysteresis of the BRB braces was modeled using the SteelMPF material in
OpenSees [41]. This material uses a nonlinear hysteretic material model developed
by Menegotto and Pinto 1973 [42], with isotropic strain hardening as proposed by
Filippou et al. 1983 [43].

The isotropic hardening formulation in SteelMPF' relates the expansion of the yield
envelope to the minimum and maximum strains, as proposed by Filippou et al. 1983
[43].  Although SteelMPF accepts four isotropic hardening parameters (a;, ag, as,
and ay,), this study assumes a, and a4 to be equal to 1, and considers parameter a;
to be the isotropic hardening ratio in compression, or a., and ag to be the isotropic
hardening ratio in tension, or a;. With this simplification, the adjusted yield stresses
in compression and tension, o, . and o,, can be calculated according to Egs. (5.4-1)

and (5.4-2):

Oye = —0y0 <1 + a. <6m‘w — 1)) < —0y0 (5.4-1)

Tyt = 0y0 (1 + a <_5mi" — 1)) > 0,0 (5.4-2)

Cy
where,
oy. = Hardened yield stress in compression
oy: = Hardened yield stress in tension
oy0 = Initial yield stress
ac = Isotropic hardening ratio in compression
ay = Isotropic hardening ratio in tension
Emae = Maximum strain
€min = Minimum strain
Ey = Initial yield strain
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The kinematic hardening parameters, on the other hand, are simply the ratios of

post-yield stiffness to elastic stiffness: b; for tension and b, for compression.

In lieu of test data, the isotropic and kinematic strain hardening parameters were
chosen to match a typical BRB backbone curve, as shown in Figure 5.6, using Eqs.
(5.4-3) and (5.4-4). The backbone curve defines the overstrength of the brace in
tension and compression at the expected brace ductility, p, which corresponds to the
brace ductility at twice the design story drift [34]. Assuming a design story drift of
2%, the expected story drift is 4%. With this expected story drift, the expected brace
ductility was about 17 for all the considered building configurations, calculated using
Eq. (3.1-35). The overstrength at the expected brace ductility was then defined by
overstrength factors w and . The values used for index archetype design, w = 1.4
and § = 1.1, were used, and isotropic and kinematic strain hardening parameters

were selected to meet the target overstrength factors.

p/P,
‘ (at+be)(u-1)
P Kl
1p- |
i il
o A |
{ i ; L‘l - 5/5,
o /]
(ac‘f‘bc)([l'l) i B
,,,,,,,,,,,,,,,,,,, -Bw
77

Figure 5.6: BRB hysteresis backbone overstrength factors
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ag + bt = — (54—3)
1%

(5.4-4)

However, because many combinations of isotropic and kinematic strain hardening
parameters can result in the same overstrength factors, the relative proportions of
isotropic and kinematic hardening were informed from BRB component testing [29].
Therefore, isotropic strain hardening was assumed to be 2.0% in both tension and
compression, and kinematic hardening was assumed to be 0.5% in tension and 1.4%
in compression. These parameters corresponded to w ~ 1.4 and § =~ 1.1 for all

archetype configurations.

In addition to modeling the yield point and strain hardening, the SteelMPF material
includes a Bauschinger effect transition from elastic to plastic, controlled by the pa-
rameters Ry, cg1, and cro. Although the recommended values are 20, 0.95, & 0.15,
these values were calibrated to reinforcing steel, not BRB components [42]. There-
fore, in order to better represent the behavior of BRBs, values calibrated to BRB
component tests were used instead: 25, 0.90, & 0.15 [29].

The resulting BRB material hysteresis is shown in Figure 5.7. This matches the
specified BRB backbone, exhibits a combination of kinematic and isotropic hardening,
and has a smooth transition from elastic to plastic. However, it does not have any
degradation or strength limit. This is addressed by the use of the Fatigue wrapper

material.
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Figure 5.7: SteelMPF BRB hysteresis with backbone

5.4.2 Fatigue Material

Low cycle fatigue and strain limits were implemented in OpenSees using the Fatigue
wrapper material. The default parameters for this material are m = —0.458 and
g9 = 0.191. These values were calibrated with steel wide-flange sections, so they are
not necessarily appropriate for BRBs [44]. Therefore, the slope of the Coffin-Manson
curve, m, was kept at the default value, but the default value of strain at which one
cycle will cause failure, ¢y, was converted from yielding core plastic strain to brace
plastic strain, as shown in Eq. (5.4-5). For the ratio of core length to brace length
Ac = 0.85 this corresponds to 5 = 0.16235.

g0 = 0.191A¢ (5.4-5)

In addition to the m and ¢y parameters, a ductility limit was imposed on the BRBs
with the “-max” and “-min” strain options for the Fatigue material. It was assumed

that deformation levels greater than 30 times the yield deformation would lead to
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failure of the braces, based on test results in the literature [5]. Therefore, a strain
limit equal to 30 times the effective yield strain of the brace was used. With a brace
detailing ratio Ag of 0.7 and a stiffness modifier fg,; of 1.54, yield stress of 42 ksi
and elastic modulus of 29000 ksi, this corresponds, using Eqs. (3.1-13) & (3.1-14), to

a maximum effective brace strain of about 4%.

It is important to note that this is only an effective brace strain limit, and is not
directly comparable to the yielding core strain limit. Because plastic strain are con-
centrated in the yielding core, and because the yielding core is shorter than the entire
brace, the yielding core strain limit will be larger than the effective brace strain limit.
Specifically, with the detailing ratios and material properties used in this study, the
strain limit of the yielding core material (g, )maq, is approximately 4.7% for a maxi-

mum brace ductility of 30.

This approximate yielding core strain limit was calculated using Eq. (3.1-23), with
the simplifying assumption that elastic strain contributions due to strain hardening
are small. With this simplifying assumption, &; can be substituted for %, and
30g;, can be substituted for e;,,, as shown in Eq. (5.4-6). Then, substituting Eq.
(3.1-14) for & and simplifying, the (€,.)mae can be expressed in terms of only the
brace detailing ratios and yielding core material properties, as shown in Eq. (5.4-7).
Finally, substituting the brace detailing ratios and material properties used for this

study, the approximate yielding core strain limit is approximated as shown in Eq.

(5.4-8).
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1
(eyz)maz ~ fsmApe, + ~—(30e;, — &) (5.4-6)

Ac
29
Euz)mar X Ey | 1 + ———r 5.4-7
( Y ) ) ( ABACfSM> ( )
42 ksi 29
2 )mazx ~ 3 ~ 0.04 A-
(5y-) 29000 ksi ( 07 % 0.85 1.54) 0.047 (5.4-8)

5.5 NewZ-BREAKSS (NZ) Connection

The NZ connection model shown in Figure 5.2 consists of the top-flange rocking point
offset from the HBE, and the slotted shear plate offset from the VBE. To represent
the top-flange rocking point, a compression-only truss element was used, connected to
the VBE centerline directly and to the HBE via a rigid offset. To represent the shear
plate, a zeroLength element with a rigid force-deformation response in the vertical
direction was used, connected to the HBE centerline directly and to the VBE via a
rigid offset. Note that a rigid zero-length element was used in lieu of an equal degree-

of-freedom constraint for the shear plate to avoid chained multi-point constraints.

5.6 Rigid Diaphragm Element

Seismic forces are typically applied to a frame model as point loads or point mass at
the frame workpoints. This is a modeling assumption which typically does not make
much of a difference for traditional braced frames. However, with the NZ-BRBF
system, the beam-column connection is compression-only, so it cannot transfer the
seismic forces in tension. Therefore, in order to apply seismic forces at the frame
workpoints, the columns were restrained to have the effectively the same lateral dis-

placement through the use of a rigid truss element. This additional element represents
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a rigid diaphragm or similar mechanism, and, as a result of the unique kinematics of
the NZ-BRBF system, effectively transfers all lateral forces to the opening joint side
of the frame. In reality, load paths can vary with diaphragm and frame configuration,
but this modeling assumption was adopted for its simplicity and for representing a

worst-case load-path, as it maximizes the end-moment on the HBE.

5.7 Rigid Offsets (Multi-Point Constraints)

Rigid offsets in the NZ-BRB model were modeled with rigidLink beam multi-point
constraints, and the Transformation constraint handler was used to condense out the
constrained degrees-of-freedom. In order to avoid issues from over-constraining or
chained multi-point constraints, all rigid offsets were oriented away from the element

they were offset from.

5.8 Gravity Loads

Gravity loads tributary to the HBE were applied as element loads on the HBE, and
additional gravity loads tributary to the frame were applied as point loads to the
frame work-points. Gravity loads carried by the gravity system but tributary to the

lateral frame for second-order effects were applied to a P-A leaning column.

