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LAY ABSTRACT

Observations from past earthquakes have shown that while modern buildings could typically
withstand earthquakes without collapsing, they often required extensive repairs due to structural
and nonstructural damage. To address these concerns, controlled rocking braced frames (CRBFs)
have been suggested as a novel building technology to prevent damage to steel buildings during
earthquakes and to minimize residual deformations. However, a pertinent question arises: does
the reduction in structural damage achieved by CRBFs come at the cost of heightened
acceleration demands and associated damage to nonstructural components? Such trade-offs can
be assessed by estimating earthquake-induced losses, with FEMA P-58 defining a methodology
that stands as the current benchmark in this field. The growing emphasis on enhancing structural
performance and community resilience has led to the widespread adoption of this methodology

and its comprehensive library of component models.

In the first half of the thesis, seismic loss assessments are conducted to examine the trade-
offs between structural damage and damage to nonstructural components. This involves a
comparison between buildings that rely on ductile steel seismic force-resisting systems (SFRSs)
and those with CRBFs. Additionally, the influence of CRBF design parameters on seismic loss
assessments is also studied in order to determine if constraints are needed on these parameters to

control the total earthquake-induced losses of CRBFs.

In the second half of the thesis, the focus shifts to enhancing the FEMA P-58 seismic loss
assessment methodology itself. Suitable engineering demand parameters for assessing damage to
acceleration-sensitive nonstructural components are identified, and the modeling of economies of

scale in the calculation of repair costs is investigated.




ABSTRACT
While seismic design provisions have improved building safety and reduced collapse incidents,

the socio-economic impact of earthquakes persists as a significant concern. Excessive residual
drifts and damage to structural and non-structural components may lead to building demolition
or costly repairs, resulting in business interruptions, economic losses, and protracted disaster
recovery for cities. This thesis commences by exploring approaches to mitigate seismic losses by
comparing controlled rocking braced frames (CRBFs) to more conventional ductile steel seismic
force-resisting systems (SFRSs). Three widely used ductile SFRS types in the seismic design of
buildings are special moment resisting frames (SMRFs), special concentrically braced frames
(SCBFs), and buckling-restrained braced frames (BRBFs). However, these ductile SFRSs have
been associated with prominent structural damage and substantial residual deformations in past
observed earthquakes. CRBFs offer an alternative SFRS with less structural damage, but
concerns exist about potential trade-offs, such as increased acceleration and displacement
demands, and associated nonstructural damage. This thesis explores these trade-offs in buildings
of varying heights with both ductile SFRSs and CRBFs, assessing the structural response under
varying earthquakes and focusing on expected annual losses (EALs). The results show that

CRBF-equipped buildings still have lower total EALSs even when considering these factors.

CRBFs offer designers a high degree of control during the design process, with previous
research demonstrating low collapse risk across a broad spectrum of design options. However,
some studies have also highlighted the increased demands on nonstructural components in CRBF
buildings. Therefore, while CRBFs have shown satisfactory collapse performance for various
design options, assessing these options in terms of nonstructural component performance is
essential. This thesis examines how two design parameters, namely the response modification

factor (R) for rocking joint design and the amplification factor for considering higher-mode

\Y



forces in steel member capacity design, influence earthquake-induced losses in CRBFs. The
results indicate that although total EALSs do not differ significantly across various design options,

the distribution of losses between repairable and irreparable losses varies.

In the above-mentioned portions of the thesis, the seismic loss assessments follow the
FEMA P-58 methodology, which involves two essential steps: first, evaluating damage using
damage fragility curves, and then assessing the effects of this damage through consequence

models. Both of these steps are critically evaluated in the second half of this thesis.

Fragility curves, including those in the FEMA P58 library, typically use peak floor
accelerations (PFAs) to estimate losses in acceleration-sensitive nonstructural components.
However, PFAs, like peak ground accelerations (PGAs) for buildings, have limitations as
engineering demand parameters (EDPs) because they do not reflect the period of these
components. In search of suitable options for creating seismic damage fragility curves, this thesis

evaluates fifteen other EDPs proposed in the literature.

This thesis also addresses an ambiguity in FEMA P-58's consequence modeling. The
modeling of economies of scale is an integral part of consequence modeling. However, the lack
of a clear definition for aggregate damage, which is a factor that significantly influences
component modeling of economies of scale, can substantially impact simulated repair costs,

repair times, and performance assessment.

Overall, this thesis provides insights into reducing seismic losses by designing CRBFs as
an alternative to commonly used SFRSs, and into improving seismic loss assessments by
enhancing the damage fragility curves and consequence models within the widely-used FEMA

P58 methodology.
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PREFACE
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particularly in the recommendations and conclusion section. The manuscripts comprising the
chapters of this thesis are co-authored, and their current status as of November 2023 is as

follows:

Chapter 2: “Seismic loss comparison for buildings designed with ductile steel seismic force-
resisting systems and with controlled rocking braced frames”

Authors: MirAmir Banihashemi and Lydell Wiebe
Under review by Earthquake Spectra (Reference number: EQS-23-0245)

Chapter 3: “Effect of design parameters on earthquake-induced losses of controlled rocking
braced frames”

Authors: MirAmir Banihashemi and Lydell Wiebe
Under review by Journal of Earthquake Engineering (Reference number: 236756428)




Chapter 4: “Suitable Engineering Demand Parameters for Acceleration-Sensitive Nonstructural
Components”

Authors: MirAmir Banihashemi, Lydell Wiebe, and Andre Filiatrault

Under review by Earthquake Engineering & Structural Dynamics (Reference number: EQE-23-

0501)

Chapter 5: “Consequences of consequence models: the impact of economies of scale on seismic
loss estimates”

Authors: MirAmir Banihashemi, Alessandra Miliziano, Adam Zsarndczay, Lydell Wiebe, and
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Earthquake Spectra (DOI: 10.1177/87552930231220001/ ID: EQS-23-0084.R1)
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Chapter 1

1. INTRODUCTION

1.1 MOTIVATION

The risk associated with earthquakes rises as human society becomes more urbanized. The
primary goal of conventional seismic design and retrofitting of buildings is to maintain the
collapse risk below a predefined threshold by ensuring the building possesses adequate strength
and ductility (ACI 318-19, 2019; ANSI/AISC 341-16, 2016; EN 1998-1:2008, 2008). Real-
world events over the past decade validated that such designs effectively prevent collapses and
achieve life safety objectives. However, these events also underscored the considerable
economic consequence of structural damage in buildings that remained standing but were
impaired (McKevitt et al., 1995; Tremblay et al., 1996). As a result, concerns regarding the
earthquake resilience of buildings have emerged, prompting occupants and building owners to
consider whether seismic safety objectives should encompass more than just ensuring life

safety.

In this context, numerous research initiatives and industry strategies have actively
pursued enhanced seismic resilience, giving rise to the development of seismic force-resisting
systems (SFRSs) that surpass the basic code requirements. Within this category of systems,
often referred to as "low-damage" and "high-performance,” self-centering systems have
emerged as one of the prominent solutions. Self-centering systems replace the force-limiting
mechanism of material yielding that is used in conventional SFRSs with an alternative
mechanism, often by employing geometric nonlinearity, thereby ensuring that no structural

damage is experienced in the frame. However, while some self-centering systems have emerged

1
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as promising low-damage alternative SFRSs, concerns have also been raised about whether the
reduction in structural damage with self-centering systems may come at the cost of increased

acceleration or drift demands and associated nonstructural damage.

Extensive nonstructural damage was observed across various building types during
previous seismic events, such as the 1994 Northridge earthquake in the USA and the 2010
Maule earthquake in Chile (Reitherman et al., 1995; Miranda et al., 2012). The design of
nonstructural components holds a critical role in ensuring structural resilience for several
reasons, including (i) nonstructural components tend to sustain damage at much lower seismic
intensities compared to structural elements (Miranda and Taghavi, 2003); (ii) even minor
nonstructural damage, like a crack in a pressure pipe, can severely impact the functionality of
vital facilities, such as hospitals, even if the building structure remains undamaged (Filiatrault
and Sullivan, 2014); and (iii) losses stemming from nonstructural damage surpass those
associated with structural components and framing (Filiatrault and Sullivan, 2014; Miranda and
Taghavi, 2003). To illustrate, following the 2010 offshore Maule earthquake in Chile with a
magnitude of 8.8, the primary economic losses were attributed to nonstructural damage and the
disruption of critical facilities, while only a few buildings experienced structural damage
(Miranda et al., 2012). It is also worth noting that a significant portion of the overall investment
in buildings comprises contents and nonstructural components. Specifically, these average
investments have been estimated as 82%, 87%, and 92% of the total investment in office, hotel,

and hospital buildings (Miranda and Taghavi, 2003), respectively.

Hence, considering the aftermath and the socioeconomic impact of past earthquakes, the
field of performance-based earthquake engineering has evolved, giving rise to a comprehensive

framework for seismic loss assessments (Cornell and Krawinkler, 2000; FEMA P-58-1, 2018).
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The ATC-58 project developed the FEMA P-58 methodology (FEMA P-58-1, 2018), which
provides a numerical approach to this framework. Additionally, as part of the ATC-58 project, a
library of damage fragility curves and consequence functions was prepared for a diverse array
of over 700 prevalent structural and nonstructural components typically found in building
structures (FEMA P-58-3, 2018). These resources encompass the essential parameters required
to construct models of damage and evaluate the resulting consequences for structural and
nonstructural components during earthquakes. Empowered by this framework, engineers and a
wide spectrum of stakeholders have the means to conduct a nuanced evaluation of potential
ramifications of earthquakes. This capability ultimately equips them with the insights required

to make decisions concerning design and retrofitting.

This thesis builds on the work described above by seeking to provide strategies for: (1)
reducing seismic losses; and (2) enhancing seismic loss assessments. An overview of the
structure of this thesis is shown in Figure 1-1. Firstly, it involves a comparative analysis of the
effectiveness of controlled rocking braced frames (CRBFs) as self-centering systems relative to
conventional ductile SFRSs, with a focus on earthquake-induced losses. Additionally, it
explores the impact of design parameters on the seismic performance of CRBFs with regard to
expected seismic losses. Secondly, the study delves into the improvement of damage fragility
curves and consequence functions within the FEMA P58 methodology. As background for this
work, Section 1.2 provides an explanation of recent findings and conclusions from previous
studies on CRBFs. Then, the FEMA P-58 methodology, which is widely used for seismic loss
assessment, is discussed in detail in Section 1.3 before a more detailed discussion of the thesis

objectives in Section 1.4.
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1.2 CONTROLLED ROCKING BRACED FRAMES

CRBFs differentiate themselves from conventional ductile SFRSs by utilizing a nonlinear
mechanism involving the uplifting of the frame. Vertical post-tensioning is incorporated to
inherently self-center the system and introduce positive stiffness during rocking motion.
Furthermore, energy dissipation mechanisms can be integrated to alleviate displacement

demands. Figure 1-2 illustrates the conceptual behavior of a CRBF.

Post-tensioning Post-tensioning
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Y Y e
Gravit : l ; E : ’
load” "’ ¥ —
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Figure 1-2. CRBF hysteretic response (Used also in Chapter 3).

Figure 1-3 delineates two primary strategies proposed for CRBF design and integration
within building systems (Steel Construction New Zealand, 2015; Steele and Wiebe, 2020). The
first configuration, represented in Figure 1-3 (a), entails designing a CRBF that integrates with
the gravity framing, thereby introducing uplifting displacements on the floor system tributary to
the columns of the braced bay (Eatherton et al., 2014). Concerns have emerged regarding
dynamic effects resulting from the impact of uplifting columns on the foundation and localized
damage to floor slabs caused by rotational demands during uplift. Responding to these
concerns, Figure 1-3 (b) presents an alternative positioning of the CRBF between gravity
columns (Roke et al., 2010; Wiebe and Christopoulos, 2015). This arrangement incorporates
special connection details, enabling the frame to rock without imposing uplift on adjacent

gravity framing, effectively decoupling them. Consequently, the CRBF in this configuration
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avoids bearing tributary gravity loads, potentially mitigating localized damage and dynamic
effects of column impact on the floor system. Moreover, when designed to be decoupled from
the gravity system, the CRBF is not expected to transmit vertical accelerations resulting from
CRBF uplifting and rocking to the floor diaphragms (Buccella, 2019). This study investigates

CRBFs that are decoupled from gravity system.

location of floor-to-frame
connection

Figure 1-3. Design suggestions for CRBFs within buildings: (a) coupled with gravity framing
and (b) decoupled from gravity (Steele and Wiebe, 2020).

Studies assessing the potential for collapse in CRBFs consistently indicate minimal
damage to their steel components and a low probability of collapse (Rahgozar et al., 2016;
Steele and Wiebe, 2017). Moreover, research conducted by Wiebe and Christopoulos (2015)
underscores that structures designed with CRBFs exhibit minimal residual drifts, even when
subjected to severe ground motions at the maximum considered earthquake (MCE) level.
Recognizing the significant advantages of CRBFs, Steele and Wiebe (2021) quantified key
design parameters for CRBFs, including response modification factors (R) employed in the
design of base rocking joints, as well as a parameter related to the intensity level considered for
higher modes in the capacity design of steel members within CRBFs. Their findings affirm that
CRBFs maintain an acceptably low risk of collapse, even when employing larger values of R

(indicating less resistance to rocking) and considering the use of the design earthquake (DE)
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intensity level to account for higher mode effects in the capacity design of steel members.
However, Buccella et al. (2021) demonstrated increased acceleration demands in CRBFs,
particularly resulting in spikes in the floor spectra that align with the modal periods of the
building (Figure 1-4), since the base rocking mechanism does not fully control higher-mode

vibration, and the frame members are capacity designed to remain linear elastic.
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Figure 1-4. Median pseudo-acceleration floor spectra for 3-story CRBFs (Buccella et al., 2021).

Over the past decade, a few studies have employed seismic loss assessment to compare
self-centering lateral force-resisting systems with ductile systems. Due to the potentially higher
construction costs associated with CRBFs, researchers have conducted cost-benefit analyses
comparing CRBFs to special concentrically braced frames (SCBFs) (Dyanati et al., 2017;
Huang et al., 2018). These investigations found that, for six- and eight-story buildings, CRBFs
result in lower total annual losses compared to SCBFs (Figure 1-5). However, in the case of ten-
story buildings, SCBFs exhibited lower total annual losses than CRBFs. Notably, the primary
source of loss in the examined CRBF buildings was identified as damage to acceleration-
sensitive nonstructural components. Even though these studies were fairly comprehensive, the
most recent version of FEMA P-58-3 (2018) now includes updated damage fragility curves for
nonstructural components. Furthermore, Martin et al. (2019) demonstrated that alternative

methods for capacity design of CRBF members, such as those proposed by Steele and Wiebe
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(2016), have yielded more reliable and accurate capacity design results than the methods used

by Dyanati et al. (2017) and Huang et al. (2018).
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Figure 1-5. Expected annual loss (EAL) of prototype buildings for different seismic hazards: (a)
Moderate seismic hazard; and (b) High Seismic hazard (Huang et al., 2018).
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1.3 SEISMIC LOSS ASSESSMENT WITH FEMA P-58

In recent decades, significant research efforts have been devoted to creating a framework for
simulating seismic damage and losses in buildings. This framework aims to assist engineers and
other stakeholders in effectively communicating these outcomes and making informed design
and retrofit decisions. The Pacific Earthquake Engineering Research (PEER) center pioneered a
performance-based earthquake engineering framework designed to simulate the seismic
performance of both structural and non-structural elements within buildings. This framework
includes calculating various decision variables, such as repair costs, downtime, and casualties
(Cornell and Krawinkler, 2000; Miranda and Aslani, 2003; Moehle and Deierlein, 2004). The
PEER framework systematically quantifies and accounts for uncertainties associated with
seismic hazards and structural behavior. It breaks down the modeling process into distinct
components, namely the seismic event's intensity (IM - intensity measure), structural response
(EDP - Engineering Demand Parameter), expected damage (DM - Damage Measure), and the
consequences of that damage (DV - Decision Variable). These models are integrated using the

total probability theorem three times, resulting in the following triple integral, which has
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become a standard tool in structural performance assessment (Attary et al., 2017; Barbato et al.,

2013; Ciampoli et al., 2011):

G(DV) = fﬂ G(DV|DM) - |dG(DM|EDP)| - |dG(EDP|IM)| - |da(m)| QD

where G() represents the complementary cumulative distribution function or exceedance
function, and A() denotes the hazard intensity exceedance function, commonly referred to as the

hazard curve.

Obtaining a closed-form solution for this triple integral is a challenge due to the inherent
complexity and nonlinearity of the underlying models. To address this, the PEER framework
served as the basis for the development of the FEMA P-58 methodology within the ATC-58
project (FEMA P-58-1, 2018). This methodology offers a numerical approach that employs
Monte Carlo simulation to estimate the triple integral. The FEMA P-58 methodology consists of
five primary steps for determining repair consequences in each iteration of a Monte Carlo
simulation (see Figure 1-1): (1) the building's response is characterized by randomly selecting
engineering demand parameters (EDPs) based on the expected behavior at intensity measures
that represent the local seismic hazard; (2) the building is then assessed for irreparable damage,
whether due to collapse or excessive residual drift; (3) for reparable buildings, the damage state
(DS) of each building component is computed using the EDP realizations obtained in step 1,
along with component-specific fragility functions; (4) the unit repair cost for each damaged
component is determined by considering the cumulative damaged quantities and the
consequence model corresponding to each DS; and (5) the product of unit repair costs and

damaged quantities is aggregated for all components within the building.
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1.3.1 DAMAGE ASSESSMENT IN NONSTRUCTURAL COMPONENTS

Nonstructural components are generally categorized into two groups: displacement-sensitive
and acceleration-sensitive. The assessment of damage in displacement-sensitive nonstructural
components is directly based on the story drift of buildings. Conversely, the damage of
acceleration-sensitive nonstructural components is indirectly evaluated, as their potential to
overturn or experience excessive displacements is influenced by inertia forces. Therefore, their

damage assessment is conducted using a parameter associated with floor accelerations.

Historically, early earthquake design codes used peak ground accelerations (PGAS) as
intensity measures (IMs) to measure the impact of ground motions on structures. However,
these codes have since transitioned to using spectral accelerations as IMs, recognizing their
superior representation of seismic demands. A similar approach has been adopted in designing
acceleration-sensitive nonstructural components. Modern codes are founded on an estimate of
the spectral acceleration corresponding to the period of these nonstructural components.
Nonetheless, most fragility curves used for assessing losses in acceleration-sensitive
nonstructural components, including those found in the FEMA P58 library, continue to rely on
peak floor accelerations (PFASs) as their basis. Similar to PGAs for buildings, PFA has a

limitation in that it ignores the period of nonstructural components when employed as an EDP.

1.3.2 EVALUATION OF DAMAGE CONSEQUENCES FOR DAMAGED COMPONENTS

Consequence models are responsible for quantifying the effects of damage (FEMA P-58-1,
2018) by employing distributions that describe potential consequences, including repair costs
and repair times. The typical median consequence function for a particular damage state is
represented within the red box in Figure 1-1. To compute the median unit repair cost for each

damaged component, the aggregate component damage is used as an input for the consequence
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functions. The unit repair cost is determined by random sampling from a distribution of
potential repair costs, assuming either a normal or lognormal distribution with a predefined
variance and using the median unit repair cost derived from the consequence function. Upper
and lower bound quantities introduce economies of scale or operational efficiencies in the
model to consider the cost savings when similar repairs are performed multiple times, or the
same preparations affect multiple repairs in the building. Such economies of scale may involve
tasks like content removal or protection in proximity to damaged areas, procurement and
delivery of new materials, and cleanup and replacement of contents. When the number of
damaged components falls below the lower bound quantity, no economies of scale are
considered; conversely, if more components are damaged than the upper bound quantity, all
economies of scale and operational efficiencies are taken into account, resulting in the lowest
attainable median unit repair cost. Median consequences for quantities falling in between are
calculated through linear interpolation. Notably, the FEMA P-58 manual lacks explicit
instructions on computing aggregate damage, which leads to varying interpretations and

corresponding estimates of repair costs.

1.4 OBJECTIVES AND ORGANIZATION
This thesis follows a sandwich format, wherein the research objectives outlined below are
addressed within four journal articles incorporated as chapters of this thesis. The scope of the

thesis has been set to achieve the following objectives:

1. Evaluate whether CRBFs can be an alternative to conventional ductile SFRSs, taking into
account their potential cost savings from less structural damage and residual drift, but also the
possibility of higher construction costs and greater acceleration demands (the blue box in Figure

1-1);

11
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2. Evaluate whether design parameters of CRBFs, particularly the response modification factor
and amplification factor used to account for higher-mode forces in the design process, can be
used to control total seismic loss, especially losses attributed to nonstructural components (the

orange box in Figure 1-1);

3. Evaluate whether PFAs are suitable engineering demand parameters (EDP) for seismic
damage fragility curves of acceleration-sensitive nonstructural components and investigate a
more suitable EDP than PFAs, considering the component characteristics such as its period and

yield strength (the green box in Figure 1-1); and

4. Investigate the impact of different approaches for computing the aggregate damage to use as
an input to consequence models on seismic loss estimates, and develop guidelines to identify
the components that cause large discrepancies in seismic loss assessment when different

approaches are employed (the red box in Figure 1-1).

Chapter 2 of this thesis addresses the first research objective. Three widely employed ductile
steel SFRSs for resisting earthquake loads are special moment resisting frames (SMRFs),
special concentrically braced frames (SCBFs), and buckling-restrained braced frames (BRBFS).
In this chapter, the three mentioned ductile SFRSs, as well as CRBFs, are designed in
accordance with the 2016 standards. Subsequently, loss assessments are conducted on all
example structures using current damage fragility functions. The considered SFRSs are
compared in two stages: first, by considering their expected losses at a given seismic intensity,
and second, by examining the expected annual losses. Additionally, the chapter identifies
nonstructural components that have a major impact on seismic losses, highlighting areas for
future research aimed at minimizing such losses. Finally, the net present value of the total cost

over an assumed 50-year building lifespan is calculated to evaluate the cost-effectiveness of

12
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investing in seismic performance upgrades, considering a range of return rates and construction

costs.

Chapter 3 of this thesis addresses the second research objective. This chapter involves the
design and loss assessment of three-story, six-story, and 12-story buildings using CRBFs as the
SFRS. Each building height is designed with various options of CRBF, considering different
values of R ranging from 5 to 12 and using the amplification factor considered for including
higher-mode forces in the design at two seismic intensity levels: the design earthquake and the
maximum considered earthquake. To quantify the influence of the design parameters, the study
initially explores various options based on expected losses at a given seismic intensity level and
subsequently evaluates the expected annual losses. Additionally, the study investigates whether
CRBF design parameters can alleviate the contribution of specific types of nonstructural

components to total seismic losses.

Chapter 4 of this thesis addresses the third research objective. This chapter assesses
fifteen potential EDPs, alongside PFA, to determine which ones are most suitable for
developing damage fragility curves for acceleration-sensitive nonstructural components. To
accomplish this, nonstructural components are modeled using elastic perfectly plastic single-
degree-of-freedom (SDOF) models, each with a variety of fundamental periods and strength
levels. These components are subjected to floor motions derived from nonlinear response
history analyses of buildings designed in accordance with relevant codes. The analyses are
carried out on two different building heights (six- and 12-story buildings) each designed with
the four different SFRSs that were introduced in the second chapter. The assessment relies on
statistical criteria, particularly efficiency and sufficiency, to identify the most appropriate EDP

by comparing pairs of candidate EDPs in terms of correlation with ductility demand. Finally,
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the chapter evaluates the impact of EDP selection by comparing the expected annual losses
from seismic loss assessments performed on SDOF nonstructural components employing

different candidate EDPs.

Chapter 5 of this thesis addresses the fourth research objective. This chapter explores the
issue of ambiguity within FEMA P-58's consequence modeling, which can have a notable
influence on the estimation of repair costs and times, subsequently affecting performance
assessments. The primary goal of this chapter is to examine how different methods of
calculating aggregate damage affect seismic loss estimation through economies of scale and to
underscore scenarios where the results are significantly influenced by the adopted interpretation.
The specific focus of this chapter is on the consequence models used in the fourth step of the
FEMA P-58 methodology. Four distinct approaches are examined as edge cases to encompass
the full spectrum of potential interpretations regarding aggregate damage within FEMA P-58's
scope. The study also explores which component types are particularly sensitive to the
interpretation of economies of scale and other seismic performance assessment parameters that
can substantially affect this aspect of repair cost calculation. These findings are demonstrated
through a comprehensive seismic loss assessment of a nine-story building equipped with

various nonstructural and structural components.

Chapter 6 serves as the conclusion of the thesis, providing a summary of the research
findings and synthesizing the results while also outlining recommendations and potential

avenues for future research.
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Chapter 2

2. SEISMIC LOSS COMPARISON FOR BUILDINGS DESIGNED WITH DUCTILE
STEEL SEISMIC FORCE-RESISTING SYSTEMS AND WITH CONTROLLED
ROCKING BRACED FRAMES

2.1 ABSTRACT

Observations from past earthquakes have highlighted the structural damage and significant
residual deformations experienced by ductile steel seismic force-resisting systems (SFRSs), such
as special moment resisting frames (SMRFs), special concentrically braced frames (SCBFs), and
buckling-restrained braced frames (BRBFs). To mitigate these challenges, controlled rocking
braced frames (CRBFs) have emerged as a promising low-damage alternative SFRS. However,
concerns have been raised about whether the reduction in structural damage with CRBFs may
come at the cost of increased acceleration demands and associated nonstructural damage. This
study offers a comprehensive investigation of such trade-offs by analyzing three buildings of
different heights, each designed with the three ductile SFRSs identified above and with CRBFs.
After examining the structural response at different earthquake intensities, the focus of the
chapter is on earthquake-induced economic losses. Among the considered SFRSs, greater total
expected annual losses (EAL) are observed in the SMRF and SCBF buildings, primarily due to
demolition losses and repairable losses, including repairs of structural and nonstructural
components. The total EAL is lower for the BRBFs and lowest for the CRBFs, with the losses in
the BRBF buildings primarily attributed to demolition loss, considered as irreparable loss, while
the losses in the CRBF buildings are mainly due to acceleration-sensitive nonstructural

components, considered as reparable loss. To provide a more detailed comparison, cost-
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effectiveness analyses are also performed, indicating that a modest cost premium for CRBFs is

justified to reduce earthquake economic costs over the building lifetime.

KEYWORDS: seismic loss assessment; special moment resisting frames; special concentrically
braced frames; buckling-restrained braced frames; controlled rocking braced frames;
nonstructural components

2.2 INTRODUCTION

Although significant progress has been made in seismic design provisions for building safety, as
evidenced by the reduced number of new and retrofitted building collapses after extreme
earthquakes (Okazaki et al., 2013; Westenenk et al., 2012), the socioeconomic impact of
earthquakes is still a major concern. Observations of the aftermath of past earthquakes have
revealed that excessive residual drifts (Rosenblueth and Meli, 1986) and damage to structural
and non-structural components (Dhakal, 2010; Miranda et al., 2012; Perrone et al., 2019) can
lead to buildings being demolished or requiring extensive repairs, both of which are expensive
and cause downtime and business interruptions that compound the direct economic losses
(Hwang and Lignos, 2017a) and impede the ability of cities to recover from a disaster. Therefore,
a performance-based earthquake engineering framework has been developed to evaluate
earthquake-induced losses (Cornell and Krawinkler, 2000; FEMA P-58-1, 2018), allowing
engineers and other stakeholders to assess potential consequences and therefore make more

efficient design and retrofit decisions.

Three common ductile steel seismic force-resisting systems (SFRSs) used worldwide to resist
earthquake loads are special moment resisting frames (SMRFs), special concentrically braced
frames (SCBFs) and buckling-restrained braced frames (BRBFs). SMRFs and SCBFs are

historically common and thus have been the subjects of numerous research studies focusing on
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their seismic performance, behavior, and seismic loss assessment. Over the past 20 years, BRBFs
have gained popularity due to their ability to provide high energy dissipation by effectively
restraining buckling in the braces. Ramirez and Miranda (2012) noted that building demolition
may become a controlling seismic loss parameter for buildings with typical SFRSs due to large
residual drifts. The residual story drifts in SMRFs can be attributed to the plastic hinging in
SMREFs resulting in irrecoverable inelastic deformations in the beams (Erochko et al., 2011),
particularly for mid- to high-rise SMRFs that are susceptible to P-Delta effects (Elkady and
Lignos, 2014; Hwang and Lignos, 2017a). SCBFs can experience concentrated plastic
deformations due to the asymmetric hysteretic behavior of their braces that may lead to the
development of local story collapse mechanisms (Hwang and Lignos, 2017b), resulting in
significant residual story deformations or even structural collapse (Tremblay et al., 1995, 1996).
BRBFs can experience an average peak residual drift ratio ranging from 0.8% to 2.0% following
a design earthquake (DE) (Erochko et al., 2011) due to their full hysteresis (Asgarkhani et al.,
2020). In addition, it was found that for this system, while the maximum drift demands were
almost unaffected by the strain hardening ratio, even a slight variation in this ratio could greatly

increase the residual drift of BRBFs (Mahdavipour and Deylami, 2014).