For design of the boundary frame, the applicable load combinations in Eqs. (4.3-3) &
(4.3-4) were used. For nonlinear static and nonlinear dynamic analysis however, the

applicable gravity load combination specified for P-695 analysis was used instead:

1.05D + 0.25L (5.8-1)
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where D is the dead load and L is the live load of the structure. The nonlinear
analysis load combinations differ from the design load combinations because while
the archetype buildings must be designed according to code, the nonlinear analyses

should capture the expected (median) behavior [3].
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Chapter 6

Nonlinear Static (Pushover) and

Eigenvalue Analysis

This chapter presents the results of the nonlinear static (pushover) and eigenvalue
analysis results for the NZ-BRBF index archetype models, as specified in the P-
695. The results of the nonlinear static and eigenvalue analyses serve to validate
the numerical model, especially for first-mode behavior. Additionally, the nonlinear
static results are used to calculate the overstrength and period-based ductility, which

are used in the performance evaluation of the proposed SFRS.
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6.1 Eigenvalue Results

After applying gravity loads with the load combination in Eq. (5.8-1) and applying
the seismic masses to the frame workpoints, eigenvalue analyses were conducted on
the index archetype models in OpenSees. Table 6.1 reports the fundamental period T,
calculated using Eq. (4.5-1), the first mode period T} calculated from the eigenvalue
analysis, and the coefficient Cj, relating MDOF roof displacement to equivalent SDOF
displacement. The coefficient Cj, used later to calculate the period-based ductility
pr, was calculated according to Eq. (6.1-1), where m, is the mass at level x, ¢, , is

the lateral first-mode eigenvector value at level x, and n is the number of levels.
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Table 6.1: First mode period T7 and coefficient Cjy

Archetype T (sec) Ti (sec) Cy

1S-LB-14 0.29 0.56 1.00
1S-LB-22 0.29 0.55 1.00
3S5-LB-14 0.66 0.83 1.27
3S5-LB-22 0.66 0.80 1.27
3S-77-14 0.66 0.82 1.27
35-27-22 0.66 0.77 1.28
65S-LB-14 1.15 1.50 1.37
6S-LB-22 1.15 1.47 1.37
9S-LB-14 1.54 2.05 1.41
9S-LB-22 1.54 2.01 1.42
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6.2 Lateral Load Distribution

Nonlinear static analysis was performed on the index archetype models in OpenSees
with the DisplacementControl integrator, using the roof level lateral displacement
as the controlling degree-of-freedom. Lateral loads were applied to the model in
proportion to a lateral load distribution factor C,,, as computed in Eq. (6.2-1),
where m,, is the mass at level x, and ¢, , is the first-mode eigenvector value at level

x, and n is the number of stories.

m:p¢1,m
?:1 mi¢1,z‘

Cop = (6.2-1)

The resulting lateral load distributions for each index archetype model are shown in

Figures 6.1, 6.2, and 6.3.
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1 [C—13S-22-14 | -
] 35-77-22
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0 0.1 0.2 0.3 0.4 0.5 0.6

Base Shear Distribution C,,

Figure 6.1: Nonlinear static lateral load distribution for 3-story
archetypes
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Figure 6.2: Nonlinear static lateral load distribution for 6-story
archetypes
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Figure 6.3: Nonlinear static lateral load distribution for 9-story
archetypes
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6.3 Roof Drift vs. Base Shear

The index archetypes were subjected to a displacement controlled monotonic pushover
analysis in OpenSees, and the resulting roof drift vs. base shear plots were used for
determining maximum base shear and ultimate roof displacement. For the pushover
analyses, the maximum brace ductility limit pi,,., > 30 was ignored for assessment
of maximum base shear, but was enforced in post-processing to determine the “ulti-
mate” roof displacement ¢,. This was done to provide a conservative upper bound

on overstrength, while also not overestimating the system ductility.

6.3.1 1-Story Archetypes

The roof drift vs. base shear plots for the 1-story archetypes are shown in Figure 6.4.
Note the bilinear post-yield stiffness, which is a result of the unique NZ boundary

frame kinematics.
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Figure 6.4: Pushover curves for 1-story archetypes
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6.3.2 3-Story Archetypes

The roof drift vs. base shear plots for the 3-story archetypes are shown in Figure 6.5.
There is little difference between the two brace configurations for base shear response,

and the base shear response does not degrade significantly.
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Figure 6.5: Pushover curves for 3-story archetypes
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6.3.3 6-Story Archetypes

The roof drift vs base shear plots for the 6-story archetypes are shown in Figure
6.6. Unlike the 3-story archetypes, which did not exhibit substantial base shear
degradation, the 6-story archetypes exhibited modest base shear degradation, with
the 14 strand archetype degrading more.
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Figure 6.6: Pushover curves for 6-story archetypes
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6.3.4 9-Story Archetypes

The roof drift vs. base shear plots for the 6-story archetypes are shown in Figure
6.7. Similar to the 6-story archetype results, the archetype with more PT strands

had reduced base shear degradation.

800 T T T T

9S-LB-14

— — —9S-LB-22

600

Base Shear (kip)
>
3

200

0 0.02 0.04 0.06 0.08 0.1
Roof Drift (rad)

Figure 6.7: Pushover curves for 9-story archetypes
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6.4 Determination of Overstrength and

Period-based Ductility

Following the P-695 methodology, index archetype overstrength () was calculated
according to Eq. (6.4-1) as the ratio of maximum base shear V,,, to design base

shear V.

(6.4-1)

The system overstrength (2o was then determined as the largest index archetype €2,

rounded up to the nearest half increment (0.5).

Period based ductility pr, which is used by the P-695 methodology to adjust collapse
capacity, was calculated as the ratio of ultimate roof displacement 9, to the effective

yield roof drift displacement d, .rr, as shown in Eq. (6.4-2).

Oy
y.eff

(6.4-2)

MTI(S

Ultimate roof displacement was taken as either the displacement where brace ductility
Imae €xceeded 30, or where the base shear dropped below 80% of V4., whichever

occurred first.

The effective yield roof displacement 9, .ss is calculated according to Eq. 6.4-3, where
Cy is the coefficient calculated according to Eq. (6.1-1), W is the building weight
tributary to the frame and the P-A leaning column, ¢ is gravitational acceleration,
T is the fundamental period calculated according to Eq. (4.5-1), and T is the first

mode period of the index archetype model as computed from an eigenvalue analysis.

Vinax g
5y,eff = CO W (471_2> (maX(T, T1>>2 (64_3)
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Figure 6.8: Pushover for index archetype 65-LB-14, with labels

To illustrate the significance of the quantities maximum base shear, ultimate displace-
ment, and effective yield roof displacement, the roof drift vs. base shear plot for index
archetype 6S-LB-14 is labeled with the corresponding quantities in Figure 6.8. Note
that for this archetype, the ultimate displacement is not taken as the point where the
base shear degrades below 80% of V},... Instead, the ultimate displacement for this
archetype is taken as point where the brace ductility piq. exceeded 30. For most
index archetype models, the brace ductility limit pt,,4, > 30 was reached prior to the
80% Vinasx threshold. Therefore, if component testing data supported a higher brace
ductility limit, the resulting ultimate roof displacement values could be higher, and
in turn, the seismic performance evaluation could be more favorable. However, in
the absence of a comprehensive experimental testing program, the ductility limit of
30 was used to be comparable to existing studies [5]. This limitation in the study is

reflected in the test data quality ratings for the performance evaluation of the system.

The nonlinear static analysis results for all index archetypes are tabulated in Table 6.2.

The largest index archetype overstrength was 1.90, so an appropriate value for system
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Table 6.2: Nonlinear static analysis results

Archetype V (kips) Vipee (kip) Q@ 0, (in) Oyepp (in)  pr

1S-LB-14  142.57 226.51 1.59 11.47 0.62 18.55
1S-LB-22  142.57 248.39 1.74  11.54 0.64 18.03
35-LB-14  371.75 989.05 1.58  28.55 1.55 18.43
35-LB-22  371.75 705.07 1.90 28.31 1.72 16.48
35-7Z7Z-14  371.75 591.77 1.59  28.55 1.52 18.83
35-727-22  371.75 697.63 1.88  28.31 1.60 17.66
65-LB-14  432.06 559.34 1.29  52.79 2.55 20.73
65-LB-22  432.06 082.76 1.35  53.78 2.56 21.04
9S-LB-14  482.97 618.33 1.28  49.04 3.62 13.55
9S-LB-22  482.97 634.89 1.31  62.95 3.57 17.65

overstrength () is 2.0. For all archetypes, more PT resulted in larger maximum base
shear. More PT also generally increased the ultimate displacement and effective yield
displacement, although not for all archetypes. The brace configuration did not have
much of an effect, with the LB and ZZ configuration archetypes having similar system

overstrengths and period-based ductilities.

6.5 Story Drift Ratios

To help gauge system behavior, the story drift ratios for multi-story index archetype
models are presented for design base shear V', the maximum base shear V.., and at

the ultimate roof displacement d,.

For all multi-story archetypes, the story drift profiles were typical of a single-curvature
displacement profile, with the exception that the first floor drift demand was about
50% of the second floor drift demand, due to the mid-height column hinge detail.
The archetypes with 22 strands generally had increased drift capacity, and the brace
configuration parameter had little effect, which aligns with the results tabulated in

Table 6.2.
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Figure 6.9: Pushover story drift profiles for 3-story archetypes

It is important to note that the 3-story archetype story drift profile plots in Figure
6.9 show that the story drift at maximum base shear is larger than the story drift
at ultimate roof displacement. This is because for the 3-story archetypes, the brace
ductility limit was reached prior to maximum base shear. Therefore, the story drifts
at maximum base shear for the 3-story archetypes should not be taken as a realistic

estimate of story drift demands, because they are beyond the brace ductility limits.
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Figure 6.10: Pushover story drift profiles for 6-story archetypes
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Figure 6.11: Pushover story drift profiles for 9-story archetypes

111






Chapter 7

Nonlinear Dynamic Analysis

This chapter presents the results of the nonlinear dynamic analyses for the NZ-BRBF
index archetype models, using the P-695 Far Field Set ground motion suite, and sub-
jected to Design Basis Earthquake (DBE) and Maximum Considered Earthquake
(MCE) intensities. The resulting structural responses are used to gauge system be-

havior and compare against other BRBF systems.
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7.1 Ground Motion Suite

Nonlinear response history analyses were conducted with the P-695 far field ground
motion suite. The P-695 far-field set was developed for collapse assessment of build-
ings, and consist of 22 component pairs of horizontal ground motions from 14 different
strong-motion earthquake events. In particular, the far-field set are ground motions
from sites located greater than or equal to 10 km from fault rupture. Both horizon-
tal components from each ground motion are used, for a total of 44 ground motion
acceleration records, sufficient for meaningful statistical analysis. Most of the P-695
records were acquired from the PEER NGA-West2 database [45], but the Cape Men-
dicino record was obtained from the CESMD database [46], [47] (for the reason that
this record was missing in the PEER database). Table 7.1 summarizes some details
about the individual ground motions, and Figure 7.1 shows the unscaled acceleration

response spectra of the ground motion suite.

2.5 T T T

Individual Spectra
Median Spectra

Spectral Acceleration, S, (g’s)
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Figure 7.1: Response spectra for unscaled ground motion suite
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Table 7.1: P-695 ground motion suite

Duration

ID RSN Earthquake Station Year Mag (sec)

1 953 Northridge Beverly Hills - Mulhol 1994 6.7 29.98
2 960 Northridge Canyon Country-WLC 1994 6.7 19.98
3 1602 Duzce, Turkey Bolu 1999 7.1 55.89
4 1787 Hector Mine Hector 1999 7.1 45.30
5 169 Imperial Valley Delta 1979 6.5 100.14
6 174 Imperial Valley El Centro Array #11 1979 6.5 39.07
7 1111 Kobe, Japan Nishi-Akashi 1995 6.9 40.95
8 1116 Kobe, Japan Shin-Osaka 1995 6.9 40.95
9 1158 Kocaeli, Turkey  Duzce 1999 7.5 27.18
10 1148 Kocaeli, Turkey  Arcelik 1999 7.5 30.00
11 900 Landers Yermo Fire Station 1992 7.3 43.98
12 848 Landers Coolwater 1992 7.3 28.00
13 752 Loma Prieta Capitola 1989 6.9 39.99
14 767 Loma Prieta Gilroy Array #3 1989 6.9 39.98
15 1633 Manjil, Iran Abbar 1990 7.4 53.50
16 721  Superstition Hills El Centro Imp. Co. 1987 6.5 59.99
17 725 Superstition Hills Poe Road (temp) 1987 6.5 22.29
18 829 Cape Mendocino Rio Dell Overpass 1992 7.0 59.98
19 1244 Chi-Chi, Taiwan CHY101 1999 7.6 90.00
20 1485 Chi-Chi, Taiwan TCU045 1999 7.6 90.00
21 68 San Fernando LA - Hollywood Stor FF 1971 6.6 79.44
22 125  Friuli, Italy Tolmezzo 1976 6.5 36.38

7.1.1 Ground Motion Normalization

In order to reduce record-to-record variability (e.g., due to event magnitude, distance

to source, site conditions, etc.) between records without significantly affecting the

overall record-to-record variability, the P-695 Far Field record set was normalized

by peak ground velocity (PGV) using the PGVpggr values reported in the PEER

NGA database. The normalization factor for each ground motion is calculated as

the median PGVpggr of the ground motion suite divided by the i*® ground motion

PGVpggr. These normalization factors (NF) are published in the P-695. However,
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the published ground motion normalization factors were based off of an outdated
version of the PEER ground motion database. While the P-695 does claim that
the published normalization factors should be valid for the current database version,
this statement was made in regard to version 7.3 versus version 6.0 of the PEER
NGA-West database. Since then, the NGA-West database has been replaced by
the NGA-West2 database [45]. This next-generation of the database uses different
attenuation functions for processing raw ground motion data, potentially leading to

differences in the records compared to those used in the NGA-West database [48].

Therefore, to maintain the methodology while using updated ground motion records,
new normalization factors (NF) based on NGA-West2 PGV values were computed,
with the exception of ground motion 18, or RSN 829, which was not included in the
NGA-West2 database. This missing ground motion was imputed with the matching
record from the CESMD database and the older PGV value from the NGA-West
database [49], [50]. Comparison of ground motion properties reported in the P-695
and those computed with the new ground motions are shown in Table 7.2 and Figure

7.2.

On average, the new normalization factors increased by 5%. The largest change was
with record 8, which increased by 35%. Using the new normalization factors, each
ground motion was amplitude scaled using their corresponding normalization factors.

Computed response spectra and the median response spectra are shown in Figure 7.3.
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Table 7.2: Ground motion normalization factor comparison

PGVpggr (cm/s) Normalization Factor
ID Old New Old New
1 57.2 59.81 0.65 0.68
2 44 .8 45.16 0.83 0.90
3 59.2 62.90 0.63 0.64
4 34.1 34.78 1.09 1.17
5 28.4 26.95 1.31 1.50
6 36.7 40.77 1.01 0.99
7 36 39.49 1.03 1.03
8 33.9 27.11 1.1 1.49
9 54.1 56.11 0.69 0.72
10 27.4 31.14 1.36 1.30
11 37.7 40.26 0.99 1.01
12 32.4 33.22 1.15 1.22
13 34.2 38.85 1.09 1.04
14 42.3 43.52 0.88 0.93
15 47.3 49 .48 0.79 0.82
16 42.8 43.67 0.87 0.93
17 31.7 33.89 1.17 1.20
18 45.4 47.95* 0.82 0.84
19 90.7 91.28 0.41 0.44
20 38.8 45.96 0.96 0.88
21 17.8 20.47 2.1 1.98
22 25.9 24.78 1.44 1.63

*Value from NGA-West database
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Figure 7.2: Comparison of normalization factors for the P-695 Far-Field
record set
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Figure 7.3: Response spectra for normalized ground motion suite
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7.1.2 Ground Motion Scaling

The P-695 evaluates collapse performance relative to the Maximum Considered Earth-
quake (MCE) spectra, i.e. the Risk-Targeted Maximum Considered Earthquake
(MCER) spectra as it is referred to in the ASCE 7 [33]. The target spectra is shown

in Figure 7.4.

)

I
“ Sus [~ ¢p S
=} = —
kS I I T
+o

g S | |
) M1 + - — — — |—— — —

g | | |
< 0.4(Sus) | | |
=

*E | | |

2 | | |
<2 T Ty 1

Period, T (sec)
Figure 7.4: MCE target spectra

This target spectra is calibrated to a target conditional probability of collapse (e.g.
10% probability of collapse for typical structures, given an MCE level ground motion),

so comparison of collapse fragility curves from an IDA can be used to directly evaluate

the MCE target probability of collapse.

In order to assess the seismic collapse capacity of a system, the ground motions used
must represent collapse-level earthquakes. However, strong ground motion data is
limited, so, instead, ground motion records are typically amplitude scaled. Amplitude
scaling introduces bias, overestimating the nonlinear structural responses and collapse
probabilities [51], [52]. This is because the spectral shape of strong ground motions is

usually peaked at the period of interest. Therefore, if a ground motion with a trough
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at the period of interest is scaled up to match a target spectral value, unrealistic

spectral responses may result at the other periods.

In part, the P-695 methodology handles amplitude scaling bias by anchoring the
ground motion suite median response spectra (versus anchoring individual ground
motion response spectra) to the target response spectra at a fundamental building
period of interest. In this way, a more natural variation in spectral shape is retained.
To illustrate this for a fundamental period of one second, the ground motion suite is
anchored to a target response spectra individually and collectively (based on median
spectra) in Figure 7.5 and Figure 7.6, respectively. When anchoring the median
response spectra, the spectral values of the suite are scattered around the target
spectral value at the period of interest, rather than the “pinching” effect characteristic
of anchoring each ground motion individually. For this study, the P-695 methodology
was followed and the median response spectra was used for anchoring the ground

motion suite.