Controlled rocking braced frames (CRBFs) have been developed as a lateral force-resisting
system to mitigate structural damage during earthquakes at and beyond design levels (Eatherton
et al., 2014; Roke et al., 2010; Steele and Wiebe, 2021; Wiebe et al., 2013). Unlike more
traditional ductile SFRSs, CRBFs benefit from uplift mechanisms, while post-tensioned tendons
and the frame weight provide a restoring force that allows the system to self-center after an
earthquake. Additionally, energy-dissipating devices are typically employed to reduce

displacement demands. Collapse assessment studies conducted on CRBFs demonstrate that these
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structures have a low probability of collapse and minimal damage to their steel components
(Rahgozar et al., 2016; Steele and Wiebe, 2017, 2021). Additionally, Wiebe and Christopoulos
(Wiebe and Christopoulos, 2015) indicated that buildings designed with CRBFs exhibit minimal
residual drifts, even under the most severe ground motions at the maximum considered
earthquake (MCE) level. However, the research conducted by Buccella et al. (2021) revealed that
higher mode effects can result in higher acceleration demands in CRBFs compared to BRBFs,

particularly in the form of peaks in the floor spectra near the modal periods of the buildings.

Over the past decade, several studies have used seismic loss assessment to evaluate the
performance of various ductile SFRSs (Ghasemof et al., 2022; Molina Hutt et al., 2019; Ramirez
et al., 2012). Hwang and Lignos investigated the impact of modeling and design assumptions on
the earthquake-induced losses of buildings with SMRFs (Hwang and Lignos, 2017a) and SCBFs
(Hwang and Lignos, 2017b). They discussed that neglecting the contribution of the composite
floor and gravity framing system in the analytical building model may lead to an overestimation
of the loss due to demolition and collapse in buildings. Also, although they considered only three
acceleration-sensitive nonstructural components (suspended ceiling, elevator, and sprinklers) for
seismic loss assessments, they found that the repair costs of these components account for more
than half of the total expected annual losses. Others have compared the cost-benefit evaluation of
SCBFs and CRBFs (Dyanati et al., 2017; Huang et al., 2018), including potentially higher
construction costs for CRBFs. These studies found that for the archetype six- and eight-story
buildings that were considered, CRBFs had less total annual loss than SCBFs, whereas the ten-
story buildings with SCBFs had less total annual loss than those with CRBFs. Also, damage to
acceleration-sensitive nonstructural components was identified as the major source of loss for the

considered CRBF buildings. Hu and Zhu (2023) introduced hybrid self-centering braced frames
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with shape memory alloy-based braces and viscous dampers that not only can achieve better
performance in reducing seismic annual loss than BRBFs and SCBFs but also demonstrate
comparable performance in controlling peak floor accelerations (PFAS) to that of BRBFs and

less than SCBFs.

Although there are studies that assess the structural performance of each of these individual
steel systems and a few papers that include seismic loss assessment, there is a lack of research
that systematically compares all four steel SFRSs described above. In addition, the emergence of
self-centering systems, such as CRBFs, raises questions for building owners and stakeholders
about whether such systems will indeed reduce overall seismic costs, particularly in light of
potentially higher acceleration-related losses. To address this research gap, the four SFRSs
discussed above are designed according to the 2016 standards and codes, and loss assessments
are performed on all example structures using current damage fragility functions. The SFRSs are
compared, first by considering their expected losses given a seismic intensity, and then by
considering the expected annual losses. Moreover, nonstructural components with a major
impact on seismic losses are identified to highlight areas for future research in minimizing such
losses. Finally, the net present value of the total cost over an assumed 50-year building life span
is computed to evaluate the cost-effectiveness of investing in seismic performance upgrades, for

a range of return rates and construction costs.

2.3 DESIGN OF PROTOTYPE BUILDINGS

Three different heights of steel-framed office buildings were each designed using four different
SFRSs, namely SMRFs, SCBFs, BRBFs, and CRBFs. The design site for the buildings was
assumed to be site class D (stiff soil) and in a seismically active area with mapped short-period

and 1-second spectral accelerations of Ss=1.5 g and S:=0.5 g, respectively (ASCE/SEI 7-16,
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2016). The typical floor plan for the buildings is shown in Figure 2-1. Each story of the buildings
is 4.57 m high, with a total seismic weight of 10,200 kN and 6,430 kN for each floor and roof,
respectively. Four-bay moment frames were positioned along the exterior of the buildings in a
symmetric plan configuration for the SMRF designs (Figure 2-1 (a)), while for the braced
frames, two frames were used in each direction for the three-story buildings and four for the six-
story and 12-story buildings (Figure 2-1 (b)). None of the frame members in the SFRSs were
designed or modelled to carry any tributary gravity loads, and the CRBFs were designed to be
90% of the bay width to fit between two gravity columns. In all cases, members were selected to

avoid overdesign by maximizing the utilization ratio.
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(a) (b)
Figure 2-1. Floor plan of the building with location of SFRSs: (a) SMRFs and (b) braced frames.

The SMRFs were designed with reduced beam sections (RBS) per ANSI/AISC 358-16
(2016). The equivalent lateral force method of ASCE/SEI 7-16 (2016) was used with a response
modification factor (R) of 8 to find the demands on the SMRF members. Also, steel beam and
column sections were designed using ANSI/AISC 360-16 (2016) with a yield strength of 345
MPa and were proportioned to satisfy the requirements specified in ANSI/AISC 341-16 (2016).

Welded doubler plates were designed using AISC 360-16 to fulfill the panel zone strength
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criteria. Table 2-1 provides a summary of the fundamental period, T, and all designed members

for the SMRFs.

The equivalent lateral force method of ASCE/SEI 7-16 (2016) and the capacity design procedure
provided in ANSI/AISC 341-16 (2016) were used to design the steel members of SCBFs and
BRBFs, with R of 6 and 8, respectively. All members of the SCBFs, and the beams and columns
of the BRBFs, were designed based on AISC 360-16 with a yield strength of 345 MPa, while a
yield strength of 290 MPa was assumed for the core area of buckling-restrained braces (BRBs).
For the SCBFs and BRBFs, braces were assumed to be pinned to the beam-column connections,
and the effective length of the braces was assumed to be 70% of the work-point-to-work-point
length of braces. The regression equations suggested by Saxey and Daniels (2014) were used to
estimate the strain hardening and compressive strength adjustment factors for the BRBs,
assuming that braces reached their probable tensile or compressive force at a strain experienced
by the brace cores at the target design drift of 1.5%. All designed members for the SCBFs and

BRBFs and their initial periods are summarized in Table 2-1.

The design of CRBFs followed a two-step procedure by Wiebe and Christopoulos (2015),
which involved designing the base rocking joints with post-tensioning (PT) and energy
dissipation (ED) to control over-rotation and limit displacements, and capacity designing all steel
members to withstand the forces induced by rocking, including higher-mode forces. To
determine the required base overturning moment resistance, the equivalent lateral force approach
(ASCE/SEI 7-16, 2016) was used with R=8, as suggested by several studies (Eatherton et al.,
2014; Ma et al., 2010; Roke et al., 2010). Frictional energy dissipation elements were specified at
the base of either side of the CRBFs' columns. To ensure a self-centering behavior, the hysteretic

ED ratio (f), which is defined as the ratio of the height of the CRBFs' flag-shaped hysteresis to
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the linear limit, should be less than one (Steele and Wiebe, 2021), so 4 of 0.9 was targeted in this
study. The PT prestress was selected as 50% of the ultimate stress of PT to ensure the PT would
remain elastic up to at least 2.5% base rotation. One set of PT in the center of the frame and two
sets of PT aligned with each column were respectively anchored at the roof of the three-story and
six-story CRBFs. For the 12-story CRBF, two sets of PT were anchored to the frame's side
columns on the sixth floor. The dynamic capacity design procedure developed by Steele and
Wiebe (2016) was used to design the steel frame members of the CRBFs. This procedure
combines the forces from frame rocking to the ultimate base rotation with higher-mode vibration
forces that are computed using modal analysis using a truncated spectrum at the MCE level. A
yield strength of 345 MPa was assumed for all steel members of the CRBFs. Additionally, the
gusset plates between the braces and the beam-column connections were capacity designed based
on the capacity of the braces. The initial period, T, initial post-tensioning force, PTo, energy
dissipation activation force, EDat, and all designed steel members for the CRBFs are

summarized in Table 2-1.
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Table 2-1. Section sizes and design parameters.

SMRF SCBF BRBF CRBF
Story| Exterior - Inner Beam |[Column Beam Brace Column Beam Brace|Column Beam Brace
Columns Columns

3 |W21X13 W24X22 W18X10|W14X82 W30X29 HSS7X7X1/4|{W12X58 W12X87 3.5 |W14X28 W14X15 W14X17
2 |W21X13 W24X22 W18X10|W14X82 W30X29 HSS8X8X3/8|W12X58 W12X87 6.5 |W14X28 W14X15 W14X12
1 |W21X13 W24X22 W18X10|W14X82 W30X29 HSS8X8X1/2|W12X58 W12X87 8 |W14X28 W14X15 W14x15
Ti(s) Ti(s) Ti(s) Ti(s) PTo(kN) EDact(kN)

1.20 0.67 0.87 0.44 2031 914
6 |W24X13 W24X22 W21X12|W14X61 W30X23 HSS5X5X1/4|W12X87 W12X87 2 (in?)|W14X14 W12X72 W10X77
5 |W24X13 W24X22 W21X12|W14X61 W30X23 HSS6X6X5/1|W12X87 W12X87 3 |W14X14 W12X72 W12X72
4 |W24X13 W24X22 W21X12|W14X61 W30X23 HSS6X6X1/2|W12X87 W12X87 4 |W14X14 W12X72 W12X72
3 |W24X13 W24X22 W21X18|W14X12 W30X21 HSS7X7X3/8|W12X10 W12X10 4.5 |W14X28 W12X10 W12X79
2 |W24X13 W24X22 W21X18|W14X12 W30X21 HSS8X8X5/1|W12X10 W12X10 5 |W14X28 W12X10 W12X96
1 |W24X13 W24X22 W21X18|W14X12 W30X21 HSS8X8X5/1|W12X10 W12X10 5.5 [W14X28 W12X10 W14X90

Ta T1 T1 T1 PTo EDact

2.12 1.17 1.5 0.97 1282 1153
12 |W30X10 W30X19 W21X13|W12X72 W27X25 HSS8X8X3/1|W12X96 W12X10 3 (in?)|W14X10 W21X12 W12X58
11 |W30X10 W30X19 W21X13|W12X72 W27X25 HSS8X8X1/4|{W12X96 W12X10 3 |W14X10 W21X12 W12X87
10 |W30X10 W30X19 W21X13|W12X72 W27X25 HSS8X8X3/8|W12X96 W12X10 5 |W14X10 W21X12 W12X12
9 |W30X19 W33X24 W27X19|W14X25 W27X30 HSS8X8X3/8|W14X14 W14X10 6.5 |W14X34 W21X13 W12X12
8 |W30X19 W33X24 W27X19|W14X25 W27X30 HSS8X8X3/8|W14X14 W14X10 6.5 |W14X34 W21X13 W14X10
7 |W30X19 W33X24 W27X19|W14X25 W27X30 HSS8X8X3/8|W14X14 W14X10 7 [W14X34 W21X13 W12X12
6 |W30X21 W33X26 W30X21|W14X25 W30X32 HSS8X8X3/8|W14X23 W14X10 7 |W14X45 W21X13 W12X96
5 |W30X21 W33X26 W30X21|W14X25 W30X32 HSS8X8X3/8|W14X23 W14X10 7 |W14X45 W21X13 W12X10
4 |W30X21 W33X26 W30X21|W14X25 W30X32 HSS8X8X1/2|W14X23 W14X10 7 |W14X45 W21X13 W14X10
3 |W30X21 W33X26 W30X23|W14X37 W30X32 HSS8X8X1/2|W14X34 W14X10 7 |W14X50 W21X18 W14X13
2 |W30X21 W33X26 W30X23|W14X37 W30X32 HSS8X8X1/2|W14X34 W14X10 7 |W14X50 W21X18 W14X14
1 |W30X21 W33X26 W30X23|W14X37 W30X32 HSS8X8X1/2|W14X34 W14X10 7 |W14X50 W21X18 W14X14

T1 T1 T1 T1 PTo EDact

3.16 2.32 2.80 1.94 2832 2549

2.4 SEISMIC HAZARD AND GROUND MOTION SELECTION

The Los Angeles Bulk Mail Center (33.996°N, 118.162°W) was selected as representative of the
site conditions used to design the SFRSs. The seismic hazard curves for the chosen site were
retrieved from the USGS website (https://earthquake.usgs.gov/hazards/interactive/, last accessed
17 October 2022). The suite of far-field ground motion records suggested by FEMA P695 (2009)
was employed for the time-history analyses. The selected ground motions were scaled to

minimize the geometric mean differences between the MCE spectrum and the median
acceleration spectrum of the records over a range based on the periods of the buildings. This
range extended from 0.2 times the first fundamental period of the fixed-base CRBF building to
2.0 times the first fundamental period of the BRBF building for each set of buildings of the same
height designed with different SFRSs. This was implemented so that the four separate SFRSs for
each height would all use a consistent scaled ground motion suite. The upper limit of the scaling
range was set using the period of the BRBFs instead of the SMRFs to minimize any unnecessary
overshooting over the low period range, considering the large range in periods for the different
SFRSs. Figure 2-2 shows the scaled records for the set of three-story buildings along with the
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median of the suite and the MCE spectrum. The performance of each building was evaluated by
multiple-stripe analyses (MSA) (Baker, 2015) with six different intensity stripes: /4, /2, and 1
times the DE, and 1, 1.5, and 2 times the MCE.

6.0,
5.5
5.0 44 FEMA P695 Records
.5
4 O;‘—,zXTCRBr 2XI\BRBr
4.0- —
@ 35 Maximum Considered Earthquake (MCE) Spectrum
% 3.0
[:_,3 2.5 Median of Selected Records
v W
2.0 AL
1.5
0.5 —
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Period (s)
Figure 2-2. Scaling of the selected suite of ground motions for the three-story buildings.

2.5 MODELLING OF THE EXAMPLE STRUCTURES

OpenSees (Pacific Earthquake Engineering Research Centre (PEER), 2021) was used to perform
the MSA on the designed buildings. Figure 2-3 depicts schematics of the numerical models
developed for the three-story SFRSs; similar models were developed for the six- and twelve-
story designs. The SMRFs, SCBFs, and BRBFs were simulated in a 2D plane, whereas the

CRBFs were simulated in 3D to capture buckling out-of-plane about the braces” weak axes.

The SMRF (Figure 2-3(a)) members were idealized using elastic beam-column elements with
stiffness modifiers (ModElasticBeam2d), which were developed to prevent unrealistic damping
forces caused by stiffness-proportional damping (Zareian and Medina, 2010), and concentrated
plasticity flexural hinges at their ends. The modified Ibarra-Medina-Krawinkler deterioration
model (Ibarra et al., 2005) was adopted to model cyclic deterioration in flexural strength and

stiffness of the beams and columns. In addition, the beam hinges were modeled following Lignos
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and Krawinkler (2011) and column hinges were modeled following Lignos et al. (2019). The

panel zones were modeled as recommended elsewhere (Skiadopoulos et al., 2021).

For the SCBFs (Figure 2-3(b)), nonlinear fiber beam-column elements with ten integration
points were employed to capture the distributed inelastic plasticity behavior along the beams and
columns. The buckling response of braces was modeled using six fiber nonlinear beam-column
elements, following Uriz and Mahin (2008), with initial geometric imperfection equal to 0.001 of
effective length (L/1000). In addition, each fiber was assigned a uniaxial Giuffre-Menegotto-
Pinto steel material (Steel02) with brace yield strength and kinematic and isotropic strain
hardening properties. Fracture due to low cycle fatigue was modelled for all members using the
recommendations of Uriz and Mahin (2004, 2008). Also, the model considered the effect of rigid

offsets on frame stiffness and assumed pin-ended connections for the brace members.

The braces of the BRBFs were modeled using nonlinear truss elements with a Steel4 uniaxial
material developed by Zsarndczay (2013). Using this material also allowed this study to leverage
recommended parameters based on large-scale experimental data calibrated for the behavior of
BRBs (Zsarndczay, 2013). All other aspects of the BRBF models (Figure 2-3(c)) were modeled

as explained for the SCBFs.

The CRBFs (Figure 2-3(d)) were modeled as recommended by Steele and Wiebe (2017). Gap
elements in the vertical direction were considered to allow CRBFs to uplift due to rocking, and
gap elements in the horizontal direction transferred the base shear to the rigid foundation. These
gap elements were modeled using a much larger stiffness than the first-story column axial
stiffness and in parallel with an elastic spring of negligible stiffness, which improves the models'
numerical stability. All frame members were modeled with six fiber nonlinear beam-column sub-

elements using ten integration points each and initial geometric imperfection of L/1000
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considering the Steel02 material and a low cycle fatigue model (Uriz and Mahin, 2004, 2008) for
each fiber. Additionally, the effect of gusset plates at the ends of the braces was modeled using
fiber nonlinear beam-column elements, as described by Uriz and Mahin (2008). The frictional
energy dissipation elements were modeled using truss elements with an elastic-perfectly plastic
material model whose yield force equals the specified EDact. The PT was included as co-
rotational truss elements using a multi-linear material model, with properties recommended by
Ma et al. (2010), prestressed using an initial stress material with a force equal to the defined PTo.
Also, hook elements were added in series with the PT elements to prevent compression from

developing in the PT.

All four types of SFRSs incorporated a leaning column in their models to account for P-Delta
effects from the building's gravity frames. The tributary seismic mass of each floor was
concentrated at the nodes of the leaning columns, which were laterally constrained to the frames'
first joints on each floor. The inherent damping of all SFRSs was modeled using 5% Rayleigh
damping based on the first and third fixed-base periods. For the braced frames, to avoid artificial
damping when the structure yields, the stiffness proportional damping was considered with 20%
of the initial-stiffness matrix and 80% of the committed tangent-stiffness matrix (Charney, 2008;
Steele and Wiebe, 2017), while constant stiffness proportional damping was based on the initial-

stiffness matrix for the SMRFs.
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Figure 2-3. Schematics of the numerical models for the SFRSs: (a) SMRF, (b) SCBF, (c) BRBF,
and (d) CRBF.

2.6 CONSTRUCTION COST AND LOSS ASSESSMENT

The construction cost and replacement cost of buildings with SMRFs and SCBFs were assumed
to be $2691 per m? ($250 per ft?) (Hwang and Lignos, 2017a) and $1884 per m? ($175 per ft?)
(Hwang and Lignos, 2017b) based on 2013 U.S. dollars, respectively. The replacement cost of
BRBF buildings was estimated to be the same as for the SCBF buildings. The CRBF buildings’
replacement cost was assumed to be 2% more than SCBF buildings (i.e., $1922 per m?), justified
by the post-construction cost evaluation of past real-world projects such as the Casa Adelante
nine-story housing project, which had only a 0.25% additional construction cost compared to
conventionally designed buildings (Aher et al., 2020).These replacement costs were taken as the
loss associated with both building collapse and the demolition of irreparable buildings. Building

demolition loss was assessed conditioned on the maximum residual story drift ratio from all of
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the stories using a lognormal distribution, defined by a median of 0.015 radians and a
logarithmic standard deviation of 0.3 as used by Ramirez and Miranda (Ramirez and Miranda,

2012).

To calculate the earthquake-induced losses for the buildings in line with the FEMA P58-1
probabilistic loss estimating methodology (FEMA P-58-1, 2018), damage fragility functions and
repair cost consequence functions for both structural and nonstructural components are required.
For the seismic losses associated with structural components, the FEMA P58-3 (2018) library
was the main reference for damage fragility functions and repair cost consequence functions.
There are two categories of structural component costing: per connection and per bay basis. For
three-story buildings with various SFRSs, Table 2-2 shows an example of the
considered structural components and their quantities; the appended letter or number at the end
of the mentioned group components’ IDs denotes the specific component in each group
depending on the size of the structural elements. The repair cost on a per connection basis
includes the steel column base plates and welded column splices, for which group components
with IDs of B1031.011 and B1031.021 were used, respectively. The components with repair cost
on a per bay basis were selected as follows: (i) SMRFs: Post-Northridge RBS connection with
beam one side (B1035.00) and both sides (B1035.01) of column; (ii) SCBFs: Special chevron
braced frame with hollow structural section (HSS) braces designed with the American Institute
of Steel Construction (AISC) minimum standard (B1033.021); (iii) BRBFs: Chevron steel
buckling restrained brace (B1033.101); (iv) CRBFs: Special chevron braced frame with wide
flange braces designed with balanced design criteria (B1033.001). B1033.001 was used because
it is a component group with higher repair costs at lower story drift ratios relative to other special

chevron braced frames with wide flange bracing components. Story drift for the CRBFs involves
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both a rigid body deformation brought on by the rocking behavior of the body and
an additional deformation of the frame itself. Accordingly, to assess the damage to bracing in the
CRBF, the maximum compression deformation of the braces was employed instead of story drift
as the engineering demand parameter (EDP) in the damage fragility functions of the B1033.001
component group (Banihashemi and Wiebe, 2022). If the PT strain was greater than the yield
strain of 0.83% (Ma et al., 2010), it was assumed that replacement of the PT strands and the
accompanying connected equipment in the CRBFs would be required. The cost of such a
replacement was estimated to be $8 per kilogram (kg) of steel strands according to DYWIDAG
Systems International (2020) in 2020 U.S. dollars. The frictional energy dissipation elements in
the CRBFs were assumed to be designed with large displacement capacity that would not fail

before buildings' collapse.

Table 2-2. Summary of considered structural components and their quantities for the 3-story

building.
SFRSs | Component description Component ID* Quantity®  Location
Column base plates (column weight < 223 kg/m) B1031.011a 4 Base Floor
SMRE Column base plates (223 < column weight < 446 kg/m) B1031.011b 6 Base Floor
RBS connections (one-side, < W27) B1035.001 4 Story 1-3
RBS connections (two-side, < W27) B1035.011 6 Story 1-3
Column base plates (column weight < 223 kg/m) B1031.011a 4 Base Floor
SCBF | HSS brace (61 < brace weight < 147 kg/m) B1033.021b 2 Story 1
HSS brace (brace weight < 60 kg/m) B1033.021a 2 Story 2-3
BRBE Column base plates (column weight < 223 kg/m) B1031.011a 4 Base Floor
BRB (brace weight < 60 kg/m) B1033.101a 2 Story 1-3
Column base plates (223 < column weight < 446 kg/m) B1031.011b 4 Base Floor
CRBF | Wide flange brace (brace weight > 148 kg/m) B1033.001c 2 Story 1-3
Post-tensioning strands - 479 (kg) -

In accordance with FEMA P58-3 library.
b Unless the unit stated, all quantities are expressed as "each."

Table 2-3 lists the 21 nonstructural components, including acceleration-sensitive and drift-
sensitive components, that were included in the seismic loss assessment, along with their
quantities assigned to each floor of the three-story building. Nonstructural component quantities

were allocated to each floor using the FEMA P-58 normative quantity estimation tool (FEMA P-
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58-3, 2018), and estimated quantities were rounded up to the next whole number. The same
nonstructural components and quantities were also considered for the six- and 12-story buildings,
but the quantities of the components denoted by an asterisk vary depending on the number of
floors. The damage fragility functions were primarily adopted from FEMA P58-3 (2018) and
other identified nonstructural research findings, as indicated in Table 2-3. Also, repair cost
consequence functions provided by FEMA P58-3 were employed to evaluate loss due to
nonstructural components. All anchorages and bracing for types of equipment that require them
were assumed to be designed such that they would not be damaged before the equipment failure;

thus, they were not considered for the loss assessment.

Since 2011 serves as the reference year for costs in the FEMA P58-3 consequence functions,
all anticipated costs that were not in 2011 were scaled to a 2011-equivalent value using data from
the RSMeans historical cost index (RSMeans, 2020). The Pelicun software (Zsarndczay, 2019),
which was developed based on the FEMA P58 methodology by the Computational Modelling

and Simulation Center (SimCenter), was used to conduct the seismic loss analyses.
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Table 2-3. Summary of considered nonstructural components and their quantities for the 3-story

building.
Component Component Source of damage . . .
description iD? EDP fragility function Quantity Unit Location
Curtain wall B2022.002 SDR Behr (2001) 217 3m? Each story
Wall partition Retamales et al.
(Gypsum with metal studs) C1011.001c SDR (2013) 22 30m Each story
Wall partition C3011.00lc SDR FEMAP58-3(2018) 2 30m  Eachstory
(Gypsum + wallpaper)
Stair C2011.021a SDR Bull (2011) 3 EA Each story
Raised access floor C3027.002  PFA FEMA P58-3 163 9 m? Each floor
Suspended ceiling C3032.004b  PFA FEMA P58-3 33 56 m?>  Each floor
Pendant lighting C3034.002 PFA FEMA P58-3 325 EA Each floor
Cold or hot potable piping 5551 o4 pEA FEMA P58-3 1 305m  Each floor
(small diam.)
Cold or hot potable piping o001 g7 pEa FEMA P58-3 2 305m  Each floor
(large diam.)
Sanitary piping D2031.023b  PFA FEMA P58-3 2 305m  Each floor
Small HVAC duct D3041.011c PFA FEMA P58-3 2 305m  Each floor
Fire sprinkler water piping D4011.023a PFA Sormz;f(l)llag)et al. 5 305m  Each floor
Large HVAC duct D3041.012d  PFA FEMA P58-3 1 305m  Each floor
HVAC diffuser D3041.032d  PFA FEMA P58-3 20 10 EA  Each floor
Variable air volume box D3041.041b  PFA FEMA P58-3 5 10 EA  Each floor
Low voltage switchgear 5515 0530 pEA FEMA P58-3 1 EA  Each floor
(400 Amp)
Chiller (500 ton)* D3031.013h  PFA FEMA P58-3 1 EA Roof
Cooling tower (500 ton)* D3031.023h  PFA FEMA P58-3 1 EA Roof
Air handling unit
(30000 CFM)* D3052.013k  PFA FEMA P58-3 2 EA Roof
Motor control center* D5012.013c  PFA FEMA P58-3 3 EA Roof
Elevator* D1014.011 PGA FEMA P58-3 2 EA Ground

Note: Amp= Ampere; CFM=Cubic feet per minute; EA=Each; HVAC=Heating, ventilation, and
air conditioning; PFA = Peak floor acceleration (g); PGA = Peak ground acceleration (g); SDR=

Story drift ratio.

In accordance with FEMA P58-3 library.
* The number of floors affects the number of components.

2.7 STRUCTURAL PERFORMANCE

As a representative example, Figure 2-4 depicts the time history of the roof drift and roof
acceleration responses for the three-story SFRSs, as well as the column uplift of the CRBF,
during the first component of the Northridge (Canyon Country) ground at the DE level. For this
scaled ground motion, all SFRSs experience a roof drift larger than 1% between 4 s and 10 s, and
yielding or buckling in the braces of the BRBF and SCBF leads to a residual drift larger than

0.6%. In contrast, the SMRF exhibits a smaller residual drift, and the CRBF shows no residual
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drift. During this period, the roof acceleration response reveals that while the SMRF exhibits
slightly higher demand levels compared to SCBF and BRBF, the instants of column impact and
uplift in the CRBF result in local peak responses, which is distinct from findings in other studies
(Buccella et al., 2021; Wiebe et al., 2013). These peaks also appear to be influenced by higher

mode effects, similar to those identified by Buccella et al. (2021).
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Figure 2-4.Three-story buildings: roof drift, roof acceleration, and CRBF column uplift during
the first component of the Northridge (Canyon Country) ground motion at the DE level.

Figure 2-5 illustrates the hysteretic response of the beam and column in the first story of the
SMREF, as well as the hysteretic response of the brace in the first story of the other SFRSs, for the
three-story buildings under the same scaled ground motion. For the SMRF, most nonlinearity
effects are attributed to the beam due to the design principle of having strong columns and weak

beams. Additionally, while the braces of the SCBF and BRBF experience buckling and yielding,
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respectively, the braces of the CRBF remain linear due to the implementation of capacity design

principles.
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Figure 2-5. Three-story buildings during the first component of the Northridge (Canyon Country)
ground motion scaled to DE level: hysteretic response of the first story beam and interior column
base of the SMRF, and the hysteretic response of the first-story left brace of other SFRSs.

Figure 2-6 shows the median peak story drift ratios (SDRs), peak floor accelerations (PFAS),
and residual story drift ratios (RSDRs) at the DE level for all considered SFRSs. The SMRF and
SCBF have the largest and smallest drifts, respectively, among the three-story SFRSs.
Additionally, the drifts of the CRBF are nearly constant over the height of the building,
indicating that the rocking mode dominates the displacements of the CRBFs (Buccella et al.,
2021). Similar outcomes can be seen for taller structures, although the differences in drifts for
the various SFRSs become less evident and the higher mode effects are more pronounced.
Comparing the PFAs shows that SMRFs have higher demands than other SFRSs, and CRBFs
experience large demands on the roof. Also, the buckling and yielding of the lower story braces
in the SCBFs and BRBFs prevents large PFAs for higher floors. Comparing residual drifts
among the three-story SFRSs highlights the distinctive behavior of the CRBF, which exhibits no
residual drifts due to its self-centering mechanism, contrasting with the other three SFRSs that
demonstrate residual drifts, particularly at lower stories. This trend holds in the taller buildings,

where CRBFs exhibit minimal residual drifts while the SCBFs, BRBFs, and six-story SMRFs
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have higher residual drifts on lower stories. However, the 12-story SMRF experiences increasing

residual drifts at higher stories.
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Figure 2-6. Median values of peak story drift ratio (SDR), peak floor acceleration (PFA), and
residual story drift ratio (RSDR) at the DE level.