The target MCE spectral intensity Sy;r, the median spectral intensity S N1, and the
corresponding scale factor SFy;r used for anchoring the normalized ground motion

suite to the MCE level intensity are tabulated in Table 7.3 for each building height.

Table 7.3: Scale factors used for anchoring the normalized ground mo-
tion suite to MCE target spectra

Stories T (sec) Swur (8) Snr (8) SFur

1 0.288 1.500 0.881 1.702
3 0.655 1.373 0.594 2311
6 1.155 0.780 0.324  2.408
9 1.542 0.584 0.235 2.488
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Figure 7.5: Anchoring ground motions individually
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Figure 7.6: Anchoring ground motions collectively
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7.2 Damping

Damping is the measure of energy dissipation in a dynamic system. In seismic design,
the majority of the energy dissipation is designed to be due to hysteretic loops caused
by yielding or friction elements. But, energy is also dissipated in the elastic region
of the structural response, albeit to a lesser extent. This elastic energy dissipation
is complex, caused by a variety of physical phenomena. So, while damping due to
yielding is easily accounted for by hysteretic material models, mathematically equiva-
lent viscous damping is usually used in lieu of modeling the complex physical sources
of damping [53]. As a result, the governing equation of motion includes a velocity
component with a damping coefficient, or, in MDOF systems, a damping matrix. Be-
cause there is no physical analogue to the damping ratio terms, the damping matrix
is usually constructed as some combination of the mass and stiffness matrices. Mass-
proportional damping tends to under-damp higher modes and stiffness-proportional
damping tends to over-damp higher modes, while Rayleigh damping uses a linear
combination of the mass and stiffness matrices with coefficients that ensure reason-
able damping ratios at significant modes of interest [54]. Because of its flexibility in
assigning damping to multiple modes, Rayleigh damping is commonly used, and is

used in this study.

Equivalent viscous damping of steel structures has been measured experimentally and
found to range from about 2-5% of critical, with taller structures typically having
smaller damping ratios [55]. Previous analytical investigations of BRB systems have
typically used Rayleigh damping of 2-5%, anchored to the first few modes of the
structure [5], [37], [56], [57]. While damping up to 5% of critical has been used,
increased damping has been shown to significantly reduce the nonlinear response

[57).
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Therefore, a critical damping ratio of 2% was adopted for this study. For models
with only one mode of vibration, this was applied as stiffness proportional damping.

Otherwise, Rayleigh damping was applied, anchored to the first and second modes.

7.2.1 Addressing Issues with Rayleigh Damping

Because Rayleigh damping has no real physical basis, unrealistic damping forces can
result in some situations. For example, the use of the initial stiffness matrix in
Rayleigh damping can result in spurious damping forces when the structure yields or
undergoes drastic changes in stiffness, such as with contact or gap elements [58]. To
address this, the tangential stiffness matrix can be used instead [59]. Then, when ele-
ments yield, the damping forces will decrease. However, tangential stiffness Rayleigh
damping is an ad hoc approach, and can lead to unrealistic damping forces or conver-
gence issues [58]. For example, in the case of negative post-yield stiffness, negative
damping terms can result, and elements with significant discontinuities in stiffness
can cause convergence issues. Therefore, elements posing problems with tangential
stiffness damping should either be excluded from the damping matrix or have ini-
tial stiffness damping [4], [57]. Additionally, numerical stability issues can arise with
using tangential stiffness damping with the Newmark integrator [59]. As an alter-
native, the Hilber-Hughes-Taylor (HHT) integrator can be used, which introduces a
small amount of numerical damping [60]. Use of the HHT integrator with a = 0.9
was found to be effective in accommodating the use of tangential stiffness damping

without introducing a significant amount of numerical damping.

Therefore, the tangential stiffness matrix was used instead of the initial stiffness
matrix, an HHT integrator with o = 0.9 was used for the numerical solution, and
damping was only applied to the BRB, PT and boundary frame elements, using the

region command in OpenSees.
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7.3 Nonlinear Response History Analyses
(NRHA)

Nonlinear response history analyses (NRHAs) were conducted in OpenSees [39]. Each
NRHA was padded with 30 seconds of free vibration, chosen to be consistent with
other studies where residual displacement is a quantity of interest [13], [61], [62], and
the actual residual displacements were determined by static equilibrium analysis after

the 30 seconds of free vibration.

The time-step used for the NRHAs was taken to be the same as the ground motion
record time step. Out of the 44 ground motion records, the largest time step was
0.02 seconds, which was determined to be sufficiently small for the significant modes

of the index archetype models.

7.3.1 Collapse Criteria

In order to determine collapse in an NRHA, collapse criteria must be established.
These collapse criteria can be simulated or non-simulated. Simulated collapse criteria
utilize strength degradation within the numerical model, while non-simulated criteria

impose limits on structural responses.

The P-695 methodology requires that all collapse mechanisms be either precluded by
design requirements and assumptions, modeled directly to contribute to simulated
collapse, or accounted for by non-simulated collapse criteria. Generally, simulated

collapse is preferred, but some non-simulated collapse criteria are useful for imposing
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realistic limits on the analysis. For the NZ-BRBF system, the main collapse mech-
anisms considered were brace failure, loss of post-tensioning, plastic hinging in the

frame, and global instability due to P-Delta effects.

Brace failure was assumed to be limited to brace rupture due to fatigue or ultimate
strain, and was modeled directly in OpenSees with the Fatigue material model and a
ductility limit of 30. Connection failure was assumed to be precluded by the design
requirements. Without proper connection detailing, BRB connections can fail at drift
levels as low as 2%, but with proper detailing, such as stocky gusset plates and pinned
connections, BRBs can achieve their component capacity [63]. Because the NZ-BRBF
design requirements specify stiffened gusset plates and pinned connections, failure of

the connections was not considered.

Loss of post-tensioning (PT) was assumed to be due to PT elongation, and was
accounted for directly by modeling PT elements with the FElasticPPGap material

model with the damage option turned on.

Potential plastic hinging in the frame was accounted for by using nonlinear beam
column elements in the beams and columns, with the Steel01 material model. Degra-
dation was not considered, because the boundary frame is designed to be essentially

elastic and the columns are pinned at the first floor midpoint.

Global instability due to P-Delta effects was accounted for by using a P-Delta leaning
column with tributary gravity loads, and by imposing a non-simulated collapse criteria
of 10% interstory drift. This non-simulated collapse condition was determined based
on previous studies on steel frames [4], [30], [64], and drift capacity of wide-flange
columns [65]. Although actual failure may occur at a smaller interstory drift, collapse
capacity is not sensitive to large non-simulated collapse drift values, because dynamic

instability occurs at large drifts [3].
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7.3.2 Analysis Algorithm

When subjecting nonlinear finite element models to collapse-level ground motions, the
numerical solution often fails to pass convergence tests. While one could decrease the
time-step for the entire model to achieve convergence, this is a naive, computationally
wasteful approach. A more sophisticated approach is to write an adaptive algorithm
that only increases computational effort when non-convergence is encountered. This
study uses a recursive bisection approach to handle non-convergence, roughly as is
shown in Algorithm 2. For the collapse study, an € value of le-6 seconds was deemed
sufficiently small to handle issues with non-convergence, and if the minimum step
size was reached and the analysis step still failed, the model was assumed to have

experienced simulated collapse.

Algorithm 2 Convergence Handler for Dynamic Analyses

procedure ANALYZESTEP(dt,c)
ok = return code of one analysis step with time step dt
if ok # 0 and dt > 2¢ then
ok =ANALYZESTEP(dt/2,e)
if ok =0 then
ok =ANALYZESTEP(dt/2,e)
end if
end if
return ok
end procedure
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7.4 DBE and MCE Intensity Results

As a baseline, each model was subjected to the P-695 Far Field set anchored to
the Design Basis Earthquake (DBE) and Maximum Considered Earthquake (MCE)
intensities, where the DBE intensity is 2/3 of the MCE intensity [33]. The results
highlight the effects of the design parameters on system response, and can be used to

compare directly against other BRBF' systems.

7.4.1 Collapse Cases

The number of ground motions that resulted in collapse at the DBE and MCE level
ground motions are reported in Table 7.4. In general, the 22 strand archetypes
collapsed less than the 14 strand archetypes, and the brace configuration had no effect.
It would appear that in general, the target reliability of 10% collapse probability at
MCE intensity is met, although the archetypes 1S-LB-14, 6S-LLB-14, and 9S-LB-14
are suspect, with 5 out of 44 analyses resulting in collapse. This of course is not how
to determine if the target reliability is met according to the P-695 methodology, but

it is a good early indicator of whether the selected R factor is appropriate.
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Table 7.4: Collapse counts at DBE and MCE intensities

Count Percentage
Archetype ID DBE MCE DBE MCE
1S-LB-14 0 5 0.0% 11.4%
1S-LB-22 0 3 0.0% 6.8%
3S-LB-14 0 2 0.0% 4.5%
3S-LB-22 0 1 0.0% 2.3%
3S-77-14 0 2 0.0% 4.5%
3S-7.7-22 0 1 0.0% 2.3%
6S-LB-14 2 5 4.5% 11.4%
6S-LB-22 1 3 23%  6.8%
9S-LB-14 2 5 4.5% 11.4%
9S-LB-22 1 3 2.3% 6.8%

7.4.2 Peak and Residual Roof and Story Drift Demands

The mean and mean plus standard deviation peak and residual roof and story drift
demands are summarized in Tables 7.5 & 7.6. Analyses resulting in collapsed (simu-

lated or non-simulated) were truncated from the statistical analysis.