The collapse probability of each building was assessed for each intensity level of the
MSA, based on a collapse definition of any SDR exceeding 10%. The collapse fragility curves of
the SFRSs, which were developed employing the software tools provided by Baker (2015), are
compared in Figure 2-7 with the x-axis showing the ratio of the demand intensity to the MCE
spectral acceleration at the elastic period of that building (i.e. Sa(T1,5%)/SwmT). All three- and six-
story SFRSs have a collapse probability of less than 5% at the MCE level. For the 12-story
SFRSs, the SMRF has a collapse probability of 11%, while that of the other structures is less

than 10%. Comparing collapse margin ratios (CMRs), defined as the median collapse spectral
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acceleration divided by Swr, reveals that all three-story SFRSs have almost identical CMRs,
while the CMR of taller buildings is lowest for the SMRFs and highest for the BRBFs, with the
other SFRSs in between. These results are generally consistent with the performance
requirements of FEMA P695, considering that the ground motion scaling differs from the
recommendation of FEMA P695 in order to directly compare the different SFRSs, and that
neither a spectral shape factor nor a total system collapse uncertainty has been applied.

3 Stories 6 Stories 12 Stories

SMRF .7

MCE Level

SCBF

L 50% Collpase Prob.

Collapse Probability (%)

D

30 1 2 30
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Figure 2-7. Collapse fragility curves.

2.8 SEISMIC INTENSITY-BASED EXPECTED LOSSES

Figure 2-8 compares total expected losses of the four SFRSs at seismic intensity levels of 0.5
DE, DE, and MCE. The losses from the SFRSs at each building height were normalized by the
SMRFs' replacement cost. Also, the total expected losses are subdivided into losses owing to
drift-sensitive and acceleration-sensitive nonstructural components, structural repairs,

demolition, and building collapse.

At the 0.5 DE level, the expected loss for all buildings is less than 8% of the SMRF
replacement cost. Among the SFRSs, the SCBFs exhibit the largest expected loss, followed by
the SMRFs. The expected loss for the BRBFs and CRBFs is relatively small, less than 2%,

across all building heights. Acceleration-sensitive nonstructural components are the primary
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source of the loss for all systems except the SCBFs. For the SCBFs, the yielding and buckling of
braces at the bottom floors even at low-intensity levels reduces PFAs at higher floors (Ray-
Chaudhuri and Hutchinson, 2011), but at the cost of greater losses owing to structural
components. Some small percentage of the loss due to demolition can be seen in Figure 2-8 (a),
even though all story residual drifts at the 0.5DE level were much less than 1.5%. This is because
the FEMA P58 Monte Carlo-based methodology (FEMA P-58-1, 2018) uses the Yang et al.
algorithm (Yang et al., 2006, 2009) to generate a set of demands in each realization and
incorporate the effects of uncertainties, and this algorithm produces a distribution with a longer

tail than that of the original data set.

Similarly, at the DE level (Figure 2-8 (b)), the expected loss for the SCBFs, BRBFs, and
CRBFs is less than 10%, and generally lowest for the BRBFs and CRBFs. However, the SMRFs
exhibit a greater expected loss, exceeding 20% for the three-story SMRF. Also, at this intensity
level, the loss resulting from demolition is the greatest source of loss for almost all SFRSs at
different heights, except for the CRBFs, where the lack of demolition-related losses is of a

similar value to the increase in calculated losses related to non-structural components.

At the MCE level (Figure 2-8 (c)), the SMRFs exhibit expected losses surpassing 35% of the
building replacement cost. Even just the irreparable losses of the SMRFs, namely losses due to
collapse and demolition, are greater than the total expected losses for all other SFRSs. Figure
2-8 (c) shows that the buildings with CRBFs greatly benefit from having little to no losses due to
demolition at the MCE level, which leads to these buildings having the lowest expected losses at
each height compared to buildings with other SFRSs. According to Figure 2-7, the collapse
probabilities were low or zero for most SRFSs at the MCE level, resulting in the expected losses

due to collapse remaining below 4% for most SFRSs at all heights However, in the 12-story
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SMRF where the collapse probability was 11%, the associated expected loss due to collapse is

11%.

2.9 EXPECTED ANNUAL LOSSES
2.9.1 TOTAL EXPECTED ANNUAL LOSS

This section examines earthquake-induced losses in the designed SFRSs in terms of expected
annual loss (EAL), representing an average amount that is expected to be spent on earthquake
damage repairs annually. This quantity is the area under the distribution curve of mean annual
total repair cost (FEMA P-58-1, 2018). Such a curve was constructed for each building using
time-based assessments following the guidelines of FEMA P58-1. The process involved
multiplying the cumulative probability distribution of total loss at each intensity, which was
obtained using Pelicun software (Zsarnéczay, 2019), by the annual frequency of occurrence
within the corresponding intensity interval. The annual frequencies for a given loss level were
then summed across all intensity-based loss curves. In this way, all seismic hazard levels were
considered as well as all uncertainties provided in the FEMA P58-3 library for damage fragility

functions and repair cost consequence functions.
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Figure 2-9 illustrates the computed EALSs of the SFRSs for each building height, normalized
by the SMRF replacement cost. Figure 2-9 shows that the normalized EALS range from 0.05% to
0.3%, with the CRBF always having the lowest normalized EAL. Among the three-story
buildings, the SMRF and CRBF exhibit the greatest and smallest normalized EAL, respectively.
The normalized EAL of the three-story BRBF is only slightly greater than that of the CRBF.
Comparing the irreparable losses, the three-story CRBF exhibits a minimal contribution from
collapse losses, almost zero, consistent with the collapse fragility curve in Figure 2-6, which
remains zero even until the 1.5 MCE level. The demolition losses from the three-story SMRF,
SCBF, and BRBF account for over 45% of the total normalized EAL, making this the primary

contributor to their total EAL. In contrast, the three-story CRBF benefits from self-centering

42



Ph.D. Thesis — MA. Banihashemi McMaster University — Structural Engineering

behavior, resulting in zero demolition losses. In terms of repairable losses, the three-story SCBF
exhibits the largest normalized EAL due to structural repairs, as SCBFs require repairs for braces
and connections even at small drift ratios. In contrast, the three-story SMRF and BRBF
experience smaller structural repair losses compared to the SCBF, and the CRBF has negligible
structural repair losses due to capacity design and its rigid body rocking deformation. The
normalized EAL caused by drift-sensitive nonstructural components is similar among the three-
story SFRSs, while the SMRF and CRBF have relatively significant EALs due to acceleration-
sensitive components. Indeed, the three-story CRBF's major loss source is damage to
acceleration-sensitive components, accounting for 75% of the total normalized EAL. Owing
primarily to improved damage fragility curves in the most recent version of FEMA P58-3 (2018)
compared to the earlier one (FEMA P-58-3, 2012), Figure 2-9 demonstrates that losses due to
acceleration-sensitive nonstructural components do not dominate the normalized EALs for

SMRFs and SCBFs in the way that was found by Hwang and Lignos (2017a, 2017b).

The six-story buildings show similar trends as three-story buildings, but the SCBF has the
greatest normalized EAL because it has both the greatest contribution from demolition losses
among all SFRSs and the greatest contribution from structural losses. The EALSs are generally
lower than for the three-story buildings because the taller buildings benefit from economies of
scale in repairs, and because the probability of excessive residual drifts leading to demolition is
lower for the SMRF building. Considering the 12-story buildings, similar trends can also be
observed. The normalized EAL from structural repair loss is more evident for the higher-rise
SCBFs because larger-sized braces and more seismic frames were used, although such loss is

still small independent of building height for the other SFRSs. Figure 2-9 demonstrates that
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while the irreparable losses in the CRBFs contribute a small amount to the total annualized loss,

the irreparable losses in other SFRSs contribute to more than half of the total EAL.
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Figure 2-9. Expected annual losses (EALS) normalized by the replacement cost of the building
with SMRFs for each building height.

2.9.2 CONTRIBUTION OF INDIVIDUAL NONSTRUCTURAL COMPONENTS

Figure 2-10 shows the contributions to expected annual losses from the five most significant
nonstructural components, which collectively account for more than 70% of the total
nonstructural component losses presented in Figure 2-9 for all cases. To evaluate the impact of
these nonstructural components, their damage fragility function parameters and repair costs are

given in Table 2-4, to be considered along with their quantities as listed in Table 2-3.
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Figure 2-10. Nonstructural components with the greatest contributions to the total expected
annual losses (EALS).
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Although there is only a single chiller installed on the roof of each three-story building, it
makes a notable contribution to the total losses due to its modest 0.72 g median acceleration
capacity and high repair costs exceeding $280,000. This contribution is relatively smaller for the
three-story SCBF and BRBF because brace buckling and yielding at low earthquake intensities
result in reduced acceleration demands on the roof. Pendant lighting contributes significantly to
the total losses in the three-story SMRF and CRBF, despite having a median acceleration
capacity of 1.5 g and an inexpensive unit repair cost, because of their high quantities, with more
than 300 installed on each ceiling of each story. The elevator has a meaningful contribution to
the losses because it has a high unit repair cost and a single damage state with a median
acceleration capacity of only 0.39 g, which is less than the median peak ground acceleration
(PGA) at the DE level (Figure 2-6). Damage to wall partitions often contributes significantly to
the total losses due to their low capacity compared to the buildings' story drifts. For example,
moderate cracking can occur at a story drift ratio of 0.7%, which is smaller than the median
demands of almost all floors of all three-story buildings at the DE level (Figure 2-6), although

the associated loss is noteably lower in the three-story SCBF building.

The trends that were described for the three-storey buildings are also generally applicable to
the six- and 12-story buildings, although with lower total EALs as noted previously. One
additional difference is that the contribution of the chiller reduces for the six- and 12-storey
buildings. This difference is primarily because of the discretization of the number of chillers,
where one is assumed for both the three- and the six-story buildings and two chillers are assumed
for the 12-story buildings, while the replacement value of the building is proportional to the

number of stories. In addition, while Figure 2-6 often shows similar peak roof accelerations for
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all three building heights at the DE level of ground shaking, this is not true at all ground motion

intensities.

Table 2-4. Damage fragility and repair cost for the seven nonstructural components with the
most contributions to the total expected annual losses (EALS).

Component Damage fragility function

H a
description Damage state : : Repair cost
Median g Fraction

Chiller Equipment failed 0.72g® 0.20 - 280700
Pendant Lighting Disassembly of rod system 1.50g® 0.40 - 1000
Machine anchorages failed 26 %° 8800

Rail distortion 79%° 37400

Elevator Cab walls/door damaged 0.39g 045 68 % ¢ 32000
Cab ceiling damaged 17 %° 5000
Wall Partit Slight cracking 0.43%"° 0.43 - 1400
Vall Partition Moderate cracking 0.70 %" 0.45 - 3600

(with metal studs) i

Walls displaced 1.47 %® 051 - 7000
. Glass cracking 2.1%"° 0.45 - 3000
Curtain Wall 1265 falls from frame  2.4%° 045 - 3000

Note: f = lognormal standard deviation.

& Unit repair cost based on 2011 (FEMA P-58-3, 2018) with no reduction for economies of scale.
Damage Logic: ® Damage states occur in sequential order; ¢ Damage states independently can
occur simultaneously based on the fraction (FEMA P-58-3, 2018).

2.10 COST-EFFECTIVENESS

This section investigates the cost-effectiveness of the BRBFs and CRBFs in comparison to the
SCBFs, taking into consideration the influence of the return rate, r, as well as potential
differences in construction and replacement costs. SMRFs are omitted because of their higher
construction costs and the findings from the previous section that the considered SMRFs
generally have higher EALs compared to braced frames. To make this comparison, the total of
the initial building construction cost and the present value of earthquake-induced losses over the
assumed 50 years of building life expectancy (Hwang and Lignos, 2017a) are determined as

follows:

1
1- (7
1+7r 50) )
Csprsrn = ICscpp(1 +n) + EALgpps ( . ) (2-1)
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where 1Cscgr is the construction cost of the considered building when using an SCBF as the
seismic force resisting system, and n is the relative premium in the building’s construction cost
and replacement cost when using a different SFRS relative to the same height of SCBF. The
cost-effectiveness of the BRBFs or CRBFs in comparison to the SCBFs is evaluated using the
cost-effectiveness index CEsrrs,r.n, Which is defined to be normalized by the construction cost of

the SCBF and is calculated for a range of for different values of r and n:

C - C
SFRS,r,n SCBFT.O o 100% (2-2)

CESFRSrn =
v [Cscpr

Figure 2-11 illustrates the cost-effectiveness of the BRBFs and CRBFs using the above
equation for ranges of 0 to 4% for r and 0 to 5% for n. This figure shows that the BRBF and
CRBF are generally cost-effective, relative to the SCBF, for the three-story building because
they have a positive index for most of the considered combinations of r and n. The three-story
CRBF is slightly more cost-effective than the BRBF because it has a wider range of
combinations of r and n that produce a positive cost-effectiveness index. For example,
considering r of 3% and n of 4%, the BRBF is not more cost-effective than the SCBF but the
CRBEF is. The six-story CRBF also has a positive index for almost all considered combinations of
r and n, making it generally more cost-effective than the BRBF. According to the result for the
12-story buildings, the BRBF and CRBF have a positive index for fewer combinations of r and

n. Nonetheless, the 12-story CRBF is marginally more economical than the BRBF.
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Figure 2-11. Cost-effectiveness comparison of the BRBFs and CRBFs to SCBFs.
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2.11 CONCLUSIONS

The present study provided a comprehensive assessment and comparison of four distinct steel
seismic force-resisting systems (SFRSs) as potential choices for designing buildings at three
different heights (three-, six-, and 12-story). These SFRSs included three common ductile
SFRSs: special moment resisting frames (SMRFs), special concentrically braced frames
(SCBFs), and buckling-restrained braced frames (BRBFs), as well as one low-damage self-
centering SFRS: controlled rocking braced frames (CRBFs). The FEMA P58 methodology
(FEMA P-58-1, 2018) was used to translate the unique structural performance attributes of each
system into economic costs using the metric of expected annual loss (EAL).This also made it
possible to compare irreparable losses, such as collapse and demolition due to excessive residual
drifts, with reparable losses, involving repairs to structural and nonstructural components, for

each distinct SFRS.
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While all buildings designed with the four SFRSs demonstrated acceptable collapse
capacities, their behavior at the design earthquake (DE) level revealed distinct characteristics.
The SCBF and SMRF buildings showed the smallest and largest peak story drifts, respectively.
The CRBF buildings maintained nearly constant story drifts throughout the building height due
to the dominance of the rocking mode. Brace yielding and buckling in the lower stories of the
SCBF and BRBF buildings led to decreased acceleration demands on the roof. Conversely, both
the CRBF and SMRF buildings experienced higher roof accelerations, with the SMRF buildings
generally exhibiting the greatest accelerations across all floors among the four systems.
Moreover, the CRBF buildings exhibited minimal residual drift and member yielding, in contrast
to the moderate residual drifts and larger contribution of yielding observed in the buildings with

other SFRSs.

The CRBF buildings exhibited the lowest total EAL, with the saving in irreparable losses
relative to other SFRSs more than compensating for the increased expected losses from
acceleration-sensitive nonstructural components. The BRBF buildings showed only slightly
higher EAL compared to the CRBF buildings, but the CRBFs offered a more favorable cost-
effectiveness in terms of earthquake-induced losses over the assumed 50-year building life, for a
wider range of combinations of cost premiums and return rates. In contrast, in the buildings
designed with more common ductile SFRSs, more than half of the total EAL was attributed to
irreparable losses, primarily driven by demolition losses. Notably, the contribution of only
irreparable losses to the EAL of the SMRF and SCBF buildings was typically greater than the

total EAL for the buildings with CRBFs.

Although the total EAL for the buildings with CRBFs was only slightly less than for

buildings with BRBFs, the trade-off between irreparable and repairable losses would introduce
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complex factors when comparing expected recovery time. While further study is needed on this
point, using CRBFs may be more advantageous because repairable losses are likely associated
with less downtime than irreparable losses that require building demolition and rebuilding.
Another limitation of this study lies in FEMA P58's damage fragility curves, which only consider
peak accelerations as the engineering demand parameter for acceleration-sensitive components,
while prior research indicates that buildings designed with different SFRSs exhibit diverse

shapes of floor acceleration spectra.
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Chapter 3

3. DEFINING DESIGN PARAMETERS FOR CONTROLLED ROCKING BRACED FRAMES TO
CONTROL SEISMIC LOSSES

3.1 ABSTRACT

Controlled rocking braced frames (CRBFs) are a self-centering lateral force-resisting system
aimed at reducing structural damage potential. Previous research has shown that relatively low
design forces for rocking and for structural elements in CRBFs would be acceptable based on
collapse fragility analysis. However, past studies have also highlighted the potential for
significant story drifts and for increased demands on acceleration-sensitive nonstructural
components installed in buildings with CRBFs. Therefore, while CRBFs have demonstrated
acceptable performance in terms of collapse across a wide range of design options, these design
options must be evaluated considering the performance of nonstructural components if the
intended low-damage potential of CRBFs is to be fully realized. To address this need, this
chapter investigates the influence of two key design parameters on seismic losses of buildings
with CRBFs, namely the response modification factor (R) for the rocking joint design and the
amplification factor (y) used to incorporate higher-mode forces into the capacity design of frame
members. Three different heights of CRBF buildings are designed using different design options,
with values of R ranging from 5 to 12 and with higher-mode forces considered based on two
seismic intensity levels: the design earthquake (DE) and the maximum considered earthquake
(MCE). Then, following an assessment of structural responses, the chapter's primary emphasis is
on earthquake-induced economic losses. While the computed total expected annual losses

(EALS) using various design options are remarkably similar, the distribution of losses attributed
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to collapse or to nonstructural components varies. The CRBFs with lower resistance to rocking
exhibit greater losses attributed to collapse and to drift-sensitive nonstructural components, but
this is counterbalanced by a simultaneous reduction in losses related to acceleration-sensitive
nonstructural components. Furthermore, in taller CRBF buildings, using amplified higher-mode
forces based on the MCE level slightly decreases total EALS compared to those using the DE

level, primarily due to a reduction in collapse losses.

KEYWORDS: Seismic loss assessment; controlled rocking braced frames; self-centering systems;

higher mode effects; capacity design; nonstructural components

3.2 INTRODUCTION

Despite notable advancements in seismic design codes that have contributed to a decline in the
number of building collapses during and after severe earthquakes (Okazaki et al. 2013;
Westenenk et al. 2012), the socioeconomic repercussions of earthquakes remain a pressing
concern. Insights from the aftermath of previous earthquakes have revealed that buildings can
require demolition or extensive repair due to excessive residual drifts (Rosenblueth and Meli
1986) and damage to both structural and non-structural components (Dhakal 2010; Miranda et al.
2012; Perrone et al. 2019). These expenditures not only cause property losses but also disrupt
businesses, leading to further financial losses (Hwang and Lignos 2017b). Consequently, cities'
abilities to recover from such catastrophes face substantial hindrances. To address these
challenges, innovative self-centering lateral force-resisting systems have been developed not
only to curb demolition losses caused by excessive residual drifts, but also to mitigate structural
damage during earthquakes exceeding design levels (Eatherton et al. 2014; Roke et al. 2010;
Steele and Wiebe 2021; Wiebe et al. 2013). One such pioneering system is the controlled rocking

braced frame (CRBF). The CRBF distinguishes itself from ductile lateral force-resisting systems
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by employing a non-linear mechanism involving the uplifting of the frame. Vertical post-
tensioning can be designed to help self-center the system and introduce positive stiffness during
rocking motion, and energy dissipation mechanisms can be integrated to mitigate displacement

demands. Figure 1 illustrates the conceptual behavior of a CRBF.

Studies assessing the collapse potential of CRBFs have consistently shown a low collapse
probability and minimal damage to their steel components (Rahgozar, Moghadam, and
Aziminejad 2016; Steele and Wiebe 2017). Recognizing the advantages of CRBFs, Steele and
Wiebe (2021) quantified key design parameters for CRBFs, including response modification
factors (R) used in the design of base rocking joints, as well as a parameter related to the
intensity level considered for higher modes (y) in the capacity design of steel members within
CRBFs. Their findings indicated that CRBFs demonstrate an acceptably low risk of collapse,
even when employing larger values of R (i.e., less resistance to rocking) and considering the use
of the design earthquake (DE) intensity level to account for higher mode effects in the capacity
design of steel members (y=1.0). Nevertheless, findings from Buccella et al. (2021) indicated
that the presence of higher mode effects can lead to increased acceleration demands in CRBFs,
particularly manifesting as spikes in the floor acceleration spectra near the modal periods of the
buildings, while others have found that displacements in self-centering systems may be larger
than in a conventional yielding system with similar strength (Seo and Sause 2005; Zhang, Steele,

and Wiebe 2018).

To enable engineers and other stakeholders to assess potential consequences and,
consequently, make more informed design and retrofit decisions, a performance-based
earthquake engineering framework has been developed for evaluating earthquake-induced losses

(Cornell and Krawinkler 2000; FEMA P-58-1 2018). Over the past decade, several studies have
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used seismic loss assessment to compare self-centering lateral force-resisting systems with
ductile systems. Due to the potentially higher construction costs associated with CRBFs,
researchers have conducted cost-benefit analyses comparing CRBFs to special concentrically
braced frames (SCBFs) (Banihashemi and Wiebe 2023; Dyanati, Huang, and Roke 2017; Huang
et al. 2018). While their results indicated lower total repair losses for CRBFs compared to
SCBFs, they also identified a higher loss attributed to acceleration-sensitive nonstructural

components in CRBFs compared to SCBFs.
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Figure 3-1. CRBF hysteretic response.

Other studies have defined design parameters for CRBFs and quantified their impact on
collapse probability. However, additional investigation into these parameters is needed to
consider their potential impact on seismic losses, including damage to drift- and acceleration-
sensitive nonstructural components. To address this research gap, three-story, six-story, and 12-
story buildings are designed using CRBFs. Each building height is designed with various design
options, considering different values of R ranging from 5 to 12 and using the forces associated
with the higher-mode response at two intensity levels, DE and maximum considered earthquake
(MCE). To assess the influence of these design parameters, after examining the response in terms
of engineering demand parameters (EDPs), the study compares various options based on

expected losses at given seismic intensity levels and subsequently evaluates the expected annual
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losses. Additionally, critical nonstructural components that contribute greatly to seismic losses
are identified, highlighting areas for future research aimed at mitigating such losses and better

characterizing their behavior.

3.3 DESIGN OF PROTOTYPE BUILDINGS

Three different heights of steel-framed office buildings were each designed using CRBFs. The
buildings were located in a seismically active area with mapped short-period and 1-second
spectral accelerations of Ss=1.5 g and S1=0.5 g, respectively, assuming a site class D (stiff soil)
condition (ASCE/SEI 7-16 2016). Figure 3-2 (a) illustrates the typical floor plan for these
buildings, each having a story height of 4.57 m. The total seismic weight for each floor and roof
was 10,200 kN and 6,430 kN, respectively. For the three-story buildings, two frames were used
in each direction, while four frames were used for the six-story and 12-story buildings. The
CRBFs were designed to have a width of 90% of the bay width to fit between two gravity
columns and were not intended to carry any tributary gravity loads. During the design process,

members were selected to maximize the utilization ratio and avoid overdesign.
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Figure 3-2. (a) Floor plan of the CRBF buildings and (b) Elastic design spectra.
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The design of CRBFs followed a two-step procedure by Wiebe and Christopoulos (2015). In the
first step, the base rocking joints were designed with post-tensioning (PT) and energy dissipation
(ED) to control over-rotation and limit displacements. The required base overturning moment
resistance was determined using the equivalent lateral force approach (ASCE/SEI 7-16 2016)
with different response modification factors (R) ranging from 5 to 12. Frictional energy
dissipation elements were installed at the base of the CRBF columns to ensure self-centering
behavior with a hysteretic ED ratio (5 as described in Figure 3-1) of 0.9. The PT prestress was

set at 50% of the ultimate stress of PT to ensure elastic behavior up to at least 2.5% base rotation.

The second step involved capacity designing all steel members to withstand the forces
induced by rocking, including higher-mode forces. The steel frame members were designed
using the dynamic capacity design procedure developed by Steele and Wiebe (Steele and Wiebe
2016). In this procedure, the design force of members is a combination of the resultant force
from the code-prescribed lateral forces, multiplied by the system overstrength, and the higher-
mode forces. These higher-mode forces are calculated using a spectrum that is truncated between
the first- and second-mode periods and is amplified by a ratio y (Figure 3-2 (b)). The design
option for higher-mode forces was assessed by calculating them based on both the design
earthquake (DE) intensity level (y=1) and the maximum considered earthquake (MCE) intensity
level (y=1.5). A vyield strength of 345 MPa was assumed for all CRBF steel members.
Additionally, the design of the gusset plates between the braces and beam-column connections
was performed based on the capacity of the braces. For each design option, Table 3-1 displays
the design base shear (V), design base overturning moment (Mp rock), initial post-tensioning force
(PTo), energy dissipation activation force (EDact), the first fixed-base fundamental period (T),

which is used to calculate the spectral demand, the tangent stiffness-based period of the structure
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while rocking (Trock), and the second and third fixed-base periods (T2, T3). Also, Table 3-2 shows

the section sizes of the CRBFs designed with y=1.5. A12-story CRBF building with R=12 and

y=1 was not included in the study due to the estimation of a significant number of collapses at

the MCE level intensity; further discussion regarding this will be presented in the subsequent

sections.
Table 3-1. Design parameters for base rocking joints and model periods.
. . \Y Mb,rock PTo EDact T Trock T2 T3
dories DN ) kNm) (N (N) 9 ) (8 ()
3 R=5,=1.0 2683 26753 3249 1462 0.45 340 0.11 0.07
3 R=5,y=15 2683 26753 3249 1462 0.42 3.38 0.10 0.06
3 R=8,y=1.0 1678 16744 2033 915 0.50 404 014 0.09
3 R=8,y=15 1677 16721 2031 914 0.44 402 012 0.08
3 R=12y=1.0 1118 11155 1355 610 0.52 476 015 0.10
3 R=12,y=15 1118 11146 1354 609 0.46 4.74 0.13 0.09
6 R=5,=1.0 1706 33466 2032 1829 1.01 559 0.22 0.13
6 R=5,y=15 1915 37268 2263 2037 0.91 541 020 0.11
6 R=8,y=1.0 1012 19916 1209 1088 1.07 6.59 027 0.15
6 R=8,y=15 1077 21108 1282 1153 0.97 6.46 024 0.14
6 R=12,y=1.0 647 12769 775 698 1.11 778 030 0.17
6 R=12,y=15 734 14368 872 785 0.98 741 026 0.14
12 R=5=1.0 1926 77932 4732 4258 1.84 831 042 0.23
12 R=5,y=15 2093 84029 5102 4592 1.70 804 036 0.19
12 R=8,y=1.0 1015 41747 2535 2281 219 1081 051 0.27
12 R=8,y=15 1148 46641 2832 2549 194 1026 042 0.23
12 R=12y=15 744 30331 1842 1658 199 1240 0.44 0.23
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Table 3-2. Section sizes of the CRBFs designed with y=1.5.
R=5 R=8 R=12

Story | Column Beam Brace Column Beam Brace Column Beam Brace
3 | W14X398 W14X176 W14X283| W14X283 W14X159 W14X176 | W14X233 W14X120 W14X120
2 | W14X398 W14X176 W14X145|W14X283 W14X159 W14X120|W14X233 W14X120 W14X99
1 [W14X398 W14X176 W14X193|W14X283 W14X159 W14X159 | W14X233 W14X120 W12X152

6 [ W14X233 W12X106 W10X100|W14X145 W12X72 WI10X77 |W14X120 W10X77 W10X60
5 [ W14X233 WI12X106 W12X96 |W14X145 WI12X72 WI12X72 |W14X120 WI10X77 W14X74
4 | W14X233 WI12X106 W12X106 (W14X145 WI12X72 WI12X72 [W14X120 W10X77 W10X68
3 | W14X426 W12X152 W12X120 | W14X283 W12X106 W12X79 |W14X233 W12X87 WI10X77
2 | W14X426 W12X152 W14X120| W14X283 W12X106 W12X96 |W14X233 W12X87 W12X79
1 | W14X426 W12X152 W14X132|W14X283 W12X106 W14X90 |W14X233 WI12X87 W12X87

12 | W14X120 W21X147 W12X65 | W14X109 W21X122 W12X58 [W14X109 W21X122 W12X58
11 | W14X120 W21X147 W12X106 | W14X109 W21X122 W12X87 [W14X109 W21X122 W12X87
10 | W14X120 W21X147 W12X136 | W14X109 W21X122 W12X120 [ W14X109 W21X122 W12X106
W14X426 W27X146 WI12X152 | W14X342 W21X132 W12X120 | W14X342 W21X122 W12X120
W14X426 W27X146 W14X145|W14X342 W21X132 W14X109 | W14X342 W21X122 W14X99
W14X426 W27X146 W12X152 | W14X342 W21X132 W12X120 | W14X342 W21X122 W12X106
W14X605 W21X201 W14X132 | W14X455 W21X132 W12X96 |W14X426 W21X122 W12X87
W14X605 W21X201 W14X145]|W14X455 W21X132 W12X106 | W14X426 W21X122 W12X96
W14X605 W21X201 W14X159 | W14X455 W21X132 W14X109 | W14X426 W21X122 W14X99
W14X730 W24X229 W14X176 | W14X500 W21X182 W14X132|W14X455 W21X182 W14X120
W14X730 W24X229 W14X193 | W14X500 W21X182 W14X145|W14X455 W21X182 W14X145
W14X730 W24X229 W14X193 | W14X500 W21X182 W14X145|W14X455 W21X182 W14X145

P N W bk 01O N 00 ©

3.4 SEISMIC HAZARD AND GROUND MOTION SELECTION

The Los Angeles Bulk Mail Center, situated at 33.996°N and 118.162°W, was chosen to
represent the site conditions of the archetype buildings. Seismic hazard curves for this site were
obtained from the USGS website (https://earthquake.usgs.gov/hazards/interactive/, last accessed
on 17 October 2022). For the time-history analyses, the suite of far-field ground motion records
recommended by FEMA P695 (FEMA P695 2009) was used. The selected ground motions were
scaled to minimize geometric mean differences between the MCE spectrum and the median
acceleration spectrum of the records, considering a range spanning from 0.2 times to 2.0 times

the first fundamental period of each CRBF building design option. Figure 3-3 displays the scaled
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records for the six-story CRBF building with R = 5 and y=1, alongside the suite's median and the
MCE spectrum. The performance of each building was assessed using multiple-stripe analysis
(MSA) (Baker 2015), incorporating six different intensity stripes: 1/4, 1/2, and 1 times the DE,

and 1, 1.5, and 2 times the MCE.
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Figure 3-3. Scaling of the selected suite of ground motions for the six-story CRBF with R =5
and y=1.