While difficult to compare directly, the NZ-BRBF system was observed to have similar
structural responses to those of conventional BRBF systems. For example, Fahnestock
et al. 2007 investigated a 4-story BRBF model with moment releases at the beam-
column connections. This model was subjected to a suite of ground motions scaled
to the MCE level intensity, and exhibited a mean peak story drift of 3.3% and a
mean residual story drift of 1.2% [66]. These results are comparable to the MCE
level intensity results for index archetype model 3S-LB-14, which exhibited a mean
peak story drift of 3.1% and a mean residual story drift of 1.4%. The index archetype
model 3S-LB-22, however, did not have similar drift responses, suggesting that the
14-strand models in particular are akin to BRBFs with non-moment-resisting beam-

column connections.
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While the 14-strand models were observed to be comparable to non-moment-resisting
BRBFs, the 22-strand models were observed to be comparable to BRBFs modeled
with fixed beam-column connections. For example, the study by Sabelli et al. 2003
investigated a 3-story BRBF model with fixed beam-column connections. The 3-story
BRBF model designed for an R-factor of 8 and subjected to a 10% in 50 year hazard
level (equivalent to DBE intensity) exhibited a mean peak story drift of 1.4% and a
mean residual story drift of 0.5% [10]. These results are comparable to the DBE level
intensity results for index archetype model 3S-LLB-22, which exhibited a mean peak
story drift of 1.8% and a mean residual story drift of 0.4%.

Therefore, it was observed that, in general, the 14-strand models behaved like non-
moment-resisting BRBFs, while the 22-strand models behaved more like BRBFs with
fixed beam-column connections. This is not surprising, as increasing the number of
PT strands increases the stiffness of the beam-column connection. It was also observed
that, in general, by increasing the number of PT strands from 14 to 22, both the peak
and residual drift responses were reduced, with the residual drift responses being
reduced the most significantly. Specifically, the peak drift responses were reduced on
average by about 8%, and the residual drift responses were reduced on average by
about 30%. This suggests that the PT boundary frame helps to reduce residual drift.
Because residual drift is a strong indicator of the repairability of a building post-event
[14], this also suggests that the PT boundary frame helps increase seismic resiliency.
The reduction in mean peak and residual drift responses for each building height is

illustrated in Figures 7.7 & 7.8.
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Table 7.5: Roof drift mean (1) and mean plus standard deviation (u+o)
dynamic analysis results

DBE MCE
Peak Residual Peak Residual
Archetype ID W w+o 0 w+o ! W+ o W w+o
1S-LB-14 0.022 0.035 0.013 0.026 0.036 0.052 0.024 0.040
1S-LB-22 0.020 0.031 0.009 0.018 0.033 0.047 0.016 0.028
35-LB-14 0.015 0.023 0.006 0.012 0.024 0.035 0.011 0.021
35-LB-22 0.014 0.020 0.003 0.006 0.021 0.031 0.005 0.010
3S-7Z7-14 0.015 0.023 0.006 0.011 0.023 0.034 0.011 0.020
3S-77-22 0.014 0.020 0.003 0.006 0.021 0.031 0.005 0.010
65S-LB-14 0.013 0.020 0.008 0.016 0.020 0.030 0.015 0.026
6S-LB-22 0.013 0.022 0.007 0.016 0.019 0.028 0.011 0.021
9S-LB-14 0.011 0.016 0.006 0.013 0.019 0.029 0.016 0.027
9S-LB-22 0.011 0.017 0.006 0.012 0.017 0.025 0.011 0.021

Table 7.6: Story drift mean (u) and mean plus standard deviation
(4 + o) dynamic analysis results

DBE MCE
Peak Residual Peak Residual
Archetype ID 1 w+o 1 w+o 1 1w+ o I w+o
1S-LB-14 0.022 0.035 0.013 0.026 0.036 0.052 0.024 0.040
1S-LB-22 0.020 0.031 0.009 0.018 0.033 0.047 0.016 0.028
3S-LB-14 0.020 0.031 0.008 0.015 0.031 0.045 0.014 0.026
35-LB-22 0.018 0.026 0.004 0.008 0.029 0.041 0.007 0.013
3S-77-14 0.020 0.030 0.007 0.014 0.031 0.044 0.013 0.024
3S-77-22 0.018 0.026 0.004 0.007 0.029 0.041 0.007 0.013
6S-LB-14 0.020 0.030 0.011 0.022 0.031 0.043 0.021 0.035
6S-LB-22 0.020 0.032 0.010 0.022 0.030 0.042 0.016 0.029
9S-1LB-14 0.020 0.027 0.011 0.020 0.033 0.047 0.025 0.043
9S-LB-22 0.020 0.026 0.009 0.018 0.029 0.040 0.018 0.031
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Figure 7.7: Effect of number of PT strands on mean roof drift response
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Figure 7.8: Effect of number of PT strands on mean story drift response
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7.4.3 (Global and Local Response at Collapse

The archetype 6S-LB-14 collapsed subjected to the first horizontal component of
ground motion 10, amplitude scaled to MCE intensity. The displaced shape of the
finite element model at collapse is shown in Figure 7.9, and the story drift is plotted
in Figure 7.10. No significant soft-story effect was observed, although the majority

of the drift demand was concentrated in the second and third levels.

At collapse, BRBs in levels 1 through 4 all exceeded the strain limit corresponding
to a brace ductility f,qe. of 30. This can be observed in the BRB hysteresis plots in
Figure 7.11, and the fatigue material cumulative damage in Figure 7.12. Note that

the braces in level 2 failed first, then level 3, then level 1, and finally level 4.

The PT stress response in respect to analysis time is shown in Figure 7.13. Only
the PT from the left frame are shown, as the results from the right frame are nearly
identical. All PT strands start at the same stress level, 30% of F},, and oscillate back
and forth until about ¢ = 17 seconds. At that point, the column angles in levels 1
through 3 exceed the softening point 0, and the right PT goes slack. Shortly after,
when the BRB in level 2 fails, the PT in levels 1 & 2 yield. The structure does not
immediately collapse after this, suggesting that some minor yielding of the PT is not
detrimental. However, when the BRBs on levels 1, 3 & 4 fail, the PT in levels 1-3
yield and collapse follows immediately. This suggests that while the PT provides
some redundancy for the case when one brace fails, it does not provide sufficient

redundancy to safeguard against collapse when multiple braces fail.
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Figure 7.10: Story drift plot for archetype 6S-LB-14 subjected to
collapse-level ground motion
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Figure 7.12: BRB damage for archetype 6S-LB-14 subjected to collapse-
level ground motion
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7.5 Summary

This chapter established the ground motion suite used in this study, how damping
was applied to the models, how collapse was determined, and the dynamic analysis

results for the DBE and MCE level intensities.

Collapse at MCE level intensity was observed to be precluded by brace failure in
multiple floors. Failure of a single brace did not lead to immediate collapse, and a
characteristic soft-story collapse mechanism did not form, suggesting that the design
of the boundary frame provided some level of redundancy. This is further confirmed
by the fact that the number of collapse cases was significantly reduced by increasing

the number of PT strands from 14 to 22.

For ground motions not resulting in collapse, it was also observed that the 22-strand
models exhibited smaller residual drift responses than the 14-strand models. In par-
ticular, increasing the number of PT strands from 14 to 22 decreased residual drift on
average by 30%. Because residual drift is a common indicator of the repairability of
a structure, this further suggests that the NZ-BRBF system may be easier to repair
after a seismic event than conventional BRBFs. So, not only does the number of PT
strands have a significant impact on the collapse behavior of the system, it also has

a significant impact on the repairability of the system post-event.
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Chapter 8

Incremental Dynamic Analysis

In order to assess the collapse capacity of the system, Incremental Dynamic Analyses
(IDAs) were conducted on the index archetype models, as prescribed by the P-695
methodology. The IDA method consists of incrementally scaling the ground motion
intensity until collapse is reached [67]. The resulting damage measure (DM) vs in-
tensity measure (IM) curves show the nonlinear transition from elastic to plastic to

collapse.

8.1 Intensity Measure and Collapse Margin Ratio

In accordance with the P-695 methodology, the ground motion intensity measure used
was S, the median spectral intensity of the scaled, normalized ground motion suite,
measured at the fundamental period of the structure. This intensity measure can be
expressed as the product of the scale factor SF and the median spectral intensity of

the unscaled normalized ground motion suite Syr, as is shown in Eq. (8.1-1).
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ST =SF x SNT (81—1)

Therefore, the scale factor SF can be used as a proxy intensity measure for the
purposes of running the IDAs, because it can be converted to St in post-processing.
This is useful because it does not require rescaling the ground motion suite for every

archetype model.