3.5 STRUCTURAL MODELLING

OpenSees (McKenna, Fenves, and Scott 2000) was used to model the CRBF buildings, using
three dimensions to capture out-of-plane buckling about the braces' weak axes. Figure 3-4 shows
a schematic of the numerical model developed for the three-story CRBFs, which followed the
recommendations by Steele and Wiebe (2021). Gap elements were introduced in both the vertical
direction, to allow the CRBFs to uplift due to rocking, and the horizontal direction, to transfer
the base shear to the rigid foundation. The gap elements were modeled with much larger larger
stiffness than the first-story column'’s axial stiffness. In addition, they were modeled in parallel

with an elastic spring of negligible stiffness, to enhance the numerical stability of the models.

Each frame member was represented using six fiber nonlinear beam-column sub-elements, with
ten integration points each and an initial geometric imperfection of L/1000. The material

properties were defined according to the Steel02 model, and a low cycle fatigue model was used
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for each fiber (Uriz and Mahin 2004; Uriz and Mahin 2008). Furthermore, the influence of
gusset plates at the brace ends was taken into account using fiber nonlinear beam-column
elements (Uriz and Mahin 2008). To model the frictional energy dissipation, truss elements with
an elastic-perfectly plastic material model were employed, with the yield force set to equal the
specified EDact. PT was included as co-rotational truss elements using a multi-linear material
model and an initial stress material with a force equal to the defined PTo, following a model
similar to that proposed by Ma et al. (2010), where a maximum strain of 1.3% was allowed
before the first wire fractures, and a gradual decrease in the PT force until complete fracture at a
strain of 4.8%. To prevent the PT from developing compression, hook elements were introduced

in series with the PT elements.

A leaning column was added to account for P-Delta effects from the building's gravity
frames, and inherent damping was modeled using 2.5% Rayleigh damping. To avoid artificial
damping during structural yielding, stiffness proportional damping was considered with 20% of

the initial-stiffness matrix and 80% of the committed tangent-stiffness matrix (Charney 2008;

Steele and Wiebe 2017).
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Figure 3-4. Schematic of the numerical model for the three-story CRBF

65



Ph.D. Thesis — MA. Banihashemi McMaster University — Structural Engineering

3.6 CONSTRUCTION COST AND LOSS ASSESSMENT

Past real-world projects, such as the Casa Adelante nine-story housing project that incorporated a
rocking slab and self-centering cable anchorage, have incurred only a marginal additional
construction cost of 0.24% compared to conventionally designed buildings (Aher, Mar, and
Rodgers 2020). Hence, in this chapter, the replacement cost for CRBF buildings was estimated
based on a small cost premium of 2% over special concentrically braced frame buildings, for
which the replacement cost was estimated at $1884 per m? (Hwang and Lignos 2017a) based on
2013 U.S. dollars. These replacement costs were considered both for building collapse and for
demolition due to excessive residual drifts. As the additional cost of CRBFs in terms of
construction expenses is expected to be marginal compared to conventional seismic force
resisting frames, this study did not consider the additional differences in costs between different
design options associated with factors such as the amount of CRBF steel, size of frictional
energy dissipation devices, or amount of post-tensioning. The demolition loss assessment was
based on the maximum residual story drift ratio from all stories, using a lognormal distribution
defined by a median of 0.015 radians and a logarithmic standard deviation of 0.3, similar to the

approach used by Ramirez and Miranda (Ramirez and Miranda 2012).

To calculate earthquake-induced losses for the designed CRBF buildings following the
FEMA P58-1 probabilistic loss estimating methodology (FEMA P-58-1 2018), damage fragility
functions and repair cost consequence functions for both structural and nonstructural components
were required. To assess seismic losses related to structural components, damage fragility
functions and repair cost consequence functions were taken from the FEMA P-58-3 (2018)
library. These structural components were categorized into two groups based on cost: per-

connection and per-bay basis. The considered structural components and their quantities for
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three-story CRBF buildings are presented in Table 3-3. The appended letter or number at the end
of the group components' IDs signifies the specific component size within each group, depending

on the size of the structural elements.

For the repair cost on a per-connection basis, group components with IDs B1031.011 and
B1031.021 were used to represent the steel column base plates and welded column splices,
respectively. To represent the steel braces of CRBFs, special chevron braced frames with wide
flange braces designed with balanced design criteria (B1033.001) were employed. Since the
inter-story drift of CRBF buildings comprises both a rigid body deformation arising from the
rocking behavior and an additional deformation of the frame itself, the engineering demand
parameter (EDP) for the B1033.001 component group was modified to use the maximum
compression deformation of the braces instead of the inter-story drift (Banihashemi and Wiebe
2022). Furthermore, if the PT strain surpassed the yield strain of 0.83% (Ma, Krawinkler, and
Deierlein 2010), it was assumed that replacing the PT strands would be necessary. The estimated
cost for this replacement is $8 per kilogram (kg) of steel strands (DYWIDAG Systems
International 2020), in 2020 U.S. dollars. Additionally, it was assumed that the frictional energy
dissipation elements in the CRBFs were designed with a substantial displacement capacity,
ensuring they would not fail or be damaged before the buildings' collapse. Table 3-3 provides a
comprehensive list of 21 nonstructural components, including both acceleration-sensitive and
drift-sensitive ones, that were considered for the seismic loss assessment. These components
were allocated to each floor of the three-story building, and the same set of nonstructural
components and quantities were applied to the six- and 12-story buildings, with slight variations
in quantities for some components based on the building's height. The damage fragility functions

utilized in the study were primarily adopted from FEMA P58-3 (FEMA P-58-3 2018),
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supplemented by other relevant nonstructural research findings as indicated in Table 3-3. To
assess losses attributed to nonstructural components, repair cost consequence functions provided

by FEMA P58-3 were employed.

For cost comparisons, the year 2011 was chosen as the reference year in the FEMA P58-3
consequence functions. Therefore, any projected costs beyond 2011 were adjusted to their 2011-
equivalent values using data from the RSMeans historical cost index (RSMeans 2020). The
seismic loss analyses were conducted using the Pelicun software (Zsarnoczay 2019), which is
based on the FEMA P58 methodology, developed by the Computational Modelling and

Simulation Center (SimCenter).

3.7 STRUCTURAL PERFORMANCE
3.7.1 PUSHOVER RESPONSE

Figure 3-5 displays the pushover curves for all designed CRBFs. The pushover analyses were
conducted using the same code-prescribed lateral force distributions that were employed in
designing the base rocking joints. For each height, the lateral strengths of different design
options are normalized by the linear limit of the design option with R=8 and y=1, and plotted
against the roof drift (i.e., roof displacement divided by building height). For the three-story
CRBFs, the structures with lower resistance to rocking (i.e., using larger R) not only initiate
rocking under lower uplift loads but also exhibit reduced secondary stiffness and energy
dissipated per cycle (the latter is not shown in Figure 3-5). The final branch of the pushover
curves corresponds to PT yield and first-wire fracture. As the roof displacement increases, the
resistance of the frames with lower design base overturning moment reduces at a similar rate
starting from a smaller initial value, ultimately leading to a complete loss of lateral resistance at a

smaller roof drift. These results are in agreement with the findings presented by Steele and
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Wiebe (2017). For the three-story CRBFs designed with the same R but different y values, the
differences in pushover curves are negligible when using higher-mode forces at the DE or MCE
levels. Similar overall results are observed for taller CRBFs as for three-story CRBFs, except
that the lateral resistance in all branches of the pushover curves for the CRBFs designed with a
given R are reduced when higher-mode forces are computed at the DE level because this makes

the frame more flexible, leading to a lower design base shear.

Table 3-3. Summary of considered structural and nonstructural components for the 3-story
CRBF buildings.

Component Component Source of damage

description iD* EDP fragility function Quantity Unit Location
Column base plates FEMA P-58-3 Base
(223 < column weight < 446 kg/m) . (2018) 4 EA Floor
Wide flange brace } i,
(brace weight > 148 kg/m) B1033.001c  SDR FEMA P58-3 2 EA Story 1-3
Post-tensioning strands - Yield strain - 479 (kg) - -
Curtain wall B2022.002 SDR Behr (2001) 217 3m? Each story
Wall partition Retamales et al.
(Gypsum with metal studs) C1011.001c SDR (2013) 22 30m Each story
Wall partition C3011.001c SDR  FEMA P58-3 2 30m  Eachstory
(Gypsum + wallpaper)
Stair C2011.021a SDR Bull (2011) 3 EA Each story
Raised access floor C3027.002 PFA FEMA P58-3 163 9m? Each floor
Suspended ceiling C3032.004b  PFA FEMA P58-3 33 56 m?  Each floor
Pendant lighting C3034.002 PFA FEMA P58-3 325 EA Each floor
Cold or hot potable piping 15051 514 pra FEMA P58-3 1 305m  Each floor
(small diam.)
Cold or hot potable piping 15091 574 pra FEMA P58-3 2 305m  Each floor
(large diam.)
Sanitary piping D2031.023b  PFA FEMA P58-3 2 305m  Each floor
Small HVAC duct D3041.011c PFA FEMA P58-3 2 305m  Each floor
Fire sprinkler water piping D4011.023a PFA SOI’Olnglflg)et al. 5 305m  Each floor
Large HVAC duct D3041.012d PFA FEMA P58-3 1 305m  Each floor
HVAC diffuser D3041.032d PFA FEMA P58-3 20 10 EA  Each floor
Variable air volume box D3041.041b  PFA FEMA P58-3 5 10 EA  Each floor
Low voltage switchgear 5515 0530 pEA FEMA P58-3 1 EA  Each floor
(400 Amp)
Chiller (500 ton) D3031.013h  PFA FEMA P58-3 1* EA Roof
Cooling tower (500 ton) D3031.023h  PFA FEMA P58-3 1* EA Roof
Air handling unit -
(30000 CFM) D3052.013k  PFA FEMA P58-3 2 EA Roof
Motor control center D5012.013c  PFA FEMA P58-3 3* EA Roof
Elevator D1014.011 PGA FEMA P58-3 2* EA Ground

Note: Amp= Ampere; CFM=Cubic feet per minute; EA=Each; HVAC=Heating, ventilation, and air conditioning; PFA = Peak

floor acceleration (g); PGA = Peak ground acceleration (g); SDR= Story drift ratio.

+ In accordance with FEMA P58-3 library.

* The number of floors affects the number of components.
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Figure 3-5. Monotonic pushover curves for different design options.

3.7.2 RESPONSE TO A SINGLE GROUND MOTION

Figure 3-6 displays the response history of roof drift, roof acceleration, and column uplift for the
three-story CRBFs with three design options, including the strongest design (R=5 and y=1.5),
weakest design (R=12 and y=1), and an intermediate option with R=8 and y=1.5. The input
acceleration used in the analysis is the second component of the Northridge (Canyon Country)
ground motion at the DE level, where its acceleration spectrum is shown in Figure 3-3. For this
scaled ground motion, all three design options experience a roof drift larger than 1% between 7 s
and 14 s with no residual drift. The strongest design option produces the lowest uplift, and the
weakest design option produces the largest uplift, resulting in the smallest and largest roof drifts,
respectively. However, the roof acceleration is highest for the strongest design and lowest for the
weakest design. Additionally, the three examined CRBFs exhibit high frequency acceleration
spikes upon column impact and uplift, which is unlike the findings of prior investigations
(Buccella et al. 2021; Wiebe et al. 2013). Higher mode effects also appear to have an impact on

these peaks, similar to those described by Buccella et al. (2021).
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Figure 3-6. Three-story CRBF buildings: roof drift, roof acceleration, and column uplift during
the second component of the Northridge (Canyon Country) ground motion at the DE level.

3.7.3 RESPONSE TO SUITE OF GROUND MOTIONS

Figure 3-7 shows the median of peak story drift ratios (SDRs) and peak floor accelerations

(PFAS) at the DE level for all the designed CRBFs. For the three-story CRBF buildings, similar

to what was seen for the single ground motion, increasing the resistance to rocking (i.e., using

lower R) causes the SDRs to decrease. However, using lower R (i.e., more resistance to rocking)

in the design also leads to larger PFAs. Furthermore, among the three-story buildings designed

with the same R, those designed with larger steel framing to resist the higher-mode forces at the

MCE intensity (i.e., using y=1.5) exhibit lower SDRs than those designed for the DE intensity.

However, buildings designed with the same R but different y also exhibit slightly different PFAs,

with larger PFAs in the buildings that used the higher-mode forces at the MCE intensity for

design.
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Similar results are observed for taller structures. However, the differences in PFAs for the
various design options become less pronounced in taller CRBF buildings. Also, while the story
drift ratios remain nearly uniform throughout the height of the buildings, indicating the

dominance of the rocking mode in the displacements of the CRBFs (Buccella et al. 2021), they
become less uniform for taller buildings.
The residual story drift ratios are not shown because they are always less than 0.2% for

all designed CRBF buildings, with most being less than 0.1%.
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Figure 3-7. Median values of peak story drift ratio (SDR) and peak floor acceleration (PFA) at

the DE level.
Table 3-4 shows the number of collapses out of 44 FEMA P695 ground motions for each
design option at the intensity levels of MCE, 1.5 MCE, and 2 MCE. In this chapter, collapse is
assumed if any SDR exceeds 10%. None of the designed three-story CRBF buildings collapse at

the MCE intensity. The three-story buildings designed with R=5 demonstrate a very high
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collapse capacity as they withstand even the ground motions scaled to 2MCE intensity level
without any instances of collapse. While the probability of collapse is generally low, the results
for all three building heights consistently demonstrate that the number of collapses increases as
the CRBFs are made less resistant to rocking (i.e., using larger R). Moreover, when comparing
buildings designed with the same R but different y, those designed with the higher-mode forces at
the DE intensity (i.e. y=1) exhibit a greater number of collapses than those designed with the
higher-mode forces at the MCE intensity (i.e. y=1.5). The higher mode effects in six- and twelve-
story buildings result in certain design options having a collapse probability of more than 10% at
the MCE level. For instance, in the case of the twelve-story building designed with R=12, even
when the building is designed considering the higher mode effects at the MCE level (i.e., y=1.5),
the number of collapses exceeds a 10% collapse probability. This finding differs from the
conclusions drawn by Steele and Wiebe (2021), primarily due to a more conservative approach

to modeling damping and scaling ground motions in this study.

Table 3-4. Number of collapses out of 44 FEMA P695 ground motions.

Stories R =1 =LS
MCE 1.5MCE 2MCE MCE 1.5MCE 2MCE
3 5 0 0 0 0 0 0
8 0 0 7 0 0 3
12 0 6 9 0 5 8
6 5 0 0 4 0 0 2
8 0 5 17 0 3 10
12 5 13 26 3 8 19
12 5 1 6 9 0 2 7
8 3 10 18 1 7 15
12 - - - 6 11 19

3.7.4 FLOOR ACCELERATION SPECTRA

Figure 3-8 compares the median floor acceleration spectra for all designs at the DE intensity
level. For the three-story CRBFs, the spectral peaks are observed at the natural periods of each
structure. The peaks mostly occur near the second and third periods and are less apparent at the

first period of the structures. These peaks can reach up to 4 g, which is two or three times the
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PFAs. The acceleration spectra of structures with higher resistance to rocking (i.e., using lower
R) are generally slightly greater than the spectra of those with lower resistance to rocking. Also,
no significant differences can be observed for buildings designed with the same R but different y,
except that the peaks occur at slightly different periods due to the varying natural periods with
different design options. The same conclusions are observed for taller CRBFs. These differences
in the acceleration spectra underscore the importance of taking into account the acceleration
spectrum when assessing the potential for damage to acceleration-sensitive nonstructural
components, as PFAs cannot reflect the differences in acceleration spectra. However, this issue is
not addressed further in this chapter because the damage fragility curves for acceleration-

sensitive nonstructural components are currently defined based on PFA in FEMA P-58-3 (2018).
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Figure 3-8. Median floor acceleration spectra with 5% damping at DE intensity level.
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3.8 SEISMIC INTENSITY-BASED EXPECTED LOSSES

This section evaluates the design options for the CRBF buildings in terms of earthquake-induced
losses. Figure 3-9 compares the total expected losses of various design options for all building
heights at the seismic intensity levels of DE and MCE. The losses for each building height are
normalized with respect to the construction cost of the building. Additionally, the total expected
losses are subdivided into losses attributed to drift-sensitive and acceleration-sensitive
nonstructural components, structural repair and demolition losses, as well as losses due to

building collapse.

For the three-story CRBF buildings, the results of losses resulting from different sources
at the DE and MCE intensity levels are only slightly different across different options. The total
normalized expected losses are less than 10% at the DE intensity level, with losses due to
acceleration-sensitive nonstructural components being the main contributor, while losses due to
structural repair or to irreparable loss, including collapse and demolition loss, have a negligible
contribution. At the DE intensity level, losses due to acceleration-sensitive components increase
as the CRBF is made more resistant to rocking (i.e., using lower R). This is because the
acceleration demand increases in design options with lower R (see Figure 3-7), especially the
acceleration on the roof. Conversely, losses due to drift-sensitive nonstructural components
increase slightly for design options with less resistance to rocking. However, due to the
dominance of acceleration-sensitive loss, the total normalized expected loss decreases slightly by
increasing R at the DE intensity level. Regarding design options with the same R but different y,
the expected losses are similar when the CRBFs are designed with higher-mode forces at the DE
or MCE intensity levels. Similar trends are also observed for normalized expected losses at the

MCE level, but the total losses are higher at about 12% of the building replacement cost.
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Moreover, at the MCE intensity level, the contribution of losses due to drift-sensitive
components becomes more pronounced when the CRBF has lower resistance to rocking (i.e.,
using larger R), leading to very similar total normalized expected losses regardless of the value

of R.

For the six-story CRBF buildings, the total normalized expected losses are less than 10%
at the DE intensity level and less than 25% at the MCE intensity level, with variations in losses
from different sources becoming prominent when comparing different options at the MCE level.
Similar trends observed in the three-story CRBF buildings can also be observed with regard to
losses due to acceleration-sensitive and drift-sensitive components in different design options of
the six-story CRBF building. However, as the CRBF is made less resistant to rocking (i.e., using
larger R), the contribution of irreparable loss becomes more pronounced, leading to an increase
in the total loss. Also, at the MCE intensity level, the design options with the same R but
including the higher-mode forces at the DE intensity for design (i.e. using y = 1) exhibit larger total
normalized expected losses, primarily due to the larger contribution of irreparable losses.
Although the median RSDR is small at the MCE level intensity, with a maximum of 0.2% for the
design option of R=12 and y=1, a 5% expected loss due to demolition is still observed for this
specific design option. This is due to the application of the FEMA P58 Monte Carlo-based
methodology (FEMA P-58-1 2018), which employs the Yang et al. algorithm (Yang et al. 2006;
Yang et al. 2009) to generate demand sets in each realization and account for uncertainties. As a

result, the algorithm produces a distribution with a longer tail than the original data set.

For the 12-story CRBF buildings, while similar trends are observed as for the six-story
buildings, the effect of irreparable loss is more accentuated. Overall, the losses attributed to

various sources of repairable damage are similar across different options, but differences in the
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losses due to collapse or demolition drive the variations in total seismic losses. Most notably, the
design options with the same R but y=1 exhibit larger total normalized expected losses compared

to those with y=1.5, primarily due to the larger contribution of irreparable losses.
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Figure 3-9. Expected losses (normalized to the construction cost for each building height) at two
seismic intensities.
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3.9 EXPECTED ANNUAL LOSSES

The expected annual loss (EAL), which is an estimate of the expected average annual cost of
repairing earthquake damage, is used in this section to compare the CRBFs with different design
options. The EAL is calculated by evaluating the area under the distribution curve of mean
annual total repair cost (FEMA P-58-1 2018). To construct this curve for each designed building,
time-based assessments were conducted in accordance with FEMA P58-1 guidelines. The
procedure involved multiplying the cumulative probability distribution of total loss at each
intensity, obtained using Pelicun software (Zsarndczay 2019), by the annual frequency of
occurrence within the corresponding intensity interval. The annual frequencies for a given loss

level were then aggregated across all intensity-based loss curves. This comprehensive approach
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accounts for all seismic hazard levels and considered uncertainties provided in the FEMA P58-3
library, including damage fragility functions and repair cost consequence functions. Figure 3-10
depicts the computed expected annual losses (EALS) of the designed CRBFs for each building

height, normalized by their construction cost.

Among the three-story CRBF buildings, although the contributions of irreparable loss and
structural repair loss increase for the CRBFs with lower resistance to rocking (i.e. using larger
R), their impact on the total expected loss remains negligible. The results show the three-story
CRBFs with lower resistance to rocking (i.e., using larger R) experience increased losses related
to drift-sensitive nonstructural components, while also resulting in a decrease in losses associated
with acceleration-sensitive nonstructural components. In the three-story CRBF buildings, the loss
due to acceleration-sensitive nonstructural components dominates the overall losses, resulting in
CRBFs designed with larger R having lower total normalized expected annual loss. A
comparison of three-story CRBF buildings designed with the same R but different y values
reveals that those including the higher-mode forces at the DE intensity for design (i.e. using
y = 1) exhibit slightly lower total normalized expected loss, primarily due to lower losses related

to acceleration-sensitive nonstructural components.

For the six-story CRBF buildings, the contribution of collapse-related losses becomes
more pronounced when the six-story CRBF buildings are less resistant to rocking. The losses due
to demolition and structural damage also show a slight increase compared to those for three-story
CRBFs. In addition, similar trends to those observed in three-story buildings are also apparent in
six-story CRBFs, where the buildings with more resistance to rocking experience reduced losses
due to drift-sensitive nonstructural components, while losses due to acceleration-sensitive

nonstructural components increase. However, the contribution of acceleration-sensitive
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nonstructural components is less significant in the total annualized expected loss for six-story
buildings relative to the three-story CRBFs. As such, the total expected annual loss reduces as R
reduces for six-story CRBFs. Comparing six-story CRBF buildings designed with the same R but
different y reveals that those designed with the higher-mode forces at the DE intensity (i.e. using
v = 1) have larger total normalized expected losses due to a larger contribution of irreparable
losses. Similar trends as explained for the six-story CRBFs can also be observed in the case of

the 12-story CRBF buildings, but with a greater contribution from demolition and collapse

losses.
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3.9.1 CONTRIBUTION OF INDIVIDUAL NONSTRUCTURAL COMPONENTS

Figure 3-11 illustrates the contributions to expected annual losses from the five most significant
nonstructural components, which collectively constitute over 70% of the total nonstructural

component losses that were presented in Figure 3-10 for all options.

Depending on the value of R used to design the three-story CRBF buildings, the first five
nonstructural components with more than 70% contribution can vary. As depicted in Figure
3-11, the first five nonstructural components in three-story CRBF buildings designed with R=5
(i.e. more resistance to rocking) are exclusively acceleration-sensitive components, which aligns with the
dominant loss contribution observed for such buildings in Figure 3-7. However, chiller, pendant
lighting, and elevator are consistently identified as primary loss contributors regardless of the
design options. The single chiller on the roof of each three-story building significantly
contributes to the total losses due to its modest 0.72 g median acceleration capacity and high
repair costs exceeding $280,000. Pendant lighting, with over 300 installations on each ceiling of
every story, contributes significantly to the total losses despite its relatively high median
acceleration capacity of 1.5 g and inexpensive unit repair cost. Despite the use of peak ground
acceleration (PGA) in the damage fragility curve of the elevator and its response not being
affected by the CRBF design, the elevator still makes a significant contribution to the losses due
to its high unit repair cost and having a single damage state with a median acceleration capacity
of only 0.39 g. When three-story CRBF buildings are designed with R greater than 5, the
contribution from drift-sensitive nonstructural components, such as curtain walls and partition
walls with metal studs, increases. The damage to wall partitions constitutes a large contribution
to the overall losses due to their limited capacity compared to the buildings' story drifts. For

instance, moderate cracking is expected at median inter-story drift ratios of 0.7%, which is
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smaller than the median demands of almost all floors in most of three-story CRBF buildings

designed with various options at the DE level (Figure 3-7).

In the six-story and 12-story buildings, the contribution of loss due to the chiller is less
pronounced than in the three-story buildings. Additionally, the larger story drifts in the six-story
and 12-story CRBF buildings compared to the three-story CRBF buildings, as evident in Figure
3-7, result in a larger contribution of wall partitions to the total losses. Otherwise, the trends
observed in the three-story CRBF buildings designed with R greater than 5 are also evident for

the nonstructural components installed in the taller CRBF buildings.
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3.10 CONCLUSIONS

The present study assessed the impact of design parameters on CRBF buildings of three different
heights (three, six, and 12 stories), with a particular emphasis on their expected seismic loss. It
specifically investigated the following two design parameters: (i) the response modification
factor (R) used in the equivalent lateral force approach for designing the base rocking joints, and
(ii) the amplification factor (y) that is applied to calculate higher-mode forces that are then
integrated with equivalent lateral forces for the design of steel frame members. In this study,
each CRBF building height was designed using several design options, considering different
values of R ranging from 5 to 12, as well as higher-mode forces that were amplified based on
two target intensity levels: the design earthquake (DE) and the maximum considered earthquake
(MCE). The structural performance of the various design options for CRBFs was compared
through pushover analysis, response history nonlinear analysis, and floor acceleration spectra.
Then, using the FEMA P58 methodology (FEMA P-58-1 2018), the structural performance
characteristics of each design option were translated into economic costs, employing the
expected annual loss (EAL) metric. This approach allowed for a comparison between irreparable
losses, such as building collapse and demolition due to excessive residual drifts, and reparable
losses, including the repair of both structural and nonstructural elements, across different design

options.

This study reaffirmed the generally low collapse probability of buildings designed with
CRBEFs, particularly when designing for higher mode effects at the MCE level and avoiding very
low rocking design moments (i.e., avoiding R=12). Moreover, it demonstrated that for more
flexible CRBFs, the reduction in seismic losses due to acceleration-sensitive nonstructural

components approximately offsets the increase in seismic losses resulting from drift-sensitive
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components and irreparable losses. In this way, while there were significant differences in the
sources of seismic loss with different design options, the total expected annual loss for a given
height of building with CRBFs was quite consistent, regardless of the parameters selected for
design. This indicates that, in the design of controlled rocking braced frames and as they
progress towards codification, it is reasonable to define their design parameters based on
considerations of collapse fragility, without excessive concern about the influence of these

decisions on expected seismic losses.

While this study compared expected economic losses with different design options, repair
time estimates were not compared. Considering the different breakdowns of loss sources
between repairable and irreparable losses with different design options, it is possible that
comparing repair time may lead to more significant differences among design options. An
additional limitation of this study lies in the damage fragility curves provided in FEMA P58,
which consider peak accelerations as the engineering demand parameter (EDP) for acceleration-
sensitive components. This research identified that the CRBFs displayed peaks in the floor
acceleration spectra near the building's higher-mode periods, which varied depending on the
design option. This suggests the need for further research on period-dependent EDPs to assess

damage in nonstructural components.
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Chapter 4

4. SUITABLE ENGINEERING DEMAND PARAMETERS FOR ACCELERATION-SENSITIVE
NONSTRUCTURAL COMPONENTS

4.1 ABSTRACT

Early earthquake design codes used peak ground accelerations (PGAS) as intensity measures
(IMs) to characterize the demands of ground motions on structures, but have since shifted
towards using spectral accelerations because they provide a better indication of demand. The
design of acceleration-sensitive nonstructural components has followed a similar approach, with
modern codes being based on an estimate of the spectral acceleration at the period of the
nonstructural component. However, most fragility curves for loss assessment of acceleration-
sensitive nonstructural components, including the existing FEMA P58 library, continue to be
based on peak floor accelerations (PFAs). Similar to PGAs as an IM for buildings, a limitation of
PFA as an engineering demand parameter (EDP) for nonstructural components is its lack of
dependence on the period of those components. In this study, fifteen alternative EDPs suggested
in the literature are evaluated as potential candidates for developing seismic damage fragility
curves. Acceleration-sensitive nonstructural components are simulated by single-degree-of-
freedom (SDOF) components with elastic perfectly plastic behavior, with a period range of 0.01
to 1s, and varying strength levels. Nonlinear response history analyses are conducted for the
SDOFs, using floor motions obtained from both the first floor and the roof of buildings designed
with four distinct seismic force-resisting systems. Ductility demands for each SDOF are taken as
an indicator of damage and are predicted using a linear regression model developed for each
specific EDP. The suitability of candidate EDPs is evaluated based on their efficiency and

relative sufficiency. Furthermore, a comparison is made between the expected annual loss
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calculated using fragility curves derived from the selected EDPs to quantify how the EDP used
for a fragility curve can affect the seismic loss assessment. The results reveal that the PFA is a
suitable EDP only for nonstructural components with very short periods (i.e., less than 0.1 s).
Moreover, although the spectral acceleration at the period of the SDOF nonstructural component
is a suitable EDP for components that are nearly elastic and are located on the roof of the
buildings, an average of the spectral accelerations near the period of the SDOF nonstructural
component is more appropriate when the component encounters higher levels of nonlinear

behavior or is installed on a lower floor.

KEYWORDS: damage fragility curves; acceleration-sensitive nonstructural components;
engineering demand parameters (EDPs); single-degree-of-freedom (SDOF) components;
numerical analysis; seismic loss assessment.

4.2 INTRODUCTION

The aftermath of recent earthquakes has revealed that nonstructural components play a crucial
role in causing downtime and business interruptions (Dhakal, 2010; Miranda et al., 2012;
Perrone et al., 2019), leading to significant economic losses (Hwang and Lignos, 2017). These
losses can pose challenges to the recovery efforts of earthquake-resilient cities. Nonstructural
components are typically categorized as either displacement-sensitive or acceleration-sensitive.
Displacement-sensitive components are evaluated directly based on the inter-story drift of
buildings, while acceleration-sensitive components are assessed indirectly due to the potential for
overturning or excessive displacements caused by inertia forces. In order to evaluate the damage
to acceleration-sensitive components, a parameter related to floor accelerations is used. The
current FEMA P-58-3 (2018) library uses peak floor accelerations (PFAs) to define damage

fragility curves for such components. However, the effectiveness of PFA in correlating with
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damage is likely to be limited because it does not consider parameters such as the component's

natural periods or the floor motion’s spectral shape.

There is already an established set of engineering demand parameters (EDPs), such as the
maximum displacement at the roof, the PFA, and the floor response spectrum, that are widely
used to quantify the response of a structure to an earthquake. These EDPs are defined to capture
the effects of ground motion intensity measures (IMs), such as the peak ground accelerations
(PGAs) and the ground response spectrum, on the structure's behavior. Historically, among the
early introduced IMs, PGAs were predominantly employed. However, other IMs such as Arias
intensity (Arias, 1970), root mean of the acceleration (Housner, 1975), and specific energy
density (Sarma, 1971) were also proposed for characterizing ground motions. As response
spectrum theory advanced (Housner and Jennings, 1982; Newmark and Hall, 1982), the
earthquake engineering community shifted its focus to the spectral acceleration at the
fundamental period of a structure (Sa), which emerged as the predominant IM in earthquake
engineering. In the past decade, various IMs have emerged that take into account the spectral
shape and the influence of nonlinearity in buildings, to enhance the estimation of buildings’
seismic behavior (Bojérquez and lervolino, 2011; Cordova et al., 2000; Eads et al., 2015).
Several studies have demonstrated the greater suitability of IMs that are based on the average
spectral acceleration around the building’s fundamental period (Adam et al., 2017; Bianchini et
al., 2009; De Biasio et al., 2014; Bojérquez and lervolino, 2011; Eads et al., 2015; Kazantzi and
Vamvatsikos, 2015). However, Sa and PGA remain the most widely used IMs in the seismic

performance assessment of buildings.

Both IMs and EDPs are random variables exhibiting high dispersion, with IMs influenced

by the complexity of ground motions and EDPs affected by seismic input, material properties,
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structural geometry, and other factors (Vargas-Alzate et al., 2022). Several statistical properties
have been proposed to extract information from IM-EDP pairs to select the most suitable IM
(Cornell et al., 2002; Jalayer et al., 2015; Jalayer and Cornell, 2009; Di Sarno and Pugliese,
2021; Vargas-Alzate et al., 2019, 2022). Among them, efficiency and sufficiency are the most
widely used statistical properties. Efficiency can be quantified by measuring the dispersion of
IM-EDP data points, with lower scatter indicating higher efficiency (Vargas-Alzate et al., 2022).
An IM is said to be sufficient if the structural response conditioned on that IM is independent of
other ground motion characteristics, such as magnitude and source-to-site-distance (Jalayer et al.,
2012). In addition to using statistical properties as measures of suitable IMs, some researchers
directly compare IMs based on the collapse risk estimates they generate (Bradley et al., 2010;

Eads et al., 2015; Tothong and Luco, 2007).

Similar to previous research efforts aimed at identifying ground motion IMs that can predict
structural response in terms of EDPs, there is a need to understand the EDPs that can accurately
predict nonstructural damage. However, unlike the numerous studies focused on selecting
suitable IMs for predicting EDPs in buildings, there is a lack of research comparing the
performance of EDPs in predicting damage for acceleration-sensitive nonstructural components.
This is despite the significant differences in frequency content between ground motions and floor
motions, which are characterized by spectral peaks that reflect the characteristics of the structure
in ways that may vary depending on the seismic force-resisting system (SFRS) of a building and

the location within that building (Filiatrault and Sullivan, 2014).

To address this research gap, this study evaluates fifteen candidate EDPs, along with PFA, to
identify suitable EDPs for the damage fragility curves of acceleration-sensitive nonstructural

components. For this purpose, nonstructural components are represented as elastic perfectly
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plastic single-degree-of-freedom (SDOF) models with different fundamental periods and
designed with different strength levels. These components undergo floor motions derived from
nonlinear response history analyses of buildings designed in compliance with relevant codes.
The analyses are conducted for two building heights (six- and 12-story buildings), with each
height designed with four different SFRSs. For brevity, this chapter presents results only from
the analyses of the nonstructural components mounted on the 12-story buildings, as similar
conclusions are applicable to all cases (Appendix A). The statistical criteria of efficiency and
sufficiency are used to determine the most appropriate EDP by comparing ductility-candidate
EDP pairs. Finally, the impact of EDP selection is assessed by comparing the expected annual
losses from seismic loss assessments conducted for the SDOF nonstructural components using

different candidate EDPs.

4.3 CONSIDERED ENGINEERING DEMAND PARAMETERS

This section explains the EDPs that are evaluated in this study and categorizes them following
previous studies to compare intensity measures of ground (Ebrahimian et al., 2015; Mollaioli et
al., 2013). The investigated EDPs are categorized into two groups: (i) Component period-
independent EDPs, and (ii) Component period-dependent EDPs. Table 4-1 provides a summary

and definition for all the EDPs investigated in this study.

The component period-independent EDPs are further classified into three sub-categories
(Mollaioli et al., 2013): (a) acceleration-related, (b) velocity-related, and (c) displacement-related
EDPs. PFA (peak floor acceleration), PFV (peak floor velocity), and PFD (peak floor
displacement) are time domain parameters of floor motions. Ir (Fajfar intensity) is an EDP that
relates to PFV and also considers the duration of motions. Ia (Arias intensity), CAV (cumulative

absolute velocity), ams (root mean square of the acceleration), Ic (characteristic intensity), Vims
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(root mean square of the velocity), SED (specific energy density), and dms (root mean square of
the displacement) are all integral-based EDPs that take into account the duration and amplitude,

but not the frequency content of floor motions (Mollaioli et al., 2013).

The component period-dependent EDPs are further classified into three sub-categories,

which are explained below.

a) Spectral acceleration at certain periods: This category includes Sa (spectral acceleration) at
the period of the nonstructural component and Ico (Cordova intensity). The Ico is a two-
parameter EDP that accounts for both Sa and period elongation due to softening of the

inelastic behavior of nonstructural components (Cordova et al., 2000).

b) Average of spectral accelerations over a period range: The EDPs in this category reflect
inelastic response of nonstructural components (Bianchini et al., 2009). The Saae (Eads
intensity) is an EDP that calculates the geometric mean of spectral acceleration values
between 0.2 and 3 times the period of nonstructural components (Eads et al., 2015). The Inp
(Bojorquez intensity) is the normalized average spectral acceleration combined with Sa

(Bojorquez and lervolino, 2011).

c) Frequency content filtered-based EDP: Davalos and Miranda (2019) proposed FIV3
(filtered incremental velocity) as a method to extract the effective acceleration pulse
segments that produce large lateral displacement demands. In this method, low-pass filtered
accelerations are accumulated according to the period of nonstructural components. In this

study, all the spectral values are calculated at 5% damping.
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Table 4-1. EDPs evaluated in this study

Notation | Name | Definition Reference
(i) Component period-independent EDPs
(a) Acceleration-related
. PGA = max(|ii(t)])
PFA Peak floor acceleration i1(t) =acceleration time history
T Los0s
- - - — I 2 -
Ia Arias intensity Iy = X981 9_811;5% i(t)de Arias (1970)
t959
CAV | Cumulative absolute velocity CAV = j lit(6)|dt Reed ar(]fgggisawara
Loy
Root mean square of the Ll o
: = |= H 1975
ams acceleration rms = Ix Lﬂ/ LORE ousner (1975)
Ic Characteristic intensity I, = al VA Park et al. (1985)
(b) Velocity-related
. PFV = maxi]u(t)|)
PFV Peak floor velocity u(t) =velocity on time history
v Root mean square of the —— 1 f t%%u (©)2dt Vargas-Alzate et al.
ms velocity rms = I8 ), (2022)
5%
t959
SED Specific energy density SED = f u(t)?dt Sarma (1971)
tso,
I Fajfar intensity Iy = PGV x A%%5 Fajfar et al. (1990)
(c) Displacement-related
. PFD = maxifju(t)|)
PFD Peak floor displacement u(t) =displacement on time history
Root mean square of the 1 [Fosw
drms a drms = Zf u(t)zdt
t

displacement

5%

(ii) Component period-dependent EDPs

(2) Spectral acceleration at certain periods

; Sa(T)
Sa Spectral acceleration T = period of SDOF nonstructural component
N s, 21>
Ico Cordova intensity Ico = S, (T)[ a Cordova et al. (2000)
Sq(T)
b) Average of spectral accelerations over a period range
( g p p g
1
. . _ MmN (0]
Saave Eads intensity Sagye = [II7" Sa(t)]™ Eads et al. (2015)
t; =02T; ty =3T
N (l) 0.4
1Y Sa 1™ i4
- . . Iyp = S,(T) <— ) Bojorquez and
Inp Bojorquez intensity a 5.(T) lervolino (2011)
t; =T; ty = maxi{2,2.5T)
(c) Frequency content filtered-based EDP
FIV3 = maxgzﬁys,maxl + Vs,maxZ + Vs,max'o’; |Vs,min1
0 + Vs,minZ + Vs,min3|}
t+0.7T
FIV3 | Filtered incremental velocity V= {f iy (T)dr; Vt < teng — 0.7T} | Davalos and Miranda

t
Vs max1/Vsmin118 first local largest/minimum of
ii; (t) = filtered acceleration time history using a second-order

Butterworth low-pass filter with a cut-off frequency of 0.85%

(2019)

ts9 and tosy are the times related to the 5% and 95% of the Husid diagram (Trifunac and Novikova, 1994); A is the significant
duration (i.e. tese- ts% ); N is the number of periods in a period range between tiand tn with a uniform period spacing of 0.001 s.

94



Ph.D. Thesis — MA. Banihashemi McMaster University — Structural Engineering

Among these EDPs, PFA is currently used as the EDP for acceleration-sensitive
nonstructural components in FEMA P-58-3 (2018). Additionally, Sa is deemed the preferable
alternative to PFA within the engineering community due to its wide usage in estimating
demands in buildings subjected to ground motions, as well as the analogous relationship between
floor motions and demands in acceleration-sensitive nonstructural components, and between

ground motions and demands in the building.

4.4 PROTOTYPE BUILDINGS AND SEISMIC FORCE RESISTING SYSTEMS

This study examines SDOF nonstructural components mounted on the first floor and roof of six-
and 12-story office buildings. Each building height was designed using four different SFRSs:
special moment-resisting frames (SMRFs), special concentrically braced frames (SCBFs),
buckling-restrained braced frames (BRBFs), and controlled rocking braced frames (CRBFs). The
buildings were located in a seismically active area with stiff soil (site class D). The mapped
short-period (0.2-second) and 1-second spectral accelerations were Ss=1.5 g and S:=0.5 g,
respectively (ASCE/SEI 7-16, 2016). The buildings had a typical floor plan shown in Figure 4-1,
each story height was 4.57 m, and the total seismic weights for the floors and roofs were 10,200
kN and 6,430 kN, respectively. The SFRS configurations for buildings with the SMRFs and all
other SFRSs (i.e., the braced frames), are shown in Figure 4-1 (a) and Figure 4-1 (b),

respectively.

All four considered SFRSs were designed using the equivalent lateral force method of
ASCE/SEI 7-16 (2016). The SMRFs were designed using reduced beam sections, in accordance
with ANSI/AISC 358-16 (2016), with a response modification factor (R) of 8 (ASCE/SEI 7-16,
2016). The capacity design method of ANSI/AISC 341-16 (2016) was used to design the

members of the SCBF and BRBF buildings, with R values of 6 and 8, respectively. The braces of
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the BRBF buildings were designed with a yield strength of 290 MPa, considering the strain
hardening and compressive strength adjustment factors obtained from Saxey and Daniels (2014).
Wiebe and Christopoulos' two-step procedure (Wiebe and Christopoulos, 2015) was used to
design the CRBFs: (1) base rocking joint design, which included post-tensioning and energy
dissipation design for equivalent lateral forces using R of 8; and (II) capacity design of all steel
members for the forces expected to develop during rocking (Steele and Wiebe, 2016), which
include the higher-mode forces at the maximum considered earthquake (MCE) level. All steel
members of all SFRSs, except for the braces of BRBFs, were designed using a yield strength of

345 MPa and considering the ANSI/AISC 360-16 (2016) requirements.

4.5 GROUND MOTION SELECTION AND SCALING

The Los Angeles Bulk Mail Center with coordinates of 33.996°N and 118.162°W was chosen as
representative of the site conditions used in designing the SFRSs. The seismic hazard curves for
this site were obtained from the USGS website (https://earthquake.usgs.gov/hazards/interactive/,
last accessed 17 October 2022). To estimate the hazard curve for the building's fundamental
period, interpolation was applied between the periods for which data were provided. The suite of
far-field ground motion records recommended by FEMA P695 (2009) was used for the nonlinear
response history analyses of the SFRSs. The chosen ground motions were scaled to minimize the
geometric mean differences between the MCE spectrum derived from ASCE/SEI 7-16 (2016)
and the median acceleration spectrum of the records over a single period range for all SFRSs of
the same building height. This range extended from 0.2 times the fundamental period of the
fixed-base CRBF (Tcrer) building to 2.0 times the fundamental period of the BRBF (Tgrer)
building, to ensure consistency in ground motions for different SFRSs. Figure 2 displays the

scaled records for the set of 12-story buildings, along with the median of the selected ground
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motion suite and the MCE spectrum. Nonlinear response history analyses were performed on
each SFRS using the ground motion suite scaled to six different intensity stripes: 0.25, 0.50, and
1.0 times the design earthquake (DE, considered as 2/3 times the MCE), and 1.0, 1.5, and 2.0
times the MCE. OpenSees was used to develop advanced numerical models for nonlinear
response history analyses of the designed SFRSs. Detailed information regarding the numerical

modeling of the SFRSs in OpenSees is provided in Chapter 2.
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Figure 4-1. Floor plan of buildings: (a) with SMRFs and (b) with braced frames.
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Figure 4-2.Scaling of the selected suite of ground motions for the 12-story SFRSs.
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4.6 FLOOR MOTIONS AND MODELING OF ACCELERATION-SENSITIVE NONSTRUCTURAL
COMPONENTS

This study is based on the simplifying assumption that acceleration-sensitive nonstructural
components can be modelled as damped SDOF systems that are rigidly attached to their
supporting buildings. To evaluate the demand on these SDOF nonstructural components, floor
motions at the first floor and roof of the buildings resulting from the nonlinear response history
analyses of the SFRSs are used. Any floor motions corresponding to a scaled ground motion that
caused building collapse, which was assumed if any interstory drift exceeded 10% or any
residual interstory drift exceeded 3% in the nonlinear response history analyses, were excluded.
Also, baseline corrections were performed on the floor acceleration time history by fitting a
polynomial trend to ensure that the final displacement and velocity from the integrals of
acceleration are zero. The baseline corrections resulted in less than a 1% difference between the

PFA of the modified floor motions and the PFA of the original floor motions.

Figure 4-3 shows the individual and median 5% damped elastic acceleration FRS for the
first floor and roof of the 12-story buildings at the DE level. The first fixed-base elastic natural
period of every structure is greater than 1 s, and the next five periods are indicated in Figure 4-3.
The floor response spectra in Figure 4-3 illustrate the various behaviors that the same building
exhibits when equipped with different SFRSs. The distinctive modal periods of the SFRSs result
in the occurrence of peak values at different periods in the FRS. Another factor is different levels
of nonlinearity occurring in different SFRSs at the same earthquake intensity level. As discussed
by Sullivan et al. (2013), increasing levels of nonlinearity lead to a broadening of peaks over a
wider range of periods in the floor response spectra. For example, the buckling of braces in
SCBFs and yielding of BRBFs at even low-intensity levels cause capping of forces in each story,

resulting in a flattening effect in the FRS for these systems in Figure 4-3. Because the level of
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nonlinearity in a given system is different for each individual ground motion, this spreading
effect is not consistent across ground motions, meaning that even the flattened peaks are not well
defined in the median FRS. Conversely, the SMRF experienced less nonlinearity at the ends of
its beams and columns at the DE level, making the spectral peaks sharper around higher modes.
Unlike these other systems, the FRS of the CRBF exhibits a sharp and well-defined peak near the
second-mode period because the base rocking mechanism does not fully control higher-mode
vibration, and the frame members are capacity-designed to remain linear elastic during the scaled
motions at the DE intensity level. Moreover, comparing motions at different floors reveals that
the characteristics of SFRSs affect the roof motions more than the motions at the lower floors.
This is because the dynamic response of the SFRSs filters distinct excitation frequencies,
amplifies demands within specific period ranges (Sullivan et al., 2013), and leads to greater

effects from higher modes for the upper floors.

The initial elastic periods of the considered SDOF nonstructural components range from
0.01 to 1 second, with 0.01-second increments. To model the nonlinear behavior of SDOF
nonstructural components, a bilinear elastic-perfectly-plastic hysteresis model with a damping
ratio of 5% and no strain hardening was used. The yield strength (fy) of the hysteresis model was
determined by dividing the DE level median acceleration floor response spectrum (FRS) at the
period of the SDOF nonstructural component by a coefficient factor of Rns, for which three
distinct values of 1.5, 2.0, and 3.0 were chosen. In this chapter, the results are presented for the
SDOF nonstructural components designed with Rns values of 1.5 and 3 and mounted on 12-story
buildings. Similar conclusions arise from considering all cases (shown in Appendix A), but other

results are omitted for brevity.
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Figure 4-3. Median acceleration floor response spectra for 12-story buildings at the design
earthquake (DE) level.

Nonlinear response history analyses were conducted on each SDOF nonstructural component
using the absolute floor accelerations obtained from the building's nonlinear response history
analyses at the six intensity levels defined above. The level of damage that a nonstructural
component that is not brittle would be expected to incur was taken to be represented by its
ductility demand, . This ductility demand can manifest in various elements, including the
component itself, the attachment of the component to the anchor, the anchor structure, or a
combination of these items (NIST, 2018). These potential sources of ductility are simplified by

representing them together with an SDOF model (NIST, 2018).

The ductility demands for these components were plotted against the various EDPs listed in
Table 4-1, and a least squares regression analysis was conducted in log-log space. As an
example, Figure 4-4 shows dots indicating the ductility demands for the SDOF nonstructural
component with a nonstructural period of 0.5 s and Rns of 3, installed on the first floor of the 12-

story SCBF, plotted against the PFA, Sa, and Saave. At lower intensity levels, such as 0.25 and
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0.5 times the DE, the component exhibits mostly linear response with ductility values below 1.
The results confirm a linear relationship between Sa and ductility within this range. The ductility
demand of this component reaches a maximum value of nearly 25 when subjected to scaled floor
motions at 1.5 to 2.0 times the MCE levels. The results also show that using Saave reduces the
heteroscedasticity associated with the response of SDOF nonstructural components at different

intensity levels, which is consistent with the findings presented in by Bojorquez and lervolino

(2011).
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Figure 4-4. Ductility demands of the SDOF nonstructural component with a period of 0.5 s and
RNS of 3, installed on the first floor of the 12-story SCBF, in terms of PFA, Sa(0.5 s), and
Saave.

4.7 SEISMIC DAMAGE FRAGILITY EVALUATION

A damage fragility curve indicates the probability of the seismic demand on a nonstructural
component, represented in this study by the ductility demand (), surpassing a certain capacity or
damage state level. The fragility curve is defined based on a selected EDP and is normally
assumed to follow the standard normal cumulative distribution function, as outlined in the

equation below (Cornell et al., 2002; Nielson and DesRoches, 2007):
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P(u > ClEDP) = o | Ma) — In(Mc) (4-1)

/ﬁgusnp + 3¢

where P(u > C|EDP) is the conditional probability that x exceeds the limit state capacity C, given

the selection of a particular EDP, which is known as damage fragility, Mq represents the median
estimate of i as a function of EDP, M. denotes the median estimate of the capacity, which is
taken as deterministic in this chapter, Sqepp corresponds to the logarithmic standard deviation of
the demand conditioned on the EDP, fc represents the logarithmic standard deviation of the

capacity, and © represents the standard normal cumulative distribution.

In this study, the linear least squares method is used to calculate the median and the
logarithmic standard deviation of p conditioned on a particular EDP. The power law model
(Housner, 1975) is employed, assuming that the standard deviation remains constant with respect

to the EDP (Kazantzi and Vamvatsikos, 2015):
M, = aEDP? (4-2)

where the parameters a and b represent the regression coefficients. The associated value of fqepp

is determined using equation:

_|2X, In(w) — In (aedp!)]?
ﬁd|EDP = N_2 (4-3)

where N is the total number of floor acceleration response history records, while i and edp;
represent the p and EDP values, respectively, associated with the i'" floor acceleration response

history. For each SDOF nonstructural component, a linear regression model was constructed
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using logarithmically transformed variables of the considered p -EDP pair. To focus the
regression on data related to component damage, only data with ductility demands greater than
unity were included in the regression model. The regression models for the examples depicted in
Figure 4-4 are represented by a solid black line for the p-PFA, p-Sa, and p-Saave pairs. For this
example, the regression analysis shows that the least scatter is obtained by using Saave (5= 0.39),
followed by Sa (£ = 0.44 )and then PFA (S = 0.49). A similar process, as shown in Figure 4-4, is

repeated for further analyses in subsequent sections.

4.8 CRITERIA FOR THE SELECTION OF SUITABLE EDPs

To assess the suitability of candidate EDPs, it is necessary to establish quantitative criteria. This
study uses efficiency and sufficiency/relative sufficiency, which are two widely used criteria

found in the literature, as described below.

4.8.1 EFFICIENCY

Efficiency in selecting EDPs for acceleration-sensitive nonstructural components is associated
with the variability in the p for a given EDP value (Padgett et al., 2008). One quantitative
measure used to assess efficiency is the logarithmic standard deviation (Bqepr), denoted as f
hereafter, which indicates the degree of variability in the estimated p values. A lower 5 value
indicates less variability, and an ideal EDP would have f=0 indicating that the EDP directly
predicts the ductility demand. Another measure used is the R-squared (R?) value, which assesses
how well the regression model (Equation (4-2)) fits the data:

_ ZiL; In(w) — In (aedp?)]? (4-4)
i1 [In(w) — In(@)]?

R =1
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where ; represents the mean of all the p values. R? ranges from 0 to 1, with values closer to 1

indicating a better fit of the model. Figure 4-4 displays these two measures for the regression
models applied to the example case. Specifically, in this example, the regression model using
Saave as the EDP better predicts ductility demand (i.e., lower f) and exhibits a better fit to the
data (i.e., higher R?) compared to using Sa. On the other hand, PFA proves to be the least

suitable EDP.

To narrow the choice of candidate EDPs presented in Table 4-1, the regression analyses
were performed individually for each SDOF nonstructural component, with periods ranging from
0.1 to 1s (incremented by 0.1) and designed for three levels of Rns. The components were
mounted on the first floor and roof of the six- and 12-story buildings designed with the four
different SFRSs. Figure 4-5 indicates which EDPs are most commonly the most efficient among
the 480 cases of regression model analysis conducted on the SDOF nonstructural components.
PFA and Sa were pre-selected for consideration in the subsequent analysis and therefore not
included in this screening process. The frequency of EDPs indicates the number of cases where
each EDP has the greatest efficiency, determined by the highest R? values obtained from the
regression model analysis. Among the selected EDPs, the Inp and Saave, both representing the
average of spectral accelerations over a period range, were by far the most frequent to exhibit the
highest efficiency. Specifically, Saae demonstrated the highest efficiency in 214 out of the 480
total cases. Based on these results, subsequent investigations and comparisons focus on PFA, Sa,
and Saave as the candidate EDPs, while recognizing that many of the obsevations related to Saave

would also apply to Ine.
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Figure 4-5. The frequency of EDPs with the highest efficiency was determined among 480
regression model analyses conducted on SDOF nonstructural components.

Figure 4-6 compares the R? values derived from regression models applied to the SDOF
nonstructural components, designed with Rns values of 1.5 and 3 and mounted on the first floor
and roof of the 12-story buildings. For almost all examined SDOF nonstructural components
with periods exceeding 0.5 s, the regression models employing PFA exhibited the lowest R?
values compared to that of the EDPs of Sa and Saave. For SDOF nonstructural components with
periods between 0.2 and 0.5 s, the relative ranking of PFA, Sa, and Saave depend on the specific
type of SFRS, location in the building, and Rns.Within this period range, using PFA sometimes
resulted in higher R? values compared to either Sa or Saave, but never the highest overall. Using
PFA as an EDP for the SDOF nonstructural components with periods less than 0.2 s occasionally
led to highest R? values, although the differences in R? values among the three presented EDPs

were generally small.

For SDOF nonstructural components mounted on the first floor (Figure 4-6 (b)), with
periods longer than 0.2 s and designed with an Rns of 3, using Saave as the EDP yields the highest
R? values, although the difference compared to using Sa is slight. Conversely, for stronger SDOF
nonstructural components (Rns=1.5), Sa is slightly more efficient to Saae. When SDOF
nonstructural components are designed with a lower strength level (larger Rns), they experience

higher nonlinear demands, leading to an elongation of the component's effective period. In such
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cases, using Saave as the EDP becomes advantageous because it accounts for the effect of this
period elongation by considering a range of periods. Furthermore, it is observed that increasing

Rus results in higher R? values for all regression models using the three alternative EDPs.

For SDOF nonstructural components mounted on the roof (Figure 4-6 (a)) with periods longer
than 0.2 s and designed with an Rns of 1.5, using Sa as the EDP was generally the most efficient.
This is because the natural periods of the buildings act as frequency content filters, which
reduces the effectiveness of Saave. Additionally, the nonstructural components designed with an
Rns of 1.5 exhibit relatively little nonlinearity. As a result, Sa yielded higher R? values compared
to the regression models developed using other alternative EDPs. However, as nonlinearity
increases, the efficiency of regression models based on Sa diminishes. Conversely, similar trends
to those observed in Figure 4-6 (b) emerge, indicating that regression models dependent on PFA

and Saave exhibit higher R? as Rns increases.

When comparing using Saave for different floors where SDOF nonstructural components
are mounted, it was observed that Saave is particularly more effective for components mounted on
the first floor of buildings. By averaging the spectral values over a range of periods, Saave
effectively takes into account the effects of underlying pulses in floor motions on lower floors
(Eads et al., 2015). In these lower floors, frequency content filtering caused by natural periods of

buildings has a lesser effect than at higher floors, while the ground motions have more influence.