After the collapse intensity measures are calculated for each ground motion, the
collapse margin ratio CMR is calculated as the ratio of the median collapse intensity
measure §CT and the MCE-level intensity Sy,r, as is shown in Eq. (8.1-2). This ratio
is used to quantify the collapse capacity of the system [3].

Ser

CMR =
Smr

(8.1-2)

Alternatively, the collapse margin ratio can be defined by using the median collapse
scale factor CSF, as shown in Eq. (8.1-3). This alternative calculation is valid because
the suite was anchored and scaled collectively, rather than individually, as illustrated
in Figures 7.5 & 7.6.

CMR = CSF x 2N (8.1-3)
SMT

8.2 Damage Measures

A damage measure is typically a structural response quantity that becomes very large
at collapse. This is typically a displacement-based quantity rather than a force-based

quantity, because forces in a structure are typically capped at the yield capacity of
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the system. This study uses peak interstory drift as the main damage measure, as is

consistent with other IDA and P-695 studies [4], [30], [68].

8.3 IDA Algorithm

The individual IDAs for each ground motion were traced using a modified version
of the hunt-fill algorithm proposed by Vamvatsikos and Cornell [67]. The “hunt-fill”
algorithm seeks to achieve a specified precision ¢, on the capacity point (the “hunt”
precision), and a specified precision €y between points below the capacity point (the
“fill” precision). Using this approach, each IDA can be in one of 5 stages: initialization
(0), hunt-up (1), bracketing (2), fill-in (3) and finalization (4), which are determined

as described below:

0: No points exist.

1: Points are added but collapse has not been reached yet.

2: Collapse has been reached but the gap between the minimum collapse intensity
and the estimated capacity (the point immediately below the minimum collapse)
is greater than ey.

3: Hunt precision is met but gaps exist below the estimated capacity that are
greater than e;.

4: Both hunt and fill precision requirements are met.

To account for structural resurrections, if a collapse is reached during the fill-in stage

(3), the algorithm reverts to the bracketing stage (2).
Then, based on the stage, the next intensity is calculated as follows:

0: Return the user-defined initial intensity.
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1: Increment the intensity according to the user-specified hunt-up rule.

2: Bisect the gap between minimum collapse and estimated capacity.

3: Bisect (or trisect if trisection meets the fill precision) the largest gap below the
estimated capacity.

4: The IDA is complete.

This approach was implemented in OpenSees using object oriented programming in
Tel [69], where each ground motion IDA curve was represented by a separate TclOO
object, containing only the intensity measure and damage measure data. The IDA
objects were implemented in such a way that they do not actually run the individual
IDA analyses, they simply process the IDA curves and determine the next intensity
measures to run. For example, querying the next intensity measure does not change
the internal state of the IDA object: it will continue to return the same value until
another point is added to the IDA object. This approach to running IDAs is flexible,
allowing for running IDAs in series on one processor, running multiple IDAs in parallel

on multiple processors, or, simply, post-processing existing IDA data.

8.3.1 IDA Parallelization

The hunt-fill IDA algorithm is an inherently serial algorithm, where analysis runs
have to be performed in sequence. For a P-695 study, which require running 44
IDAs on each index archetype model, parallelization is essential. There are two
types of parallelization: inter-record parallelization and intra-record parallelization.
Inter-record parallelization is quite straight-forward, only requiring that each IDA is
performed on a separate processor. However, if one has access to a computer with
more cores than IDA curves, inter-record parallelization will not be able to fully utilize

all available cores. In this case, intra-record parallelization can be leveraged, where
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multiple points on one IDA curve are run in parallel. For this study, intra-record

parallelization was only leveraged for the fill-in stage of the IDA algorithm.

Both inter and intra-record parallelization were implemented for the IDAs using
OpenSeesMP, the multiple-interpreter parallel version of OpenSees [70]. Each IDA
run was assigned a unique integer job tag, which was delegated dynamically to worker
processes from the main process with the OpenSeesMP send and recv commands.
Each worker then executed the job within a separate OpenSees interpreter with the

Tcl exec command.

8.3.2 Partial IDA Refinement

For the purpose of performance evaluation, the P-695 only requires determination of
median collapse intensity for the entire Far Field record set, and permits running a
simplified IDA procedure. Previous studies have interpreted this to mean that the
entire P-695 record suite is scaled up at the same factor until 50% of the ground
motions result in collapse [4], [5]. However, there are multiple issues with this ap-
proach. First of all, because there are 44 ground motions, there are a range of scale
factors, between the 22nd and 23rd highest collapse intensity ground motions, that
will result 50% of the ground motions to result in collapse. This could result in an
overestimation of the median collapse intensity if the selected intensity was at the
higher end of the range. This issue has been recognized in previous studies, which

advise, conservatively, to find the lowest intensity that causes 50% collapse [71].

More importantly, the idea that if 50% of ground motions result in collapse repre-
sents the median collapse intensity is fundamentally flawed, due to the existence of

structural resurrections. Because of the possibility of structural resurrections, where

143



a structure can collapse at one intensity, and seemingly “resurrect” at a higher in-
tensity, a structure may be non-collapsing at one intensity and collapse at a lower
intensity. The actual collapse capacity of a ground motion must then be taken as
the lowest collapse point. Therefore, there may be multiple ranges of intensities that
will result in 50% collapse, and the actual median collapse intensity may not even lie
within one of the ranges, as is illustrated in Figure 8.1.

Intensity

Measure
A

'k’{ False

[ Collapse

Damage
NSC " Measure

50% Collapse
-- Maedian Collapse Intensity

Figure 8.1: Visual proof that 50% collapse is not equal to median col-
lapse intensity

A more robust approach is to selectively refine IDA curves based on their estimated
collapse capacity in relation to the estimated median collapse intensity. For exam-
ple, ground motions that collapse well below the median collapse intensity do not
need to be investigated for structural resurrections, as a smaller collapse intensity for
those ground motions would not affect the median collapse intensity [72]. Conversely,

ground motions that converge well above the median collapse intensity do not need
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to be in the hunt-up or bracketing stage of the IDA algorithm, but should be inves-
tigated for structural resurrection in case the true collapse intensity lies below the

estimated median collapse intensity.

In order to take advantage of these efficiencies, the following approach is proposed
for a suite of N ground motions: Order the ground motions in respect to increasing
estimated capacity, where the estimated capacity is taken as the intensity measure
immediately below the minimum collapse intensity or, if collapse has not been reached,
simply the largest analyzed intensity, or, if no analyses are complete, zero. For an
even number of ground motions, let A be the estimated collapse capacity of ground
motion N/2, and let B be the estimated collapse capacity of ground motion N/2+ 1.
In this case, the estimated median collapse capacity is equal to (A+ B)/2. For an odd
number of ground motions, let A and B be equal to the estimated capacity of ground
motion (N + 1)/2. In this case, the estimated median collapse capacity is equal to A
and B. Then, because the estimated collapse capacity is between intensities A and
B, the IDA algorithm can be modified for each ground motion based on the following

rules:

1. Both estimated capacity and minimum collapse are below A: No more anal-
yses are required, because bracketing and fill-in would not change the median

capacity intensity.

2. Estimated capacity is below A, minimum collapse is above A: In this case, it
is possible that the actual capacity of this ground motion could be above A,
so bracketing is required, but fill-in stage is not needed, because a structural

resurrection would not affect the median collapse capacity for this case.

3. Estimated capacity is equal to A or B: This ground motion is one of the key
ground motions that determines the median collapse capacity, so full refinement

is necessary.
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4. Estimated capacity is above B: Hunting and bracketing are not required, but
curve should be filled in below B to capture potential structural resurrections,
which could change the order of the ground motion estimated capacities in a

way that affects the median collapse capacity.

With this approach, all ground motions begin at an estimated capacity of zero, so
A and B are also equal to zero, so all ground motions require full refinement. As
collapse is reached for some ground motions, A and B shift towards the median
collapse capacity. Finally, given adequate hunt-fill precision values, A and B converge

around the median collapse intensity.

This approach was used to significantly reduce the number of analysis runs required to
determine the median collapse capacity while also considering structural resurrections.
To demonstrate the efficiency and accuracy of the partial IDA method presented in
this study, the collapse study was run both by fully developing the IDA curves for each
ground motion and also by employing the proposed strategy. The hunt-up method
used for both methods was geometric, starting at a scale factor of 1.0 and doubling
until collapse was reached, and hunt-fill precision values of €, = 0.05 and ¢y = 0.5
were used for refining the IDA curves. The runs required for a full IDA vs a partial
IDA for each index archetype model are shown in Table 8.1. Both methods came to
the same value for median collapse capacity, but the partial IDA strategy required

significantly fewer analysis runs.