Figure 4-7 replicates similar analyses as those presented in Figure 4-6, but replacing the
floor motion input with the scaled ground motions as described in the previous section. This case
is equivalent to the SDOF nonstructural components being mounted directly at ground level.
Using PGA in regression models resulted in the highest R? values only for the SDOF

nonstructural components with periods less than 0.2 s. For almost all SDOF nonstructural

106



Ph.D. Thesis — MA. Banihashemi McMaster University — Structural Engineering

components with a period longer than 0.2 s, including all considered levels of Rns, using Saave
led to the highest R? values in the regression models compared to using other EDPs. Also, Figure
4-7 shows that by increasing Rns, the R? values for regression models with Saave increase. These
findings align closely with the results obtained from the regression models applied to the SDOF
nonstructural components mounted on the first floor of the 12-story buildings (Figure 4-6 (b)),
indicating the greater influence of the dynamic response of the SFRSs on upper floors, as has

also been discussed by Sullivan et al. (2013).
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Figure 4-6. Comparing R? of the regression models for the SDOF nonstructural components
mounted on 12-story buildings.
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Figure 4-7. Comparing R? of the regression models for the SDOF nonstructural components on
the ground.

Figure 4-8 presents a comparison of 4 values calculated from regression models applied
to the same nonstructural components examined in Figure 4-6, where these components were
designed with two different Rns values (1.5 and 3) and were located on the first floor and roof of
the 12-story buildings. Similar conclusions to those observed for the R? values can be drawn for
the f values. In contrast to the R? indicator, which generally indicates that increasing Rns
(reducing strength) enhances the efficiency of most regression models with the three alternative
EDPs, the g values slightly increase with an increase in Rns, indicating a decrease in efficiency
for all regression models. While higher Rs resulted in increased squared residuals in both R? and
B, R? was also influenced by greater SDOF ductility,which increases the denominator of R?,
making the regression appear more efficient for large values of Rns even though the variability

indicated by S does not reduce (Banihashemi et al., 2023).
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Figure 4-8. Comparing f of the regression models for the SDOF nonstructural components
mounted on 12-story buildings.

4.8.2 SUFFICIENCY

In regression analysis, the concept of sufficiency refers to the adequacy of the chosen
independent variable, such as the EDP, in explaining the variation observed in the dependent
variable, such as . In this study, a sufficient EDP should demonstrate a regression that is less
influenced by the SFRS of the building or the specific floors on which the SDOF nonstructural
components are mounted. For the purpose of assessing this, data pairs of u-EDP for the SDOF
nonstructural components are grouped with respect to the SFRSs or the floors on which the

SDOF nonstructural components were mounted.
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4.8.3.1 GROUPING OF DATA AND NORMALIZATION

In Figure 4-9, an illustration of grouping u-EDP pairs with respect to the SFRSs is presented for
an SDOF nonstructural component. This specific component, with a period of 1 s and designed
with Rns = 3, was installed on the roof of the 12-story buildings. Figure 4-9 (a) displays a notable
shift in the data of the p-Sa(1 s) pairs, highlighting the influence of the type of SFRS on which
the SDOF nonstructural component is mounted. This shift occurs because the considered SDOF
nonstructural components, which were mounted on different SFRSs, were designed with varying
fy values due to the distinct floor acceleration spectra of the SFRSs. Recognizing that this issue
can substantially diminish sufficiency, this shift was mitigated by normalizing the EDPs by yield
acceleration (ay), which is calculated as fy divided by the mass of the nonstructural component.
The effect of this regression model enhancement on various normalized EDPs is shown in Figure
4-9 (b). The regression models for p-PFA and p-Saae Showed slight improvements, and the
regression model for p-Sa(1 s) improves substantially, increasing the R? value from 0.46 to 0.72.
The same issue is also observed when grouping u-EDP pairs according to the floors where the
SDOF nonstructural components are installed, necessitating the normalization by ay.
Henceforward, since the analyses are conducted on the grouped data, all EDPs are normalized by

ay.
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Figure 4-9. Grouping the SDOF nonstructural components, with a nonstructural period of 1 s and
an Rns of 3, that are installed on the roof of the building with respect to SFRSs: (a) not
normalized, (b) normalized by the yield acceleration (ay).

4.8.3.2 RELATIVE SUFFICIENCY

A completely sufficient EDP implies that no additional information would be required to predict
the value of y. This condition is quite stringent, and it is unlikely that any EDP would fully
satisfy it (Ebrahimian et al., 2015). To address this challenge, Jalayer et al. (2012) introduced a
relative sufficiency approach, which is based on the concept of relative entropy (Kullback and
Leibler, 1951), to assess the sufficiency of one EDP compared to another. This approach is
referred to as I(U|EDP2|EDP1), where in this study EDP> and EDP: represent Sa or Saae and
PFA, respectively. The calculation of I(u|EDP2|EDP;) is as follows:

5 () —In (ay(edp,)™
I(u|EDP,|EDP,) =12N lo T Baieoe, (4-5)
AR SN L, 08 (1) — In (ay (edpy),™

ﬁd|EDP2¢ ﬁd|EDP1
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where ¢ is the standardized Gaussian probability distribution function. The relative sufficiency is
quantified in units of bits of information. It represents the average amount of information gained
or lost about the uncertain response parameter u when EDP; is known instead of EDP;
(Ebrahimian and Jalayer, 2021). A positive value of I(u|EDP2|JEDP1) indicates that EDP-
contains more information about p compared to EDP31, implying that EDP, is more sufficient.
Conversely, a negative value of I(U/EDP2|EDP1), implies a lower level of sufficiency of EDP2

than EDP; in terms of information about p.

To evaluate the statistical independence of the EDPs with respect to the SFRSs, Figure 4-10
compares the relative sufficiency of regression models for the SDOF nonstructural components
designed with Rns of 1.5 and 3 mounted on 12-story buildings. For the SDOF nonstructural
components designed with an Rns of 1.5 and installed on the roof, the regression models using
Sa were the most sufficient ones as the calculated values of I(u|Sa/ ay |PFA/ ay) were positive
and greater than values of I(|Saave /ay |PFA/ ay). Conversely, for the SDOF nonstructural
components with periods exceeding 0.2 s, designed with an Rns of 3, and installed on the first
story, the regression models using Saave Were the most sufficient. For the SDOF nonstructural
components designed with an Rns of 3 and mounted on the roof, as well as those designed with
an Rns of 1.5 and mounted on the first floor, the regression models using Sa and Saave exhibited
similar levels of relative sufficiency, and both were better than PFA for the most of the
considered period range. However, for the SDOF nonstructural components designed with Rns of
1.5 and mounted on the first floor, the regression models using Sa were slightly more sufficient
than those using Saave for the SDOF nonstructural components with a period greater than 0.6 s.
The results indicate that the regression models using PFA were more sufficient than those using

Sa and Saave for the SDOF nonstructural components with a period of less than 0.2 s that were
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mounted on the first floor since the values of I(|Sa/ ay [PFA/ ay) and 1(p|Saave /ay [PFA/ ay) were

both negative.
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Figure 4-10. Comparing relative sufficiency, I, of the regression models for the SDOF
nonstructural components designed with Rns of 1.5 and 3 mounted on the 12-story buildings to
assess the level of EDPs’ statistical independence with respect to the SFRSs.

Figure 11 compares the relative sufficiency of regression models for the SDOF nonstructural
components designed with Rns of 1.5 and 3 installed on 12-story buildings in order to assess the
statistical independence of the EDPs with respect to the floor where the SDOF is mounted. For
the SDOF nonstructural components designed with Rns of 1.5, using Sa generally resulted in
more sufficient regression models regardless of the type of SFRSs. However, when Rns
increased to 3, the regression models using Sa and Saave exhibited different trends depending on
the SFRS. Specifically, for SDOF nonstructural components mounted on the SMRF, there was
no significant difference between using Sa or Saave in terms of sufficiency. Conversely, for those
mounted on the BRBF and the SCBF, the regression models with Saae demonstrated greater
sufficiency compared to using Sa for the most of the considered nonstructural component period
range. In the case of components mounted on a building with CRBFs, while Saae exhibited

greater sufficiency than Sa when the SDOF nonstructural component's period was less than 0.5 s,
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using Sa led to greater sufficiency for larger periods. Only for the SDOF nonstructural
components with periods of shorter than 0.2 s, regression models using PFA were found to be the

most sufficient among the three considered EDPs.
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Figure 4-11. Comparing relative sufficiency, I, of the regression models for the SDOF
nonstructural components designed with Rns of 1.5 and 3 mounted on the 12-story buildings to
assess the level of EDPs’ statistical independence with respect to the floors.

4.9 COMPARING SEISMIC LOSS ASSESSMENT OF SDOF NONSTRUCTURAL
COMPONENTS USING CANDIDATE EDP-DERIVED DAMAGE FRAGILITY CURVES

This section provides direct quantification of the impact of the EDP that is used to define damage
fragility curves on the seismic loss estimation associated with a generic acceleration-sensitive
nonstructural component, assuming a unit repair cost. To achieve this, the Monte Carlo-based
methodology outlined in FEMA P-58-1 (2018) is employed. In this methodology, the response of
a building is characterized by sampling EDP data (Yang et al., 2006, 2009) for each intensity
level, using the selected candidate EDP. Then, the cumulative probability distribution of repair
cost is calculated using damage fragility curves that are defined as a function of the selected

EDPs as detailed below. This cumulative distribution of repair cost is computed at each intensity
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level and combined with the seismic hazard curve, to calculate the aggregate expected annual

loss conditioned on the selected EDP (EALEpp).

Equation (4-1) defined four terms, Ma, Sdaeor, Mc, and fc, that describe a damage fragility
curve for an SDOF nonstructural component. The values of Mq and fSqepp are determined based
on the demands of SDOF nonstructural components and were calculated using regression models
conditioned on the selected EDP, as described in the previous sections. In practice, the values of
M. and Sc would be determined based on the capacities of SDOF nonstructural components as
determined using laboratory tests specific to each nonstructural component. As a generic
representation for this study, the value of M. for each SDOF nonstructural component was
calculated as the median of all ductility demand data at the DE intensity level. These data were
obtained from analyses of all components with a given period that were mounted on the
buildings with the same height and grouped with respect to both the SFRSs and the floors. This
approach represents what would be expected from a single damage fragility curve for each
SDOF nonstructural component with a specific period and Rns. The ductility demand of a
nonstructural component fully defined its damage state, implying that the capacity logarithmic

standard deviation is zero (fc = 0).

To compare the EDPs in terms of the seismic loss evaluation, an error between actual

expected annual loss and EALepp was defined as follows:

|EALgpp — EAL,|
EAL

Error = x 100 (4-6)

"

where EAL, represents the calculated actual expected annual loss through direct comparison of
the generated ductilities, sampled using the method proposed by Yang et al. (2006, 2009), with

the defined capacity.
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Figure 4-12 compares the calculated error as defined above using the three candidate EDPs
of PFA, Sa, and Saave, Normalized by ay for the SDOF nonstructural components mounted on 12-
story buildings and designed with Rns of 1.5 and 3. In general, Figure 4-12 shows that using PFA
was only a suitable EDP for a few SDOF nonstructural components. Employing PFA as the EDP
led to a notable error, surpassing 150% in certain instances. This was particularly evident for the

SDOF nonstructural components with a period longer than 0.6 seconds.

For the SDOF nonstructural components mounted on the first floor (Figure 4-12 (b)), using
Saave generally resulted in similar or even lower errors compared to using Sa, especially for
SDOF nonstructural components designed with Rns = 3. This indicates that using Saave as the
EDP for SDOF nonstructural components mounted on lower floors, especially those with lower

strength, is more suitable.

For the SDOF nonstructural components mounted on the roof (Figure 4-12 (a)), the preferred
EDP between Sa and Saave varies depending on the strength level of the SDOF nonstructural
component. When the SDOF nonstructural components were designed with Rns = 1.5, using Sa
resulted in lower errors for most cases. For these components, although Saave mostly led to lower
errors than PFA, there were instances where using Saave resulted in large errors exceeding 150%.
However, for the SDOF nonstructural components designed with Rns of 3, using Saave as the
EDP was generally the most suitable. The error in EAL when using Sa as the EDP peaked when
the period of the SDOF nonstructural component was tuned with the modal period of a braced
frame building. Due to frequency filtering and resonance effects, the floor spectral acceleration
tends to peak at modal periods of buildings, particularly for higher floors. When nonlinearity
occurs in a SDOF nonstructural component with a period near one of the building's modal

periods, the effective period of the component elongates. Consequently, if the peaks in spectral
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acceleration are used as the EDP, it can lead to an overestimation of the ductility demand on the
SDOF nonstructural component, especially when the component is designed with lower strength

and therefore exhibits greater nonlinearity.
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Figure 4-12. Comparing EDPs in terms of seismic loss evaluation using the error between the
actual expected annual loss and the expected annual loss calculated using the selected EDP,
considering the regression models with grouping based on the SFRSs and the floors.

4.10 CONCLUSIONS

The objective of this study was to identify suitable engineering demand parameters (EDPs) for
developing damage fragility curves of acceleration-sensitive nonstructural components, to be
used in seismic loss assessments. For this purpose, acceleration-sensitive nonstructural
components were modeled as single-degree-of-freedom (SDOF) components with an elastic
perfectly plastic material, a period range of 0.01 to 1 second, and varying strength levels. The

SDOF nonstructural components were assumed to be installed on the first floor and roof of six-
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story and 12-story buildings. Each of these buildings was designed with four distinct seismic
force-resisting systems (SFRSs): a special moment resisting frame (SMRF), special
concentrically braced frame (SCBF), buckling-restrained braced frame (BRBF), and controlled
rocking braced frame (CRBF). Nonlinear response history analyses were conducted on each
building using ground motions scaled to six intensity levels, ranging from 25% of the design
earthquake (DE) to 2.0 times the maximum considered earthquake (MCE). Subsequently, the
SDOF nonstructural components were designed based on the median force demand caused by
floor motions at the DE level, derived from the nonlinear response history analyses of each
building. These components were then subjected to further nonlinear response history analyses to

assess their ductility demand ().

In total, sixteen EDPs were examined in this chapter, with a focus on the peak floor
acceleration (PFA), spectral acceleration at the period of the SDOF nonstructural component
(Sa), and the geometric mean of spectral accelerations around the period of the SDOF
nonstructural component (Saave). TO assess the effectiveness of defining damage fragility curves
based on these EDPs, a lognormal regression model was fitted for the pairs of W-EDP,
considering ductilities greater than 1. The efficiency of candidate EDPs was assessed based on
the logarithmic standard deviation (8) and R-squared (R?) for each model. Additionally, the
relative sufficiency was computed to evaluate the statistical independence of the candidate EDPs
with respect to the location of the SDOF nonstructural components within the building and the
type of SFRS used in the building. Furthermore, to explicitly quantify the suitability of the
damage fragility curves that would be generated using the candidate EDPs, errors between the

seismic loss assessments of nonstructural components using the fragility curve produced by each
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candidate EDP and the assessments computed directly using p were compared for different

EDPs.

Using Saave as an EDP was found suitable for the SDOF nonstructural components on lower
floors, mitigating spectral-shape bias resulting from less filtered ground motions due to the
buildings' modal periods. Also, the findings suggested that when nonstructural components are
designed with lower strength, leading to significant nonlinearity during earthquake shaking and
subsequent elongation of their effective periods, Saae becomes a more suitable EDP because it

reflects the influence of period elongation through its calculation over a range of periods.

For SDOF nonstructural components mounted on the roof and designed with higher strength,
Sa was a suitable EDP. However, for SDOF nonstructural components designed with lower
strength, the use of Sa as the EDP was not appropriate due to frequency filtering, particularly for
higher floors. This is because the floor spectral acceleration tends to peak near the building's
modal periods, and when nonlinearity occurs in SDOF nonstructural components with periods
near these structural periods, the elongation of effective period moves it away from the peak of
the floor spectrum. Consequently, an EDP based on these peaks in spectral acceleration can
grossly overestimate the component ductility demand, especially for weaker designs

experiencing greater nonlinearity.

This study also investigated the implications of these fundamental results for developing
unified damage fragility curves for nonstructural components, independent of the distinct types
of SFRS and the floors of the building where the component is installed. To evaluate the relative
sufficiency of different EDPs for this, the u-EDP data was grouped based on the types of SFRS
and the installation locations of SDOF nonstructural components within the buildings. The

analysis revealed notable shifts between the grouped data sets, especially when Sa was used as
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the EDP, given that SDOF nonstructural components were designed with varying strengths based
on the type of SFRS and the building floors they are mounted on. As an alternative approach,
this study proposed normalizing the EDP by the yield acceleration (ay) of SDOF nonstructural

components in order to mitigate the observed shifts in data.

While most currently developed damage fragility curves for acceleration-sensitive
nonstructural components are constructed based on PFA, the findings of this study underscore
the limitations of using PFA as an EDP for accurate damage estimation. The spectral
acceleration at the period of the nonstructural component was generally the most suitable
considered EDP for nonstructural components with limited ductility demand, while an average
spectral acceleration was more suitable when the ductility demand was more extensive. This
suggests that a ductility-dependent EDP, reflecting the average spectral acceleration over a range
of periods that extends as the ductility increases, would likely be more effective. The intensity
measures that have been shown to be effective for characterizing ground motions may not be
effective as EDPs to characterize floor motions, because of the significant difference in spectral

shape.

Considering the vast library of PFA-based damage fragility curves that have been developed
for acceleration-sensitive nonstructural components, replacing these fragility curves with ones
that are based on a more suitable EDP would be a significant undertaking. In the meantime, the
recommendation arising from this study is to take caution when using existing damage fragility
curves for nonstructural components with natural periods exceeding 0.1 s, as the peak floor
acceleration is not a reliable indicator of damage to these more flexible acceleration-sensitive

nonstructural components.
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Chapter 5

5. CONSEQUENCES OF CONSEQUENCE MODELS: THE IMPACT OF
ECONOMIES OF SCALE ON SEISMIC LOSS ESTIMATES

5.1 ABSTRACT

The detailed evaluation of expected losses and damage experienced by structural and
nonstructural components is a fundamental part of performance-based seismic design and
assessment. The FEMA P-58 methodology represents the state of the art in this area. Increasing
interest in improving structural performance and community resilience has led to widespread
adoption of this methodology and the library of component models published with it. This study
focuses on the modeling of economies of scale for repair cost calculation and specifically
highlights the lack of a definition for aggregate damage, a quantity with considerable influence
on the component repair costs. The chapter illustrates the highly variable and often substantial
impact of damage aggregation that can alter total repair costs by more than 25%. Four so-called
edge cases representing different damage aggregation methods are introduced to investigate
which components experience large differences in their repair costs and under what
circumstances. A three-step evaluation strategy is proposed that allows engineers to quickly
evaluate the potential impact of damage aggregation on a specific performance assessment. This
helps users of currently available assessment tools to recognize and communicate this
uncertainty even when the tools they use only support one particular damage aggregation
method. A case study of a nine-story building illustrates the proposed strategy and the impact of

this ambiguity on the performance of a realistic structure. The chapter concludes with concrete
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recommendations towards the development of a more sophisticated model for repair

consequence calculation.

KEYWORDS: FEMA P-58; Consequence functions; Repair costs and downtime; Seismic loss
assessment

5.2 INTRODUCTION

The primary objective of conventional seismic design and retrofit of buildings is to keep collapse
risk below a pre-defined threshold by ensuring sufficiently high strength and ductility at the
building level (ACI 318-19, 2019; ANSI/AISC 341-16, 2016; EN 1998-1:2008, 2008).
Experiences from large earthquakes at the end of the 20" century confirmed that such designs
indeed prevent collapse and achieve life safety objectives, but the same experiences also
highlighted the substantial economic consequences of structural damage in buildings that did not
collapse (McKevitt et al., 1995; Tremblay et al., 1996). These observations pointed out the need
to limit the amount of damage and corresponding monetary losses under smaller, more frequent
seismic events. Over the last decades, substantial research effort has been dedicated to
developing a framework for the simulation of seismic damage and losses in buildings so that
engineers and other stakeholders can better communicate these outcomes and make more
effective design and retrofit decisions. The Pacific Earthquake Engineering Research (PEER)
center developed a performance-based earthquake engineering framework that simulates the
seismic performance of structural and non-structural components of a building to arrive at
estimates of so-called decision variables such as repair cost, downtime, and casualties (Cornell
and Krawinkler, 2000; Miranda and Aslani, 2003; Moehle and Deierlein, 2004). The PEER
framework quantifies and propagates various sources of uncertainty in the seismic hazard

phenomena and structural behavior. The framework decouples models that describe the intensity
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of the seismic event (IM — intensity measure), the structural response (EDP — Engineering
Demand Parameter), the expected damage (DM — Damage Measure) and the consequences of
damages (DV - Decision Variable). These models are combined by applying the theorem of total
probability three times, which leads to the following triple integral that has become ubiquitous in
structural performance assessment (Attary et al., 2017; Barbato et al., 2013; Ciampoli et al.,
2011):

G(DV) :fﬂ G(DV|DM) - |dG(DM|EDP)| - |dG(EDP|IM)| - |dA(IM)] ¢

where G() is the complementary cumulative distribution function or exceedance function, and

A() is the hazard intensity exceedance function also known as the hazard curve.

Finding a closed-form solution for this triple integral is challenging because the underlying
models are typically complex and nonlinear. The PEER framework was used in the ATC-58
project to develop the FEMA P-58 methodology (FEMA P-58-1, 2018) that provides a numerical
approach to estimate the triple integral through Monte Carlo simulation. The ATC-58 project
also prepared a library of fragility curves and consequence functions that provide parameters of
damage and consequence models for over 700 common structural and nonstructural components
in typical buildings. This library is used by researchers and practitioners to implement the
methodology in practice. Based on the guidelines in FEMA P-58, several software tools have
been developed and are currently available to the engineering community to facilitate further
research and practical adoption of seismic performance assessment (e.g., FEMA P-58-3, 2018;

Haselton Baker Risk Group, 2020; Zsarnoczay and Deierlein, 2020).

FEMA P-58 influenced the performance-based design procedures developed for structural

retrofits (ASCE/SEI 41-17, 2017) and tall buildings (LATBSDC, 2020; TBI, 2017) that use
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simulated structural response, damage, and loss values to arrive at designs that achieve pre-
defined damage and loss limitation objectives. Lessons learned from earthquakes of the last
decade (Shrestha et al., 2021; Stevenson et al., 2011) pointed out the need to better understand
and constrain damage consequences, especially the time it takes for buildings to regain basic
functionality before completing all repair interventions. Several research groups and institutions
are developing guidelines (EERI, 2019; FEMA P-2090 / NIST SP-1254, 2021) and simulation
methods (ATC 138-3, 2021; Molina Hutt et al., 2022; Terzic et al., 2021) to support an extension
of existing design procedures with regulations that effectively limit so-called functional recovery
times. The influence of the correlation between damage to different components is another

important issue that will require further investigation in future studies.

Both performance-based design and functional recovery time calculations rely on the
FEMA P-58 methodology to simulate the earthquake consequences (i.e., decision variables) for
each building component. The FEMA P-58 methodology is currently being reviewed and
updated within the scope of the ATC 138 project. One of the anticipated major updates is the
introduction of correlation between component vulnerabilities to simulate more realistic damages
in the building. The updated methodology will yield different damage and loss results, but the
authors are not aware of any changes that would address the problem presented in this study.
Although introducing correlated component vulnerabilities will result in different quantities of
damaged components across the building, based on the currently available information, the

problem presented below will still affect the consequence calculations.

This chapter focuses on ambiguity in consequence modeling as per FEMA P-58 that can
have a significant impact on the simulated repair costs and repair times and affect performance

assessment, design, and functional recovery time calculation. The FEMA P-58 methodology
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involves five main steps for calculating repair consequences for each realization of a Monte
Carlo simulation (Figure 5-1): 1) the response of a building is characterized by sampling
Engineering Demand Parameters (EDPs) conditioned on intensity measures that represent the
local seismic hazard; 2) the building is checked for irreparable damage due to either collapse or
excessive residual drift; 3) each building component's Damage State (DS) is calculated using
EDP realizations from step 1 and component-specific fragility functions; 4) the unit repair cost of
each damaged component is calculated using aggregated damaged quantities and the
consequence model associated with each DS; and 5) the product of unit repair costs and damaged

quantities is aggregated across all components in the building.

)
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é’ collapsed% repairable% Yes Determine damage state for
T ' ’ each component on each floor (Step 3)
3 (Step 2) (Step 2)

\ * EDP

Fragility curves

Repair cost = Replacement cost ]

Consequence functions

Upper bnungt ===DS]
No economies of scale ——DS2

Probability of Damage

. Lower bound: .
Maximize economies of scale

nit Repair Coﬁ
> s 2

U

Aggregate repair costs
forall components | = | — peeeccacaaas Y

y

Aggregate component damages to find unit
repair costs using consequence models

. -
Linear transition SLLILLLLLLT
[ Done ¢ Ny (Step 4)
Distribution of potential repair costs .
Ll
\ Quantity of Aggregate Component Damay

Figure 5-1. Flowchart of the FEMA P-58 methodology for the total repair cost calculation.

This chapter focuses on the consequence models used in step 4 of the procedure. These

models describe damage effects (FEMA P-58-1, 2018) using distributions of probable
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consequences, such as repair cost and time. The shape of a typical median consequence function
associated with a specific damage state is illustrated in the red box in Figure 5-1. The aggregate
quantity of damaged components is used as an input to consequence functions to determine the
median unit repair cost for each damaged component. The applied unit repair cost is then
determined by sampling a random distribution of potential repair costs assuming either a normal
or a lognormal distribution with a pre-defined variance and using the median unit repair cost
determined from the consequence function. Upper and lower bound quantities introduce
economies of scale or operational efficiencies in the model to consider the cost savings when
similar repairs are performed multiple times, or the same preparations affect multiple repairs in
the building. Examples of operations affected by economies of scale include removal or
protection of contents close to a damaged area, procurement and delivery of new materials, and
clean-up and replacement of contents are. If fewer components are damaged than the lower
bound quantity, no economies of scale are considered; if more components are damaged than the
upper bound quantity, all reasonable economies of scale and operational efficiencies are
considered, resulting in the lowest possible median unit repair cost. Median consequences for

intermediate quantities are calculated with linear interpolations.

The FEMA P-58 manual lacks specific instructions on computing the aggregate damage
(i.e., the quantity of aggregate component damage used to evaluate the impact of economies of
scale when determining the median consequence), resulting in different possible interpretations
and corresponding repair cost estimates. The main objective of this study is to review how
different approaches for calculating the aggregate damage affect seismic loss estimation through
economies of scale and highlight the practical scenarios when the results are substantially

affected by the adopted interpretation. Four approaches are reviewed in detail as edge cases to
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characterize the domain of all possible interpretations of aggregate damage within the scope of
FEMA P-58. The following sections explore which component types are more sensitive to the
interpretation of the economies of scale and the other parameters of a seismic performance
assessment that can have substantial impact on this part of the repair cost calculation. The
findings are illustrated through the detailed seismic loss assessment of a nine-story building
equipped with various nonstructural and structural components. The last part of the chapter
discusses the advantages of developing a more comprehensive approach that could leverage
research developments since the publication of FEMA P-58 and encourage future work in this
area. Although this chapter focuses on repair costs when describing the impact of possible
interpretations on consequences, it is important to emphasize that the same issue arises with

repair time simulation as well.

5.3 AGGREGATE CALCULATION DAMAGE IN A FEMA P-58 ANALYSIS

Two main questions arise when calculating aggregate damage of a particular component type
to evaluate the impact of economies of scale in a consequence model: 1) Do repairs across
different repair tasks (i.e., different Damage States) include similar operations that could lead to
cost reductions when multiple repair tasks need to be performed simultaneously in the same
location?; and 2) do we expect cost reductions when identical repair tasks are performed at
different locations across the building, or should only damages on the floors that are repaired at
the same repair phase be taken into account? The answers to these questions lead to four
interpretations of the aggregate damage calculation that we consider edge cases and use to

discuss the range of all possible interpretations: approach

1. All damage states, all floors: Aggregate damage across all floors and from every damage

state. The assumption behind this interpretation is that economies of scale are applied to all
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3.

damaged items regardless of the severity of damage and the location of the item. For
instance, this assumption can account for economies of scale in crew mobilization and
material costs that can be spread over items on different floors and in different damage states.
This approach is used in the current version of the Performance Assessment Calculation Tool
(PACT) developed within the scope of FEMA P-58 (FEMA P-58-3, 2018). Although PACT
uses this approach, it is not explicitly supported or discussed in the FEMA P-58
documentation. SP3, a widely used commercial tool that implements the FEMA P-58
methodology (Haselton Baker Risk Group, 2020), also uses this approach (Haselton and
DeBock, 2023).

Individual damage state, all floors: Aggregate damage across all floors but only from one

damage state of interest at a time. This approach has been employed in recent publications on
consequence functions (e.g. (Vecchio et al., 2020)). According to this interpretation,
economies of scale are applied to all damaged items within a particular damage state
regardless of their location. This assumption is reasonable when repair costs are not shared
by items in different damage states. For example, a damaged component that must be
replaced entirely requires different repair operations and corresponding materials and labor
than the same type of component with only cosmetic damage. The current version of the
Pelicun software (Zsarndczay and Kourehpaz, 2021) developed by the NHERI
Computational Modeling and Simulation Center (Deierlein et al., 2020) employs this
approach by default.

All damage states, individual floor: Aggregate damage on the floor of interest from every

damage state. In this interpretation, economies of scale are applied only to damaged items on

the same floor regardless of the severity of their damage. This assumption is reasonable for
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repair operations that are shared by components on the same floor, such as removing and
reinstalling mechanical systems to gain access to components that need to be repaired.

4. Individual damage state, individual floor: Aggregate damage only on one floor and from one

damage state of interest at a time. This edge case combines the two restrictive conditions
presented in Cases 2 and 3 above. It is a reasonable model for components with repair actions
and operations that are shared only between similarly damaged items that are repaired within

the same floor.

5.3.1 ILLUSTRATIVE EXAMPLE OF AGGREGATE DAMAGE CALCULATION FOR PARTITION
WALLS

To illustrate how the four interpretations introduced above influence the repair calculation in a
FEMA P-58 analysis, ten units of partition walls are considered on each floor of a two-story
building. Table 5-1 shows quantities of damaged items for the considered partition wall
components on each floor and in each damage state for a single damage realization. The repair
consequence functions provided in the FEMA P-58 library for the partition wall component
C1011.001b were used and median repair costs were used directly as deterministic consequences
for the sake of clarity in the example. The total costs to repair the partition walls in the building,
estimated using the four different interpretations for aggregate damage, are also shown in Table
5-1. Figure 5-2 shows the consequence functions for this component and illustrates the

evaluation of unit repair costs for each interpretation.

The total repair cost is approximately three times higher for Case 4 (i.e., "Individual
damage state, individual floor") than for Case 1 (i.e., "All damage states, all floors"). Case 1
yields the lowest total repair cost since maximum economies of scale are applied, which means

the minimum unit repair costs are assigned to all damaged components, regardless of their floor
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or damage state. In Case 4, on the other hand, a higher unit repair cost is assigned to damaged
items (Figure 5-2), because the smaller aggregate damage quantities lead to less cost savings
through economies of scale. The total repair costs in Case 2 (i.e., "Individual damage state, all
floors™) and Case 3 (i.e., "All damage states, individual floor") are nearly the average of those
calculated for Cases 1 and 4. The observed variation in total repair costs is solely attributable to

the method used to aggregate damages for modeling economies of scale.

Floor 1 DS10 Floor 1 DS20
Floor 2 DS1 X Floor 2 DS2 X
Case 1. all DS, Case 2. individual DS, Case 3. all DS, Case 4. individual DS,
all floors all floors individual floor individual floor
10000 - - 10000 — g - 10000 [ - - - 10000
@ 8000 + 8000 ¢ 8000 | 8000
E 6000 ¢ 1 6000 ! 1 6000 6000
S a
8_ 4000 ¢ o 1 4000 ¢ 14000 ¢ 4000
2 2000 \ 2000 \_ 2000 _\‘3\,\_ 2000
o i

0

0 " . - " - ] L PR T H - " L PR S " . HI .
0 2 4 6 8 1012 14 0024()8[012[4 ”024c\x|0|2|4 0 2 4 6 8 1012 14
Aggregate Damage [units] Aggregate Damage [units]  Aggregate Damage [units]  Aggregate Damage [units]
Figure 5-2. Illlustrative example of the four interpretations to estimate unit repair cost of a

component in two damage states (DS) across two floors in a building.

Table 5-1. lllustrative example of the four interpretations to estimate the total repair cost of a
component in two damage states (DS) across two floors in a building.
Total
Floor 1 Floor2 Floor1 Floor2 component
DS1 DS1 DS2 DS2 repair cost

[$]
Quantity of damaged components [units] 3 5 2 3
Case 1. All damage  Aggregate damage 13 13 13 13
states, Cost per unit [$] 1071 1071 2730 2730 22,218
all floors Cost [$] 3213 5355 5460 8190
Case 2. Individual Aggregate damage 8 8 5 5
damage state, all Cost per unit [$] 1626 1626 6269 6269 44,355
floors Cost [$] 4879 8132 12538 18807
Case 3. All damage = Aggregate damage 5 8 5 8
states, individual Cost per unit [$] 2459 1626 6269 4146 40,484
floor Cost [$] 7378 8132 12538 12437
Case 4. Individual Aggregate damage 3 5 2 3
damage state, Cost per unit [$] 3015 2459 8392 7684 61,178
individual floor Cost [$] 9044 12297 16784 23053
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5.3.2 PRACTICAL EXAMPLE

The previous example illustrates that different interpretations of damage aggregation can yield
substantially different repair costs for an individual component. However, the impact on repair
costs depends on several factors and the following section shows that for an individual
component there are also cases where the impact is negligible. However, the following example
uses a practical, realistic performance model to demonstrate that a few components that
experience substantial changes in their repair costs can still have a significant impact on the total
repair cost of a building. The example performance models bundled with the PACT tool are
considered, and the total repair costs are calculated with each of the four edge interpretation
cases introduced earlier. The archetype is a three-story office building with a floor area of 22,736
ft? and a floor height of 14 ft in the first story and 11.5 ft in upper floors. This reinforced
concrete moment-resisting frame structure was designed for a site in Berkeley, California. There
are fifteen different nonstructural components and one structural component assigned to each
floor in various quantities. A complete specification of component types and assigned quantities
is provided in the corresponding PACT example file, and the uncertainty in consequence
functions suggested by FEMA P-58-3 is considered. Volumes 2 and 3 of FEMA P-58 provide

more information on this performance model (FEMA P-58-2, 2018; FEMA P-58-3, 2018).

Figure 5-3 shows the cumulative distribution function (CDF) of the calculated total repair
costs for the four edge cases under a 420-year return period earthquake. Case 1 (i.e., "All damage
states, all floors™), which is used in the PACT tool and always leads to the lowest repair costs, is
considered a reference and is compared to the other edge cases that yield 10% - 26% ($78,000 —

$195,000 in absolute value) higher median repair costs. A variation of this magnitude has the
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potential to result in an overestimation or underestimation of loss assessments, which could

impact stakeholders' decision-making.

Case 1: All damage states, All floors ——  Case 3: All damage states, Individual floor =~ -—--.
Case 2: Individual damage state, All floors Case 4: Individual damage state, Individual floor
l T T T T T T
0.9} Difference in Median e o
—~ 08 | Repair Cost(RPC=8753K) Reference Point Cost |
30 10% ($78K) (RPC) e~
0.7} - -
Viogl - 15%@113K) - |
S 26% ($195K) Median Repair Cost
LY (). prosassamb el Rl s et g P e e T e
504t -
203} _
=02r $195K=5948K-$753K
0.1f .
O 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Repair Cost [$ million]
Figure 5-3. Cumulative distribution functions of total repair cost from analyses using different
interpretations for damage aggregation in a case study 3-story office building.

5.4 DRIVERS OF ECONOMIES OF SCALE IN FEMA P-58

This section identifies the key drivers that affect the economies of scale calculation in FEMA P-
58 and offers guidance on recognizing when the result of a performance assessment is
significantly affected by the choice of damage aggregation method. The variance in total repair
costs is more pronounced when one damage aggregation method yields a sufficiently large
quantity of damaged units to trigger maximum economies of scale (i.e., lower-bound unit repair
costs), while other damage aggregation methods lead to upper-bound or intermediate unit repair

costs.

A strategy is proposed that uses three steps to review the key drivers and confirm that the
results are not sensitive to the choice of damage aggregation method. Starting with a list of every

component in the performance model, each of the three steps is used to exclude a set of
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components where the decision on how the aggregate damage and economies of scale are
calculated has negligible impact on the total repair costs. Each step requires more information on
the structure and the remaining components; hence, it is desirable to remove as many
components as quickly as possible. If any component remains in the list after the three steps, the
total repair costs will almost surely be affected by how the damage is aggregated in the

calculation of the repair costs of those components.

Figure 5-4 provides an overview of the three steps and corresponding key drivers: First, the
Number of Damage States and the Number of Floors with Component is checked to see if there is
an opportunity to aggregate damage across damage states and floors. Components assigned to a
single floor with a single possible damage state are indifferent to the damage aggregation
method. Second, the Consequence Functions are used to evaluate the peak impact for each
remaining component — i.e., the maximum possible reduction in repair cost due to economies of
scale. Only components with substantial reductions will have a considerable impact on the total
repair cost. Third, the Damaged Component Quantities are used to check if the four edge cases
introduced earlier lead to different unit repair costs given the specific structural response. When
the components experiences either very little or very much damage on every floor, the impact of
aggregation becomes less pronounced. These three steps and their key drivers are controlled by

the following input parameters (black rectangles in Figure 5-4):

e Component data: Information on the damage and consequence models for each
component are independent of the seismic scenario and design details of the structural
system. Each damage model defines the number of damage states and includes a set of
fragility functions that define the uncertain component capacity corresponding to each

damage state. Each consequence model includes a set of consequence functions (Figure
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5-1) that define how economies of scale are applied when repairing damage from each
damage state.

e Component Quantities: The floor area and number of stories influence component
quantities on each floor and along the height of the building. The quantity of non-
structural components is often estimated using the normative quantity estimation tool
published with FEMA P-58 (FEMA P-58-3, 2018).

e Structural Response: Primarily affected by the number of stories, structural system, and
earthquake intensity, the structural response characterizes the demands, such as

accelerations and displacements, on each story for damage and loss assessment.

The following subsections provide more information on the three steps and highlight which
components are typically filtered through each of them. If the list is not empty after the three
steps, the remaining components should be examined more carefully. As long as only a few
components remain in the list, the impact of damage aggregation on their repair costs can be
estimated with a few simple calculations, as shown in the illustrative example in the following

section.
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Figure 5-4. Overview of the three steps proposed to evaluate if a FEMA P-58 performance
assessment is sensitive to the choice of damage aggregation method (purple, yellow, and green
boxes). The key drivers in each step are in red rectangles and the input parameters that influence
them are in black boxes. Other important inputs and intermediate data are in white boxes. Line
styles differ to distinguish between arrows.

Step 1 — opportunity to aggregate

The first step starts by filtering out components that have a single damage state and are
constrained to only one floor in the building. There are 305 (out of 764) components in FEMA P-
58 with only one damage state. For components in this large group, such as chevron braces in
steel frames and raised access floors, using a method that aggregates across all damage states
will yield the same results as one that uses damage only from individual damage states. The
other criterion focuses on the location of the component in the building. When a component type
is located on a single story, such as HVAC equipment that is typically installed on roofs, there is
no difference in component repair costs between approaches that aggregate across all floors and

those that use damage only from individual floors.

Components that fulfil both above criteria can be safely excluded from further analysis. If

we are only interested in the impact of aggregation across one entity (i.e., either damage states or
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floors), then it is sufficient to check only for the corresponding criterion. This will allow the

filtering of a larger set of components in this step.

Step 2 — substantial peak impact

This second step seeks to identify component types with a potentially large absolute repair
cost difference due to changes in the calculation of economies of scale. The evaluation below
uses only the consequence functions of the components to provide an upper bound of the
potential impact of damage aggregation on repair costs. The peak impact is applicable to any
structure and seismic scenario, but the actual impact in a particular scenario might be
substantially less depending on the actual amount of damage experienced; this is addressed in

Step 3.

The impact (I) of damage aggregation on the repair cost of damaged component units in a
specific damage state on a specific floor is defined as the difference shown in Figure 5-5 between
the repair cost based on the quantity of damaged units in the specific floor and damage state and
the lower-bound cost corresponding to maximum economies of scale. The latter requires
sufficient additional damage in other locations and damage states to have the aggregate damage
exceed Qv, the upper limit of economies of scale in the consequence function. Using the notation

from Figure 5-5, the impact can be calculated as follows:

1Q) = QC, - QC, -2)

where Q is the quantity of damaged units in the specific floor and damage state; Cq is the unit
repair cost considering economies of scale for quantity Q, and Cy. is the lower bound unit repair
cost that requires at least Q. aggregate damage. The red rectangle represents the impact at a

particular Q quantity of damage in Figure 5-5.
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The graphical representation in Figure 5-5 clearly shows that the impact (1) is a function of the
quantity of damage and that its maximum is in the domain of Qu < Q < Q.. The unit repair cost
Co for the linear transition section can be expressed as a function of upper and lower-bound
quantity constants and corresponding unit repair costs, as shown in Equation (5-3).
Q) = (5= 2500, - ) &9
The maximum potential impact is sought by taking the first derivative of Equation (5-3)

with respect to Q and finding the critical quantity (Qcr) where the derivative is zero:

(5-4)

1(Q) = QC-0C,

Unit Repair
Cost

i)

)
PR
~

0.0 0 asese Damase

Figure 5-5. Impact of a component.
The area of the red rectangle in Figure 5-5 is maximized when Q = Q.. The critical
quantity is typically at half of the upper quantity limit (QL) because QL > 2 Qu holds for most
components. In practice, this implies that economies of scale will have the maximum impact on

the repair costs of components with QL/2 damaged units when other damages in the building
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could reach the lower bound unit repair costs. The maximum potential impact (Imax) can be
calculated by substituting Qcr in Equation (5-3) as follows:
- ch (5'5)

Imax = Qcr (CU - CL)(%_iQU)

Figure 5-6 shows the computed Imax and Qcr for every damage state of all components with
complete consequence model data in the FEMA P-58 library (737 out of 764 components). Each
horizontal row in the figure shows groups of similar components based on the first three labels in
their ID numbers. For each component group, the position of each marker represents the
computed Imax per floor for one of the damage states of a component type. Damage states are
identified by the size of the marker. The largest Imax in each damage state in each component
group is highlighted with colored markers. Markers with Imax below $1000 are considered
negligible and are not shown. The right side of the figure shows rounded Qc values for each
component group. A range of Qg is specified when a group has different values among its

components and damage states.

Figure 5-6 demonstrates that Imax Of some components, such as steel braces, chillers,
generators, suspended ceilings, and exterior walls, reaches hundreds of thousands of dollars per
floor. Others, such as independent pendant lighting and sprinkler water supply, have low Imax.
For these latter groups of components, damage aggregation and the resulting economies of scale
will have negligible impact on repair costs. This second step of the proposed procedure aims to
filter component groups that will not exceed a pre-defined minimum Imax threshold. For example,
one could argue that the performance assessment of a building with a replacement cost of $4M
per floor will not be considerably affected by a difference in repair cost per floor that is

guaranteed to be less than $40,000. Using the data in Figure 5-6 and the $40K limit lead to the
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recognition that piping components (D.20.21 — D.20.61) and air distribution systems (D.30.41)
can be neglected when evaluating the impact of damage aggregation. The chosen Imax threshold
is a function of the desired absolute accuracy and should be determined on a case-by-case basis
considering the total loss ratio (i.e., total repair cost over replacement cost) because an
assessment with a smaller total loss ratio is more sensitive to the same absolute difference in the
repair cost calculation. For component groups with Imax greater than the defined threshold, the
following third step can be used to determine how much of the potential maximum impact is
realized given the actual structural response and corresponding damage quantities. The results of
this calculation for every FEMA P-58 component are provided as supplemental material to this
chapter in a tabulated data file. The peak impact threshold can be defined based on the

acceptable absolute error in repair costs per floor.

Step 3 — critical damage quantity

This third, and final, step compares Qcr to the damaged component quantities (Qq) given the
demands (engineering demand parameters) each component experiences in a particular seismic
performance assessment scenario. The impact of damage aggregation is negligible if Qq is either
close to zero or greater than QL = 2Qcr, the lower-bound quantity limit introduced in Figure 5-5
(Qcr for each component group is shown in Figure 5-6). Similarly, for components with a total
quantity across all floors below Qu (the upper-bound quantity limit), there cannot be a
sufficiently large number of damaged units to trigger economies of scale regardless of which
damage aggregation method is used. Hence, they can be removed from the list of impactful
components. For example, Qu = 5 units for elevators allows the filtering of these components in

small and mid-size buildings that have only a few elevator units.
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For every other remaining component, the decision-making is specific to the structural design
and seismic event under investigation and requires significantly more information than previous
steps. Component quantities, structural response, and fragility functions are needed to determine

Qq in each seismic scenario for a particular structural design (Figure 5-4).

Figure 5-7 uses an example to illustrate how these inputs affect Qq and how the calculated
damage quantity is used to evaluate components in this third step. Figure 5-7 (a) and (a’) show
histograms of story drift distributions for one floor of a multi-story building at two seismic
intensity levels: design earthquake (DE) and maximum considered earthquake (MCE). The
corresponding median interstory drift ratios are 1.4% and 2.1%, respectively. The first damage
state of the glass curtain wall component B2022.002 from FEMA P-58 is used to provide the
damage and consequence models for this example. The fragility function in Figure 5-7 (a) and
(a") defines the probability of glass falling from the frame of the curtain wall as a function of
interstory drift. The probability of such damage is 0.10 and 0.38 at the median interstory drifts
for the DE and MCE intensities, respectively. Considering a floor plan area of 3,300 m? and the
normative quantities published with FEMA P-58, a total of 357 curtain wall panels are estimated
to be installed along the perimeter of each floor. This yields 36 and 136 damaged panels (Qq) at
the DE and MCE levels, respectively. Figure 5-7 (b) and (b’) shows how these damage quantities

compare to the critical quantity (Qcr) that is 50 panels for this component.
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Maximum potential impact of economies of scale per floor [USD]
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Figure 5-6. Maximum potential impact of economies of scale per floor based on the FEMA P-58
repair cost model for components in various damage states. Marker sizes correspond to damage
states; the highest impact in each row for each damage state is highlighted with color. Critical
quantities (in FEMA P-58 units) are shown on the right. (The presented data is provided in
tabular format for each component and damage state as supplementary material.)

In this example, the number of damaged curtain wall panels at the MCE intensity is sufficiently
large to achieve maximum economies of scale. Consequently, their repair cost will not be

affected by how damage from other floors or damage states is aggregated in the calculation. On
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the other hand, the number of damaged panels at the DE intensity is close to Q¢ and the choice
of damage aggregation has a considerable impact on the repair cost of these components as well
as the total repair cost of the building. Specifically, the repair cost of the 36 panels is reduced by
$39,700 if the maximum economies of scale is triggered through damage aggregation. Note that
this is slightly below the potential maximum Imax = $43,000 for this component. Since repair
costs at the DE intensity are typically only a small fraction of the replacement cost, $39.7K can
be a substantial difference and it suggests that the choice of damage aggregation method would
deserve serious consideration for this assessment. Figure 5-7 also illustrates the importance of
the floor area by showing results for a case with a smaller 1,100 m? floor plan. The smaller area
leads to a substantial reduction in the number of installed wall panels (through normative
quantity assignment) and, consequently, the number of damaged panels. In this smaller building,
the number of damaged curtain wall panels at the DE intensity is significantly below Q. The
maximum cost saving on these repairs due to economies of scale is considerably reduced (12 x
$1500 = $18,000) and oftentimes there will not be sufficient damage in other floors and damage
states to reach the 100-panel Qv threshold that triggers maximum economies of scale, regardless
of which damage aggregation method is used. As for the MCE intensity, the number of damaged
panels is close to Qc. The impact of damage aggregation in this scenario can be close to the

potential maximum of $45K, which typically warrants further investigation.

When evaluating design variations for a building, different structural designs can lead to
different structural responses, and changes in the non-structural configuration of the building can
change the total component quantities. These changes, as the above example illustrates, alter the
quantity of damaged components and therefore can also affect the impact of the selected damage

aggregation method. Thus, the relative performance of design variations can be influenced by
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how economies of scale are considered, thereby influencing design decisions that depend on

performance comparisons.
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Figure 5-7. Influence of structural response and component quantity at DE and MCE level on
unit repair cost estimation in the damage calculation (a) (a’) and repair consequence calculation
(b) (b") steps.

5.5 ILLUSTRATIVE EXAMPLE: REPAIR COST ESTIMATION OF A NINE-STORY BUILDING

This section illustrates how the strategy presented earlier is used to evaluate the impact of
damage aggregation on the performance assessment of a case study building. A nine-story office
building with a story height of 15 ft was designed with concentrically braced frames (CBFs) for a
high seismicity location with stiff soil and mapped short periods and 1-second spectral

accelerations of Ss=1.5 g and S1=0.5 g (ASCE/SEI 7-16, 2016), respectively. The building
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contains two structural and 18 nonstructural components. Nonstructural component quantities
were assigned to each floor using the FEMA P-58 normative quantity estimation tool (FEMA P-
58-3, 2018). Two performance models were created: a larger building with a footprint area of
21,600 ft? and a smaller one with a 10,700 ft?> footprint. Table 5-2 summarizes the component
quantities assigned to each floor and the roof of these buildings. Replacement costs were
estimated using $210 per ft> based on RSMeans data from 2020 (RSMeans, 2020). As the
reference time of costs in FEMA P-58 consequence functions is 2011, the replacement cost
estimates were scaled to a 2011-equivalent value by a factor of 0.8 based on the Historical Cost

Index for the construction industry (RSMeans, 2020).

Table 5-2. Performance model summary for the nine-story buildings in the illustrative example.

Component Quantities Unit
Component ID Description Floors 1-3 Floors 4-9 Roof
L s* L S L S
Special concentric braced frame with HSS braces, EA
B1033.0216 49 p1 F < Column weight < 99 PLF 4 2 i ) T
Special concentric braced frame with HSS braces, EA
B1033.021a ¢ ymn weight < 40 PLF i ) 4 2 7
B2022.002 Curtain walls 217 109 | 217 109 | - - 30 ft?
C1011.001c Wall partition (Gypsum with metal studs) 22 11 22 11 - - 100 ft
C3011.001c Wall partition with wallpaper 2 1 2 1 - - 100 ft
C3027.002 Access pedestal flooring 163 82 | 163 82 - - 100 ft?
C3032.004b Suspended ceiling 33 17 33 17 - - 250 ft?
C3034.002 Independent pendant lighting 325 163 | 325 163 | - - EA
D2021.014b Cold or hot potable water piping 1 1 1 1 - - 1000 ft
D3041.011c Small HVAC ducting 2 1 2 1 - - 1000 ft
D3041.012d Large HVAC ducting 1 1 1 1 - - 1000 ft
D3041.032d HVAC drops /diffusers 20 10 20 10 - - 10 EA
D3041.041b Variable air volume boxes 5 3 5 3 - - 10 EA
D4011.023a Fire sprinkler water piping 5 3 5 3 - - 1000 ft
D5012.023e Low voltage switchgear (400 Amp) 1 1 1 1 - - EA
D3031.013h Chiller (500 ton) - - - - 2 1 EA
D3031.023h Cooling tower (500 ton) - - - - 2 1 EA
D3052.013k Air handling unit (30000 CFM) - - - - 5 3 EA
D5012.013c Motor control center - - - - 8 4 EA
D1014.011 Elevator 6 3 - - - - EA

Note: Amp= Ampere; CFM=Cubic feet per minute; EA=Each; HVAC=Heating, ventilation, and air conditioning.
L and S refer to the large building with 21,500 ft? area, and the small building with 10,700 ft2 floor area, respectively.

The large and small versions of the building were designed to the same structural
specifications and assumed to exhibit similar floor responses and global collapse probability.

These assumptions ensure that the differences observed in the results are due only to the
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differences in the damage and loss assessment methodology. Nonlinear time-history analyses
were conducted using the set of far-field ground motion records recommended by FEMA P695
(FEMA P695, 2009). The median drift and acceleration demands are shown in Figure 5-8 for all
floors at three seismic intensity levels: 50% DE, DE, and MCE according to ASCE 7-16

(ASCE/SEI 7-16, 2016).

Roof —

Story

00 02 04 06 08 10 12 14 16 1.8 20
Peak Interstory Drift Ratio [%]

04 05 06 07 08 09 1.0
Peak Floor Acceleration [g]

(a) (b)
Figure 5-8. Median (a) peak interstory drift ratio and (b) peak floor acceleration demands for all
floors of the nine-story building.

Each building is analyzed in one direction, using the four edge cases for damage
aggregation introduced earlier to capture the range of possible total repair cost outcomes. Figure
5-9 shows the cumulative distribution function (CDF) of total repair cost for the two buildings
and three intensity levels. Results are in line with expectations: Case 1 (i.e., "All damage states,
all floors™) yields the lowest total repair cost for all buildings and intensity levels, whereas Case

4 (i.e., "Individual damage state, individual floor") yields the highest.

Comparing the median repair costs from different edge cases for the large and small
building illustrates that the differences grow in absolute value with increasing intensity levels.

For example, Cases 1 and 2 (i.e., solid lines in Figure 5-9, considering damages from all floors,
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but either all or only from one damage state) for the large building yield median repair costs that
are $120,000, $339,000, and $464,000 apart at the 50% DE, DE, and MCE intensities,
respectively. This corresponds to a relative difference of about 12%-17%. The relative
differences are in the range of 5% - 30% across all cases and they are generally larger for the

building with the larger floor area.

Case 1: All damage states, All floors —_— Case 3: All damage states, Individual floor =~  ——--.
Case 2: Individual damage state, All floors Case 4: Individual damage state, Individual floor
50% DE DE MCE
1 T ——— T 1 g v v 1
-(CHtes Difference in Median -
0.9 0.9 St
- 0.8 08 Repair (,‘();;t_}?f‘é;ﬁ]j)?l4]()ﬁ',’j
/o e
< 0.7 0.7 - - -25% ($681K) /-
= 0.6 0.6 31% ($845K) )
3 0.5 . 0.5 i
® Difference in Median 0.4 :" Difference in Median 0.4 )
f)) Repair Cost(RPC=$1030K) 0.3 Repair Cost(RPC=$2049K) 03 ‘
ﬁ 12% ($120K) 0.2 K 17% |§n‘>|\'» 02
- - = 27%($276K) ; - = =24% ($499K)
27% ($275K) 0.1 27% ($557K) 0.1
. . 0 0
4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6
1 1
0.9 = 109 Difference in Median
().X ()AQ Repair Cost(RPC=$1542K)
o ' : 6% ($98K)
= 0.7 0.7 - = =15% ($228K)
2 3o 0.6 0.6 24% ($369K) /[
5 5 0.5 0.5
— =04 Difterence in Median 0.4 " Difference in Median 0.4
= S“ 3 / Repair Cost(RPC=$578K) | (3 +*Repair Cost(RPC=S1114K) | (5
Exil |} 1% ($63K) 02 % 1% ($124K) 02
wx == =12% (S70K) o 4 - == 14% (S150K) v
0.1 4 19% (S112K) 0.1 & 19% ($208K) 0.1
0 ' N N () b= 0
0 1 2 30 1 2 3 0 1 2 3
Repair Cost [$ million] Repair Cost [$ million] Repair Cost [$ million]

Figure 5-9. Comparison of total repair costs using four edge cases for two buildings' footprints
and different intensity levels. The range of repair costs is limited to focus on outcomes of
repairable realizations. At the DE and MCE levels, a proportion of realizations correspond to
irreparable damage or collapse, leading to a step in the fragility curves beyond the limits of the
figure.

5.5.1 APPLICATION OF THE PROPOSED EVALUATION STRATEGY
For this example, the following paragraphs illustrate how the strategy proposed previously can
help recognize if there is a substantial impact of damage aggregation, identify which components

are responsible for the majority of differences in repair costs, and estimate the magnitude of the
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total differences shown in Figure 5-9 without running analysis for the four edge cases. The

following description focuses on the large building and the DE intensity for the sake of brevity.

Starting with a comprehensive list of all components from Table 5-2, the first step checks if there
IS an opportunity to aggregate damage for each component acoss floors or damage states. This
leads to the removal of the the Chiller, Cooling tower, and Motor control center components

because they have one damage state and are placed only on the roof.

In the second step, the peak impact of each component is compared with a $10,000
threshold. This limit is chosen by targeting 0.5% of the approximately $2 million total repair cost
at the DE level. Considering that there are nine stories in the building and most of the damage
will be concentrated to a few of those, a 0.5% maximum difference per story per component
damage state is not expected to add up to more than a few percent difference in total repair costs.
Based on Figure 5-6, the Access pedestal flooring, Independent pendant lightning, Air
distribution systems, and Sprinkler water supply component groups have lower Imax than the

threshold and can be removed from the checklist.

At this point, it is worth obtaining Imax for each specific remaining component, rather than
looking only at the peak Imax Of their component groups. This information is readily available in
the table provided as supplemental information to this chapter, or it can be calculated from
consequence function data using Equation (5-2). Components with Imax < $10,000 in all damage
states can be identified and removed from the checklist. In this example, Wall partitions with
wallpaper and Cold or hot potable water piping fall into this category. These components were
not removed earlier because they are part of component groups with at least one other

component that has a larger Imax as shown in Figure 5-6.
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In the last step of the proposed strategy, the quantity of damaged components (Qq) is
compared to the critical damage quantity (Qcr). Assuming that the median Qq for each component
on each floor in each damage state is not directly available, Figure 5-10 shows the results of a
proposed simplified calculation. Four demand levels (indicated by markers of different colors
and symbols) were identified within the range of story drift and acceleration demands in the
building at the DE and MCE intensities (Figure 5-8). The quantity of components is identical on
all floors in the performance model of this example, as is often the case when normative
quantities are assigned. Given the component quantity and the controlling demand value, Qq for
each damage state can be calculated using the component-specific fragility functions (Figure
5-7). Figure 5-10 shows how the results of this calculation illustrate the changes in the amount
and severity of damage with increasing demands and highlight the components that experience

damages close to Qcr in the investigated seismic scenarios.