To show the effect of ignoring structural resurrections, the same analyses were con-
ducted with €4 = oo, which effectively bypassed the fill-in stage of the hunt-fill al-
gorithm. The results without fill-in are shown in Table 8.2. As with the results for
g5 = 0.5, there was no difference between the full and partial IDA methods for the
median collapse, except for the fact that the number of runs varied. However, the dif-

ference in the number of runs was negligible. Therefore, in the case where structural
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resurrections are ignored, this study suggests that there is little, if any, advantage in
using the partial IDA method. The partial IDA method, therefore, is only advanta-
geous if there is a significant advantage to considering structural resurrections. For
this system subjected to the the Far Field set, the median collapse scale factor CSF

was overestimated by at most 3.3% by ignoring structural resurrections.

For systems with a higher occurrence of structural resurrections, such as rocking
systems, ignoring structural resurrections may have a larger impact on the results [73].
In these situations, it would be more important to consider structural resurrections,
and thus the partial IDA approach could be used to great effect to reduce the number

of required runs.

Table 8.1: Full vs. partial IDA, ¢, = 0.05 and €5 = 0.5

Full IDA Partial IDA Difference
Archetype ID  # of runs CSF # of runs CSF # of runs CSF
1S-LB-14 531 3.031 339 3.031 -36% 0%
1S-LB-22 539 3.281 345 3.281 -36% 0%
3S5-LB-14 702 4.766 451 4.766 -36% 0%
3S-LB-22 742 5.203 499 5.203 -33% 0%
35-77-14 719 4.750 475 4.750 -34% 0%
3S-77-22 758 5.266 494 5.266 -35% 0%
65-LB-14 661 4.156 414 4.156 -37% 0%
65-LB-22 726 4.828 437 4.828 -40% 0%
9S-LB-14 643 3.781 331 3.781 -49% 0%
9S-L.B-22 699 4.609 419 4.609 -40% 0%
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Table 8.2: Full vs. partial IDA, g5, = 0.05 and €5 = 00

Full IDA Partial IDA Difference
Archetype ID  # of runs CSF # of runs CSF # of runs CSF
1S-LB-14 249 3.031 253 3.031 2% 0%
1S-LB-22 261 3.281 258 3.281 -1% 0%
35-LB-14 315 4.781 310 4.781 -2% 0%
3S5-LB-22 319 5.219 316 5.219 -1% 0%
35-77-14 308 4.828 305 4.828 -1% 0%
3S-7.7-22 321 5.344 323 5.344 1% 0%
6S-LB-14 277 4.156 275 4.156 -1% 0%
65-LB-22 281 4.922 281 4.922 0% 0%
9S-LB-14 240 3.906 205 3.906 -15% 0%
9S-LB-22 276 4.609 275 4.609 0% 0%
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8.4 IDA Results

IDAs were conducted on each of the index archetype models with the Far Field
record suite, using partial IDA refinement and not ignoring structural resurrections.
An example IDA plot is shown in Figure 8.2 for archetype 6S-LB-14, with collapse
points omitted. Note that since the partial IDA refinement method was used, IDA

curves well below the median collapse point were not refined.

Ser
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Story Drift (rad)

Figure 8.2: IDA plot for index archetype 6S-LB-14, using partial IDA
refinement

The median collapse scale factor, spectral intensity, and collapse margin ratio for each
index archetype are tabulated in Table 8.3. These results are used for the performance

evaluation of the system in the following chapter.
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Table 8.3: IDA collapse study results

Archetype ID  Syr  Syr CSF  Ser  CMR

1S-LB-14 1.500 0.881 3.031 2.670 1.780
1S-LB-22 1.500 0.881 3.281 2.890 1.926
3S-LB-14 1.373 0.593 4.766 2.827 2.059
3S-LB-22 1.373 0.593 5.203 3.087 2.248
35-727-14 1.373 0.593 4.750 2.818 2.052
3S-27-22 1.373 0.593 5.266 3.124 2.275
6S-LB-14 0.779 0.324 4.156 1.347 1.728
6S-LB-22 0.779 0.324 4.828 1.564 2.007
9S-LB-14 0.584 0.235 3.781 0.887 1.520
9S-LB-22 0.584 0.235 4.609 1.081 1.853

8.4.1 Effect of Design Parameters on Collapse Capacity

The index archetype models with a ZZ brace configuration had slightly higher collapse
capacity than their LB configuration counterparts. For this reason, only the LB

configuration was investigated for the 6 and 9 story building heights.

The index archetype models with 22 strands of PT out-performed the models with
14 strands. In specific, the collapse capacity of the 22 strand models was 8% higher
for 1-story archetypes, 10% higher for 3-story archetypes, 18% higher for 6-story
archetypes, and 22% higher for 9-story archetypes. This suggests that the PT bound-

ary frame helps increase seismic stability, especially for taller structures.
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Chapter 9

Performance Evaluation

This chapter presents the results of the performance evaluation of the NZ-BRBF
system for the purpose of determining whether the target reliability is met with the
proposed seismic performance factors (SPFs). The performance evaluation is carried
out by comparing the IDA results to acceptable values based on the target reliability,
system properties, and qualitative uncertainty factors. The results suggest that the
NZ-BRBF system can be designed with the following SPFs: a response modification
coefficient, or R factor, of 8.0, a system overstrength 2o of 2.0, and a deflection

amplification factor Cy of 8.0.

9.1 Quality Ratings

In accordance with the P-695 methodology, collapse performance was evaluated with
assumed fragility curves, adjusted for uncertainty in the study. The fragility curves
are assumed to follow lognormal cumulative probability distribution curves, with the

median taken as the median collapse point, and the standard deviation a combination
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of four total uncertainty factors, or lognormal standard deviations: the record-to-
record uncertainty, Srrr, the design requirements uncertainty, Spgr, the test data

uncertainty, Srp, and the modeling uncertainty, Sypr.

For the design requirements, test data, and modeling uncertainties, quality ratings
are assumed from two related subjective criteria, using the matrix in Table 9.1. Both

subjective criteria are assigned a value from “Low” to “High”. The combination of

Y 7

“Low” and “Low” is not allowed for any quality rating. The resulting subjective

quality ratings correspond to uncertainty values: “Superior” corresponds to [ =
0.10, “Good” corresponds to § = 0.20, “Fair” corresponds to § = 0.35, and “Poor”

corresponds to 3 = 0.50.

Table 9.1: Quality rating matrix

High | Medium | Low

High Superior Good Fair

Medium | Good Fair Poor
Low Fair Poor -

9.1.1 Record-to-Record Uncertainty

Record-to-record uncertainty, Srrg, is calculated based on the period-based ductility
pr of the structure, shown in Eq. (9.1-1) (Eq. 7-2 in P-695).
Brrr = 0.1+ 0.1up < 0.40 (9.1-1)

Because the period-based ductility values are greater than 3 for all index archetypes,

Brrr is fixed at 0.4.
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9.1.2 Quality Rating of Design Requirements

The quality rating for design requirements was determined from a subjective evalua-
tion of the completeness, robustness, and confidence in basis of design requirements.
Completeness and robustness was assumed to be “Medium”, because most of the im-
portant design and quality assurance issues are addressed. However, as it is a new
system, some failure modes may not be addressed. Confidence in the basis of design
requirements was assumed to be “High”, because the system is essentially a type of
BRBF, and the AISC 341 and ASCE 7 requirements for BRBFs were followed. As a

result, the overall quality rating is “Good”, corresponding to a Spg of 0.2.

9.1.3 Quality Rating of Test Data

The quality rating for design requirements was determined from a subjective evalu-
ation of the completeness, robustness, and confidence in test results. Completeness
and robustness was assumed to be “Medium”, because no experimental testing of the
NZ-BRB frame was conducted. However, material models for the BRBs were used
with recommended parameters as determined from experimental results [29], and the
NewZ-BREAKSS boundary frame has been experimentally verified [23], [27]. Con-
fidence was also assumed to be “Medium”, resulting in an overall quality rating of

“Fair”, corresponding to a S7p of 0.35.

9.1.4 Quality Rating of Index Archetype Models

The quality rating for design requirements was determined from a subjective evalua-
tion of the representation of collapse characteristics, and the accuracy and robustness

of the models. Representation was assumed to be “Medium”, because the design
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space covers a reasonable range of building heights and configurations, and most
critical failure modes are addressed. Accuracy was assumed to be “Medium”, be-
cause most collapse conditions are explicitly modeled, with the exception of the brace
ductility limit and 10% story drift limit. Therefore, a quality rating of “Fair” was

assumed, corresponding to a (ypr, of 0.35.

9.1.5 Total System Collapse Uncertainty

Assuming the individual uncertainty components are statistically independent, the

total uncertainty is taken as the norm of four total uncertainty factors, shown in Eq.

(9.1-2) (Eq. 7-5 in P-695).

Bror = \/B%ETR + Bhr + B%p + B (9.1-2)

Using this equation and the uncertainty component values previously established, the

total system uncertainty for each index archetype is equal to 0.67.

9.2 Spectral Shape Factor (SSF) and Adjusted
Collapse Margin Ratio (ACMR)

Although some amplitude scaling bias was addressed by normalizing the ground mo-
tion suite to PGVpggr and anchoring the suite with the median spectra, there still
exists some bias based on the frequency content of the ground motion suite. That
is, the frequency content of actual MCE-level ground motions are distinctly different
than spectra of less rare (or more frequent earthquake events). The P-695 method-
ology addresses this by adjusting the collapse capacity of the system with a spectral
shape factor (SSF), which is a function of fundamental period 7" and period-based
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ductility pr, determined according to Table 7-1b in the P-695 [3]. This adjusted
collapse margin ratio (ACMR), calculated according to Eq. (9.2-1), better represents
the collapse capacity of the system [3].

ACMR = SSF x CMR (9.2-1)

In order to determine if an index archetype passes the evaluation, it must have an
ACMR value greater than the acceptable ACMR for the target reliability. For a
collapse probability of 10% at the MCE level intensity, and a total system uncertainty
of 0.67, the acceptable ACMR (ACMR;g%) is 2.35, according to Table 7.3 in the P-
695 [3]. The computed ACMR values and whether the index archetypes pass the
performance evaluation are tabulated in Table 9.2. All index archetypes pass the

performance evaluation for an R of 8.

Table 9.2: Performance evaluation

Archetype ID T (sec)  pur SSF CMR ACMR ACMR,py Pass?

1S-LB-14 0.288 18.547 1.330 1.780  2.367 2.355 OK
1S-LB-22 0.288 18.032 1.330 1.926  2.562 2.355 OK
35-LB-14 0.655 18427 1.371 2.059 2.823 2.355 OK
3S-LB-22 0.655 16.479 1.371 2.248  3.083 2.355 OK
35-727-14 0.655 18.833 1.371 2052 2.814 2.355 OK
3S-27-22 0.655 17.656 1.371 2275 3.120 2.355 OK
65S-LB-14 1.155 20.732 1.506 1.728  2.603 2.355 OK
65-LB-22 1.155  21.045 1.506 2.007 3.024 2.355 OK
9S-LB-14 1.542  13.546 1.610 1.520  2.447 2.355 OK
9S-LB-22 1.542  17.647 1.610 1.853  2.983 2.355 OK
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9.3 Proposed Seismic Performance Factors

The NZ-BRBF system was designed with an assumed seismic response modification
factor, or R factor, of 8, and passed the performance evaluation for the target re-
liability. Therefore, an R factor of 8 is proposed for the NZ-BRBF system. The
deflection amplification factor C; was taken to be equal to R for design, and in ab-
sence of experimental data supporting a smaller value, a C; value of 8 is proposed.
The system overstrength (2o was determined from archetype overstrength values from
nonlinear static analyses. Rounding the largest archetype overstrength to the next

half-increment, an €2p value of 2.0 is proposed.
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Chapter 10

Summary and Conclusions

The low post-yield stiffness of Buckling Restrained Braced Frame (BRBF) systems
leaves them susceptible to large residual drifts. Because residual drift is a strong in-
dicator of the economic viability of repair [14], this means that demolition is likely to
be more economical than repair for BRBFs after a seismic event. In order to increase
the resiliency of BRBFs, researchers have proposed various methods to reduce the
residual drift response of BRBFs. This study proposed combining a BRBF with the
recently proposed NewZ-BREAKSS (NZ) boundary frame [2] as a way to simultane-
ously concentrate all damage to the Buckling Restrained Braces (BRBs) and possibly
decrease residual drifts. This is accomplished with a top-flange rocking beam-column
connection and a pinned column detail, where the pin is located at the first floor

column midpoint for multi-story structures.

The proposed NZ-BRBF system was evaluated using the FEMA P-695 methodology
[3] to establish appropriate seismic performance factors (SPFs) for seismic design

according to ASCE 7 [33]. The results indicated that the NZ-BRBF system can be
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designed with a response modification coefficient R of 8.0, a deflection amplification

factor Cy of 8.0, and a system overstrength Qp of 2.0.

Before determining system SPFs, first the mechanical behavior of the proposed SFRS
was investigated by developing and comparing kinematic equations and numerical
models of the system. Then, using the developed kinematic equations and numerical
models, a range of index archetype models were designed with an assumed R-factor of
8.0 and using typical design requirements for BRBFs. These index archetype models
were then used to evaluate the seismic performance of the system by conducting
nonlinear static and dynamic analyses. In particular, collapse capacities of each
index archetype model were determined by Incremental Dynamic Analysis (IDA), an
analysis method in which nonlinear dynamic analyses are conducted on a model in

increasing intensity until collapse is reached.

Because IDAs are computationally expensive and because the P-695 methodology only
requires the median collapse capacity, a new partial IDA approach was developed that
greatly reduced the number of analyses required, while also not ignoring structural
resurrections. This new IDA approach was documented and validated by comparing
the results to a full IDA. Both the full and partial IDA analyses converged on the
same median collapse capacity, with the partial IDA method requiring about 40%

less nonlinear dynamic analyses.

Finally, using the results from the nonlinear static and dynamic analyses, the seis-
mic performance of the system was quantified in an adjusted collapse margin ratio
(ACMR), which was compared against an acceptable ACMR based on total system
uncertainty. The results suggested that the initial assumed R-factor was acceptable;

the NZ-BRBF system can be designed with an R-factor of 8.0.
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In addition to determining the system SPFs, the effects of the brace configuration and
number of post-tensioning (PT) strands on the system were investigated. Seismic de-
sign, nonlinear static analysis, and nonlinear dynamic analysis established that brace
configuration has little effect on the behavior of the NZ-BRBF system. However, the
index archetype models with a ZZ brace configuration did have slightly larger col-
lapse capacity than those with an LB configuration, so the ZZ configuration was only
explored for the 3-story building height. Unlike the brace configuration parameter,
the number of PT strands per floor had a significant impact on the response of the
system. While both the 14 and 22 strand archetypes passed the performance evalu-
ation, the index archetypes with 22 strands of PT outperformed the archetypes with
14 strands in collapse capacity and residual drift response: increasing the number of
PT strands from 14 to 22 increased the collapse capacity and decreased the residual

drift response.

In summary, the NZ-BRBF system was observed to exhibit similar structural response
to conventional BRBFs and can be designed with the same R-factor. The main
difference is in the boundary frame detailing, which provides secondary stiffness while
still concentrating all damage to the BRBs. This secondary stiffness is beneficial
for structural redundancy and reducing residual drift, which should facilitate rapid

recovery after a design event.
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10.1 Recommendations for Future Research

This study is a preliminary investigation of the NZ-BRBF system. As such, it is
limited in its scope, and much remains to investigate. Some possible topics of future

work are as follows:

o This study was a preliminary P-695 evaluation of the NZ-BRBF system, with
a relatively small number of index archetype models, no experimental program,
and lack of external peer review. Further study is necessary to fully validate
the system SPFs and design requirements.

e The number of PT strands was observed to have a significant impact on the
performance of the NZ-BRBF frame. However, only two levels of PT were
investigated, 14 and 22 strands, so results should not be extrapolated. Further
research is required to fully understand the effect of the number of PT strands
on the response of the NZ-BRBF system, and to develop a rational design basis.

o Although experimental tests have been done on BRBs, BRBFs, and the NewZ-
BREAKSS boundary frame, no assembly tests have been conducted on the NZ-
BRBF system. An experimental program, including component and assembly
tests, would help to validate the numerical modeling and identify any unforeseen
modes of failure.

o Although the NZ-BRBF system is not self-centering, the boundary frame is
detailed such that the damage is concentrated in the BRBs, and thus should
be relatively easy to repair. This hypothesis is informed from shake table tests
of the SC-SPSW system, which utilized the same NewZ-BREAKSS boundary
frame. However, shake table tests with a NZ-BRBF assembly, including post-
event repair, are needed to confirm this.

o« The NZ-BRBF system includes a unique column pin detail, where the pin is

located half-way up the column. This was included because it was observed to
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increase system redundancy while preventing the formation of a plastic hinge
at the column base. A comparative study of the NZ-BRBF frame with a con-
ventional pinned base would be helpful to demonstrate the advantage of the
unique detail, and possibly show its potential for use in other SFRSs.

The detailing of the NZ-BRBF provides elastic secondary stiffness, which may
be helpful in resisting cascading events such as mainshock-aftershock and
mainshock-service wind scenarios. A study investigating the response of the
NZ-BRBF to these events in comparison to conventional non-moment-resisting
and moment-resisting BRBFs may shed some light in this area.

The NZ-BRBF frame uses conventional BRBs as the bracing elements, and as
such is not self-centering. Therefore, repair would likely require replacement of
the BRBs to center the building. Alternatively, if special self-centering braces
were used instead of conventional BRBs, the structural system could be fully

seismically resilient, requiring no repair after a design event.
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