Components with a Qd4/Qcr = 0 at all four demand levels have high capacity and
experience barely any damage. This consideration allows the removal of Suspended ceiling and
Low voltage switchgear from the checklist. Components with a Qa/Qcr > 2 at all four demand
levels have very low capacity and experience so much damage that it triggers maximum cost
savings already on a single floor and damage state and does not benefit from additional damage
aggregation. This can occur when a single, high-seismicity scenario is investigated, but it is rare
to observe such high damage when lower intensity scenarios, such as the DE level, are included
in the performance assessment. Hence, none of the components in this example can be removed

for consistently experiencing excessive damage.

Out of the remaining six components, Elevators and Air handling units can be removed

by considering a few additional details about them. Although the potential maximum impact of
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elevators is substantial (Imax = $130,000 in DS2), even if all elevators are damaged, only a small
fraction of Imax Will be realized in this example. There are only six elevators in the building and
the costs savings for elevators start at five damaged units with 10 units required to maximize
savings. Air handling units are installed on the roof where the median acceleration demand does
not exceed 0.7 g in the highest intensity scenario. At that demand level, even less than one unit
are expected to be in DS1 or DS2 (see red star markers in Figure 5-10 given Q¢ = 2.5). DS1 has
negligible impact, and the single unit in DS2 will experience at most $18,600 cost savings from
damage aggregation across damage states. This is considered negligible compared to the $2

million total reference point cost (RPC).

The four remaining components (two types of HSS braces, Curtain Walls, and Wall
partitions) are expected to have substantially different repair costs depending on the chosen
damage aggregation method, and these components are expected to be the primary contributors
to the differences observed in Figure 5-9. This is confirmed in Figure 5-11, which shows the total
repair cost from all but the remaining four components in the large building under the DE and
MCE intensities. The maximum difference between the median costs from the four edge cases is
less than $57,000 and $28,000, which are 2.8% and 1% of the median total repair costs including
all components at the DE and MCE levels, respectively. The elevator component is the main

contributor to this difference.
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Figure 5-10. Quantity of damaged components at four demand levels compared to the critical
damage quantity across the components remaining in the checklist for step 3.
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Figure 5-11. Total repair costs of all components that the proposed evaluation identified as
having only minimal contribution to the repair cost differences at the (a) DE and (b) MCE levels.
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5.5.2 ESTIMATION OF THE IMPACT OF DAMAGE AGGREGATION

The impact of various damage aggregation methods on the total repair cost is the sum of the
additional cost savings achieved through damage aggregation across floors and damage states for
the components that remain after the filtering process described above. These additional cost
savings can be estimated through a simple calculation that is summarized in Table 5-3 - Table
5-6 for the remaining four components in this nine-story example building. Additional cost
savings for each component are made up from repair costs saved on each floor, which are the

product of costs saved per unit and the number of damaged units per floor.

The calculation for the small braces installed on floors 4-9 of the example building under
the MCE intensity is presented first in detail (Table 5-3). Using the drift profile shown in Figure
5-8, we can classify the floors into two groups: floors 4-5 experience approximately 1.40%
median interstory drift demand, while the drift in the upper floors is around 0.80%. This
approximation of drifts leads to substantially simpler calculations and the results below illustrate
that it still provides sufficiently accurate estimates. More complex drift profiles might need more
than two groups to be captured faithfully and, in general, the more groups are used, the more
accurate the calculations will become. Given these median demands, the fragility functions of the
component are used to estimate the number of damaged units on each floor following the logic

shown in Figure 5-7.

The results for Damage States 2-4 are combined in Table 5-3 only for the sake of brevity.
The total number of damaged units on each floor is summed to find the maximum aggregate
damage that could be applied for economies of scale calculation. For this component, four
damaged units on each of the six floors yields a maximum aggregate damage of 24 units. The

consequence functions of this component start considering economies of scale at Qu = 5
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damaged units and the maximum cost savings are reached at QL = 20 units of aggregate damage.
If every damage state and floor is evaluated independently, these damaged components are
always assigned the maximum unit repair cost because fewer than five units are damaged at each
floor and damage state. On the other hand, if the damage is aggregated across all floors and
damage states, the 24 units are sufficient to maximize the economies of scale, producing the

minimum repair cost for every damaged unit.

The entries under Unit Repair Cost in Table 5-3 are the maximum and minimum costs
based on the consequence function parameters. Recognizing that the repair cost savings are very
similar for DS2 to DS4 for this component and that floors 4-5 only have damage in these higher
damage states, the unit repair costs for those floors are based on the DS2 consequence function.
The values for floors 6-9 are the mean of DS1 and DS2 consequence function parameters
because an equal amount of damaged units are in these damage states there. Such
approximations are made to keep this a hand calculation that aims only to provide an estimate of
the impact on repair costs. The Additional Cost Savings per unit is the difference between the
max and min Unit Repair Costs. These savings express that the repair cost of each of damaged
unit is reduced by $15,000 to $16,000 when damages on other floors of the building are
considered. These cost savings add up to $60,000-$64,000 per floor (considering the four
damaged braces per floor) and an estimated $368,000 considering all six floors with such braces
in the building. Hence, these brace components alone can be responsible for shifting the total

repair cost of the building by 15% depending on which damage aggregation method is chosen.
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Table 5-3. Estimation of the impact of damage aggregation on repair cost savings for small HSS
brace components (B1033.021a) in large building at MCE level

Interstory Damaged Units Unit Repair Cost | Additional Cost Savings
Location DeDnngd DS1 DS2+ total aggregate | Max min per unit per floor total
floors 4-5| 1.40% 0 4 4 24 $48K $32K $16K $64K $128K
floors 6-9| 0.80% 2 2 4 24 $45K $30K $15K $60K $240K
$368K

The calculations of additional cost savings for the other three components are presented
below because they provide a diverse set of cases and demonstrate how to approximate cost
savings under various circumstances. The repair of large braces has only 12 aggregate damaged
units across three floors, which is not enough to trigger the maximum cost savings for that
component (Table 5-4). This needs to be considered when the minimum Unit Repair Cost is
calculated based on the consequence function (Figure 5-5) and it significantly reduces the
potential impact of these components. The $8K to $10K savings per unit add up to only $122K

total savings for these braces.

Table 5-4. Estimation of the impact of damage aggregation on repair cost savings for large HSS
brace components (B1033.021b) in large building at MCE level

Interstory Damaged Units Unit Repair Cost | Additional Cost Savings
Location DeDn:g;d DS1 DS2+ total aggregate |max min per unit per floor total
floor 1 0.80% 2 2 4 12 $51K $43K $8K $32K $32K
floors 2-3 (1.40% 0 4 4 12 $60K $50K $10K $40K $80K
$122K

Curtain walls have identical consequence functions assigned to both of their damage
states in FEMA P-58, which simplifies the calculation and allows to enter only one max and min
Unit Repair Cost for each row in Table 5-5. The situation is similar to the smaller braces:
damaged unit quantities on individual floors and damage states are less than or near Qu = 20,

while the aggregate damage across all floors is above QL = 100. Even though the additional cost
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savings per unit are relatively small, the large number of damaged units in the building yields a

substantial impact on the total repair cost.

Table 5-5. Estimation of the impact of damage aggregation on repair cost savings for curtain wall
components (B2022.002) in large building at MCE level

Interstory Damaged Units Unit Repair Cost | Additional Cost Savings
Location Dg;g;d DS1 DS2 total aggregate |max min per unit per floor total
5 floors  {0.80% 2 2 4 180 $3.0K  $1.6K $1.4K  $5.6K $28K
4 floors  [1.40% 15 25 40 180 $3.0K  $1.6K $1.4K $56K $224K
$252K

Wall partitions present a case where large differences between the consequences of
various damage states necessitate separate calculations for Unit Repair Costs in each DS. The
only simplification made in Table 5-6 is removing DS 1 because the corresponding cost savings
are negligible. There are large numbers of units in DS1 and DS2 under 0.80% and 1.40% drift
demands, respectively, and these numbers are already more than the Q. = 10 for the component
and trigger the maximum cost savings. In such cases, the component repair unit cost does not
benefit from additional aggregate damage from other floors or damage states and there are no
Additional Cost Savings. On the other hand, since Qu = 1 for this component, the max Unit
Repair Cost for damage states with more than one damaged unit is interpolated using the linear
portion of the consequence function. The introduction of economies of scale at low damage
quantities prevents the upper-bound unit cost from being reached with any damage aggregation
approach, thus reducing the potential impact on the total repair cost. The potential impact on the
total repair cost is small not only because the additional cost savings per unit are relatively small,
but also because the number of damaged units for which additional cost savings can be applied is

small.
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Table 5-6. Estimation of the impact of damage aggregation on repair cost savings for wall
partition components (C1011.001c) in large building at MCE level

Interstory Damaged Units Unit Repair Cost Additional Cost Savings
Location| Drift ; ; ; ;
max min max min |perunit perunit per
Demand DSL DS2 DS3 total ag9.| i) [cr D3 DS3 |inDS2 nDS3 fioor
5 floors {0.80% 17 4 0 21 193 $2.7K $1.0K $1.7K $6.8K  $34K
4 floors [1.40% 5 15 2 22 193 $1.0K $1.0K $6.4K $2.1K 0 $4.3K $8.6K  $34K
$68K

Figure 5-12(a) shows the total repair cost CDFs for only the four components discussed

above. The results under MCE intensity confirm that the calculated approximate impacts in

Table 5-3 to 6 are sufficiently accurate to characterize the magnitude of the impact on total repair

costs. The sum of estimated differences for the four components ($810K) is close to the

difference in total repair costs when all components are considered in Figure 5-9 ($845K). This

observation further supports the approximations suggested in the above calculations. A similar

hand calculation can provide estimates of the impact of aggregating only across damage states or

only across floors. Figure 5-12(a) illustrates that these impacts might be substantially smaller

than the maximum.
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Figure 5-12. Comparison of total repair costs for each of the four components that are the main
contributors to the impact of damage aggregation on the total repair cost of the example building.
Results are shown at DE and MCE intensity levels for the large (a) and small (b) building
footprint.

The results for the smaller building are shown in Figure 5-12 (b) to highlight how the
contribution of each of the four components changes when only half the quantity is assigned to
each floor. Brace damage in the smaller building, for example, contributes substantially less to
the additional cost savings because the total number of damaged braces in the building is not
large enough to minimize the unit repair cost. Conversely, the contribution of curtain wall and

wall partitions to median repair costs sometimes increases because the number of damaged units

is closer to Qcr. This illustrates that it is not trivial to determine the significance of damage
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aggregation on the total repair cost in a performance assessment. It is recommended to perform

the steps of the proposed evaluation strategy to arrive at a reliable estimate.

5.6 RECOMMENDATIONS FOR DAMAGE AGGREGATION

The discrepancy between the estimated losses obtained using the different edge cases in the
examples presented above suggests that analysts need to know which damage aggregation
method is implemented in popular tools so that they can determine whether to adjust their results.
Additionally, the developers of consequence models need to provide information on how the
parameters of the models are calibrated based on various potential edge cases. This information
is also critical to ensure a fair comparison when benchmarking different tools. Therefore, the
authors recommend developers of performance assessment tools to describe their approach to
damage aggregation in the documentation and, if possible, provide multiple options for their
users. Also, due to the modularity of the FEMA P-58 framework, different components used in a
calculation could have been developed by different research groups using different assumptions
on damage aggregation. It would be useful to document these assumptions for future studies, as

such information is not currently available.

If the damage aggregation method has substantial impact on the repair cost consequences
in a seismic performance assessment, the analyst must decide which aggregation method to use
in their evaluation. Without knowing how the consequence functions of FEMA P-58 were
developed, it is not possible to pick the one that will lead to realistic results. Using any other
assumption than the one used when the consequence functions were calibrated will lead to biased
results. Hence, the authors cannot recommend any of the approaches for general application.
Instead, we recommend analysts to be explicit about this epistemic uncertainty by calculating

and communicating the range of possible results using the edge cases presented in this chapter
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and adjusting the median of the total repair cost CDF accordingly. Alternatively, engineers can
use their own judgement and assign an aggregation method to each repair action of each
component considering the cost savings modeled by the corresponding consequence functions
and how they map to local construction practices at the building’s site. This requires a substantial
effort and would best be accomplished through collaboration that leads to a consensus in the
engineering community around component-specific assignments. Such a consensus would
provide a short-term solution if the widely used analysis tools are enhanced to support

component-specific damage aggregation when considering economies of scale.

Although the above recommendations would improve how economies of scale are
quantified within the existing framework that relies on edge cases, the examples provided earlier
in this chapter illustrate that none of the edge cases is a trivial best choice to model the repair of
components. Given the importance of repair cost and repair time modeling in performance-based
engineering, the authors believe that the repair consequence estimation framework in FEMA P-
58 would benefit from fundamental enhancement to model economies of scale more
appropriately. In the following subsections, two recommendations are made for improved
modeling of consequence functions to better estimate economies of scale. Any enhancement in
this part of the methodology should be developed and calibrated in collaboration with contractors

to capture their experience.

5.6.1 ECONOMIES OF SCALE ACROSS COMPONENTS

One recommendation that could be implemented relatively easily is to recognize that damage
should also be aggregated across different component types when the damaged units of those
components require identical repair actions. FEMA P-58 components that only differ in design

details that do not affect the repair process are a good example. For instance, the two types of
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braces used in the analyses earlier in this chapter (B1033.021a and B1033.021b) have identical
damage states, corresponding drift capacities and repair actions, and quantity limits in their
consequence functions. The same conditions apply to seven additional B1033-type braces, and
these nine components could form a so-called Component Group. Numerous other component
groups can be defined similarly within the FEMA P-58 component library. The repair
consequence calculation of such components would become more realistic by the following
simple extension of the methodology: when evaluating economies of scale, every component

type within a component group should be considered during damage aggregation.

Figure 5-13 illustrates the impact of such a modification on the calculated total repair costs of the
two brace components in the large building configuration evaluated at the MCE intensity in the
case study presented earlier. The modification only affects the cases that aggregate damage
across floors because only one type of brace was used on each floor — large braces for the first
three floors and smaller braces for the remaining six floors. Hence, the results of Cases 3-4 are
identical in Figure 5-13. On the one hand, when all damaged units are aggregated following Case
1 (solid lines in the figure), the small braces already have sufficient damaged units to maximize
economies of scale without the contribution of damage from large braces. On the other hand,
there are only 12 large braces in the first three floors, which is not sufficient to maximize
economies of scale. When the additional damage on upper floors is also considered within Case
1, the repair cost of the large braces is reduced by $117K, which is approximately 4% of the total
repair cost of the building for this scenario. For Case 2 (dashed lines in the figure), which
aggregates damage across floors but not across damage states, both brace types benefit, with a

total reduction in median repair costs of $199K due to aggregating across similar components.
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Figure 5-13. Comparing the impact of component-specific (CS) and component-group (CG)
damage aggregation methods on the repair costs of small (B1033.021a) and large (B1033.021b)
braces that belong to the same component group in the case study building.

5.6.2 ECONOMIES OF SCALE ACROSS TASKS

The similarities between repairs of different components could be modeled more accurately
through the following generalization of the component-group approach. The background
documentation of FEMA P-58 already breaks down repair actions into a series of tasks. Each
task is performed by a particular type of contractor. Economies of scale apply when the same
task is performed many times by the same contractor, regardless of which particular component’s
repair is supported by them. For example, the various pipe components behind suspended
ceilings share the repair tasks that involve removing the ceiling panel. Savings and also costs
would be easier to measure, model, calibrate, and validate at the specific, explicitly described
task level. Some of the tasks might limit damage aggregation to a single floor, while others might
use aggregated damage from the entire building to calculate their cost. After determining the cost
of each task in the building, the repair costs could be calculated by aggregating the cost of tasks
that make up the repair action of each damaged component unit. The types of contractors

required to repair each component in the FEMA P-58 library are already assessed and
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characterized within the scope of the ATC-138 project (ATC 138-3, 2021) for the sake of
realistic impeding time calculation and repair sequencing. The outcomes of that project could be
incorporated into the FEMA P-58 methodology as part of the more sophisticated model for

economies of scale that is proposed here.

5.7 CONCLUSIONS

This study focused on the robustness of the high-resolution FEMA P-58 seismic performance
assessment methodology for modeling economies of scale in repair consequence simulation.
FEMA P-58 is important not only because it is ubiquitous in earthquake engineering research
and practice, but also because it serves as a template for high-resolution approaches under other
hazards. Neither the published methodology nor its background documentation describes the
process of aggregating damaged component units across floors and damage states when
evaluating potential repair cost or time reduction due to economies of scale. This chapter
highlighted the highly variable and often substantial impact of this ambiguity on total repair
costs. The results illustrate that the impact varies across seismic intensities and designs. This is
especially concerning when the relative performance of various designs is sought because the
outcomes of the evaluation could be dependent on the chosen damage aggregation approach.
Similar outcomes for repair times could heavily influence functional recovery time calculations.
The authors proposed an approximate calculation to estimate this impact, and suggested future

extensions to the FEMA P-58 consequence model and its documentation to address the problem.

Four so-called edge cases were presented to cover the range of possible aggregate
damage values within the scope of FEMA P-58. The four edge cases are a combination of two

binary decisions: consider one floor or aggregate across all floors, and consider one damage state
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or aggregate across all damage states. Several examples illustrated that the difference between

edge cases ranges from less than 1% to more than 25% of the total repair cost of the building.

To the authors’ knowledge, Pelicun (Zsarnoczay and Kourehpaz, 2021) is the only widely
available performance assessment tool that supports multiple damage aggregation methods. To
support the large number of analysts who use other tools, and the review of past assessments
where the model might no longer be available, a three-step strategy was proposed that helps
quickly evaluate the impact of this phenomenon on a specific performance assessment. The
proposed method was supported by a detailed investigation that demonstrates the complex
relationship between performance assessment input data and the observed differences in repair
costs. The number of damage states, the quantity of components on each floor, the consequence
function parameters, and the quantity of damaged components were identified as key drivers of
the outcomes. The proposed strategy provides three steps of increasing complexity to test each
component in a performance model and evaluate if its repair costs can be affected by how
damage is aggregated. This strategy helps identify the few components responsible for the
majority of the differences in repair costs, and a simplified calculation was proposed to

approximate their impact.

A case study of a nine-story steel frame structure was presented to illustrate the
application of the proposed strategy and to demonstrate the impact of damage aggregation on
repair costs at three different seismic intensity levels and with two different floor areas. Braces,
curtain walls, and wall partitions were identified as the main contributors, yielding up to 30%
difference in total repair costs depending on how damage is aggregated in the analysis. Results of
the proposed evaluation strategy were verified by performing detailed simulations with all four

edge cases.
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This chapter highlights that economies of scale often have significant influence on repair
costs in practical cases. Due to the lack of information about the assumptions made by various
consequence function developers, it is not possible to select a single damage aggregation method
as the correct one. Instead, stakeholders are encouraged to start a discussion and develop a
consensus on how to address this problem in the short term. Until then, the authors recommend
taking a conservative approach, quantifying the range of possible repair costs, and
communicating this uncertainty in the results. In the long term, the authors suggest a more
complex repair consequence model that disaggregates repair actions into individual tasks.
Economies of scale at the task level would be easier to model, calibrate, and verify and promises

a more robust calculation method for this important phenomenon.
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Chapter 6

6. CONCLUSIONS AND RECOMMENDATIONS

Based on the research objectives outlined in the introductory chapter, a research program was
executed and presented in a sandwich thesis structure, where each chapter consists of a
manuscript addressing specific research objective. This chapter closes the thesis in the following
sections. First, Section 6.1 provides summaries of the contributions made in the preceding four
chapters. Then, in Section 6.2, the perspective extends beyond the contributions of each
individual chapter, offering recommendations for immediate actions and for future research

focused on reducing seismic losses and enhancing seismic loss assessments.

6.1 SUMMARY AND CONCLUSIONS
6.1.1 ASSESSING CRBFS AS AN ALTERNATIVE TO CONVENTIONAL DUCTILE SFRSs

Chapter 2 involved a comprehensive assessment and comparison of four distinct steel seismic
force-resisting systems (SFRSs) for buildings at various heights. These SFRSs included special
moment resisting frames (SMRFs), special concentrically braced frames (SCBFs), and buckling-
restrained braced frames (BRBFs) as common ductile systems, as well as controlled rocking
braced frames (CRBFs) as a self-centering system. Chapter 2 demonstrated that all considered
buildings had acceptable collapse capacities; however, they exhibited distinct characteristics at
the design earthquake (DE) level. The CRBF buildings had consistent story drifts over the height
due to the rocking mode, while the SCBF and SMRF buildings showed nonuniform drifts, with
the SMRF buildings having the largest peak story drifts. Additionally, the CRBF buildings had

minimal residual drift and member yielding compared to other systems.
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The expected annual loss (EAL) was used as a metric to compare irreparable losses,
including structural collapse and demolition due to excessive residual drift, alongside reparable
losses, including the repair of both structural and nonstructural elements, for each specific SFRS.
Chapter 2 illustrated that, among the considered SFRSs, the SMRF and SCBF buildings
experienced the highest total EAL. This increase was mainly attributed to demolition losses and
repairable losses. The total EAL was lower for the BRBFs, with the losses primarily attributed to
demolition loss, and it was lowest for the CRBFs, with the losses mainly due to acceleration-
sensitive nonstructural components. The cost-effectiveness analyses suggested that a reasonable
cost premium for CRBFs was justifiable to reduce earthquake-related economic costs over the

building's lifetime.

6.1.2. DEFINING CRBF DESIGN PARAMETERS TO CONTROL TOTAL SEISMIC LOSSES

Chapter 3 evaluated how different design parameters impact the performance and seismic loss of
controlled rocking braced frame (CRBF) buildings at varying heights (three, six, and 12 stories).
Two specific parameters were studied: the response modification factors (R) used for designing
base rocking joints and the amplification factor applied to include higher-mode forces in the
design. Different R values (ranging from 5 to 12) were considered, along with the amplification
of higher-mode forces at two intensity levels: (i) the design earthquake (DE), and (ii) the

maximum considered earthquake (MCE).

Chapter 3 showed that most design options resulted in low collapse probabilities, except
for the six- and 12-story CRBFs with less resistance to rocking (those designed with R=12),
which exhibited collapse probabilities of about 10% at the MCE intensity level. At the DE
intensity level, story drifts reduced when the CRBF building was made more resistant to rocking,

but, this reduction came at the cost of increased acceleration demands. However, differences in
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acceleration demands were minor when comparing design options for the CRBFs taller than
three stories. Designing the CRBFs using higher-mode forces at the DE intensity level resulted in
a more flexible frame with greater story drifts compared to the CRBFs designed with higher-
mode forces at the MCE level. However, only slight differences were observed in acceleration

demands when comparing the use of these intensity levels for higher-mode forces.

Chapter 3 demonstrated that, with more flexible CRBFs, the increase in seismic losses
resulting from drift-sensitive components and irreparable losses is counterbalanced by the
decrease in seismic losses caused by acceleration-sensitive nonstructural components. Thus,
regardless of the design option used, the total expected annual loss for a particular building
height with CRBFs remained very similar, even if there were notable changes in the sources of

seismic loss with different design options.

6.1.3 INVESTIGATING SUITABLE EDPS FOR DEVELOPING DAMAGE FRAGILITY CURVES OF
ACCELERATION-SENSITIVE NONSTRUCTURAL COMPONENTS

Chapter 4 explored suitable engineering demand parameters (EDPs) for constructing damage
fragility curves for acceleration-sensitive nonstructural components. To accomplish this,
acceleration-sensitive nonstructural components were modeled as single-degree-of-freedom
(SDOF) systems with various properties, considering their placement on the first floor and roof
of the six-story and 12-story buildings introduced in Chapter 2. The SDOF nonstructural
components were subjected to the buildings’ nonlinear response history to assess their ductility

demand (u).

Sixteen candidate EDPs were examined, with a specific focus on peak floor acceleration
(PFA), spectral acceleration at the SDOF nonstructural component's period (Sa), and the

geometric mean of spectral accelerations around that period (Saave). The effectiveness of these
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EDPs in defining damage fragility curves was evaluated by fitting lognormal regression models
for the pairs of u-EDP, considering ductilities greater than 1. The efficiency of candidate EDPs
was assessed using the logarithmic standard deviation (8) and R-squared (R?). Additionally,
relative sufficiency was computed to evaluate the statistical independence of the candidate EDPs
with respect to the location of the SDOF nonstructural components within the building and the

type of SFRS used in the building.

The study revealed that Saave is a suitable EDP for SDOF nonstructural components
mounted on lower floors, where the floor motions are less influenced by the model properties of
the building. Additionally, it suggested that Saae was a suitable EDP when nonstructural
components were designed with lower strength, as this leads to significant nonlinearity and

elongation of effective periods of nonstructural components.

For SDOF nonstructural components on the roof and designed with higher strength, Sa
was a suitable EDP. However, for those designed with lower strength, Sa was not suitable due to
frequency filtering, particularly on higher floors. This is because the floor spectral acceleration
peaks near the building's modal periods, and when nonlinearity arises in SDOF nonstructural
components with periods near these structural periods, the elongation of effective period shifts it
away from the peak of the floor spectrum. As a result, an EDP based on these peaks in spectral
acceleration can grossly overestimate the component ductility demand, especially for weaker

components that exhibit greater nonlinearity.

Chapter 4 also investigated the implications of these findings for developing unified
damage fragility curves for nonstructural components, independent of the distinct types of SFRS
and the floors of the building where the component is installed. Grouping u-EDP data based on

these factors revealed noticeable shifts in the data sets, especially when Sa was used as the EDP.
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To mitigate the observed data shifts, the study proposed normalizing the EDP by the yield

acceleration (ay) of SDOF nonstructural components.

6.1.4 ASSESSING THE IMPACT ON SEISMIC LOSS ESTIMATES OF ECONOMIES OF SCALE IN
CONSEQUENCE MODELS

The robustness of the FEMA P-58 seismic performance evaluation methodology for quantifying
economies of scale in repair consequence simulation was the main emphasis in Chapter 5. The
FEMA P-58 published methodology and its underlying documentation do not specify the
approach for aggregating damaged component units across floors and damage states when
calculating the reduction in possible repair cost or time caused by economies of scale. To assess
all possible approaches for aggregating damaged component units within the scope of FEMA P-
58, four “edge cases” were presented. The four edge cases are a combination of two binary
choices: consider one floor or aggregate across all floors, and consider one damage state or

aggregate across all damage states.

The difference in total repair costs between edge cases spans from less than 1% to more
than 25% of the building's total repair cost, as shown by several instances in Chapter 5. The
quantity of damaged components, the number of components on each floor, the consequence
function parameters, and the number of damage states were all noted as being important drivers
of the results. A three-step strategy was presented to help quickly examine the influence of the
approach to damage aggregation on a particular performance evaluation in order to accommodate
the vast number of analysts who use different tools, and to enable analysts to examine previous
assessments where the model might no longer be accessible. The suggested approach offers three
steps of escalating complexity to test each performance model component and determine whether

the damage aggregation approach can have an impact on its repair costs. Also, a simplified
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calculation was suggested to enable analysts to roughly estimate the impact of the few

components that account for the majority of the differences in repair prices.

6.2 RECOMMENDATIONS

As this thesis described advances toward its stated objectives to reduce seismic losses and

improve seismic loss assessments, it also identified several aspects that require further study. The

following recommendations are provided in two sections: those that can be changed to current

practice on considered immediately and those that require further investigation.

6.2.1 IMMEDIATE RECOMMENDATIONS

As the design of controlled rocking braced frames advances towards codification, it is
recommended to define their design parameters primarily based on considerations of
collapse fragility. Excessive concern about the influence of these decisions on total
expected seismic losses may not be necessary.

It would be a major task to replace the extensive library of PFA-based damage fragility
curves that have been created for acceleration-sensitive nonstructural components with
ones that are based on a more suitable EDP. In the meantime, Chapter 4 suggests that
existing damage fragility curves for nonstructural components with natural periods longer
than 0.1 s should be used with caution, as PFA is not a suitable EDP for more flexible
acceleration-sensitive nonstructural components.

The variations observed in estimated losses using different edge cases in the examples
detailed in Chapter 5 emphasize the need for analysts to be aware of the specific damage
aggregation method employed in commonly used tools. This knowledge is crucial for
making informed decisions about whether adjustments to results are necessary.

Furthermore, developers of consequence models should furnish details on the calibration
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of model parameters, accounting for various potential edge cases, to facilitate clear
comparisons when evaluating different tools. It is therefore advised that developers of
performance assessment tools document their approach to damage aggregation and,
where feasible, offer multiple options to users. Additionally, given the modular nature of
the FEMA P-58 framework, components used in calculations may have been developed
by wvarious groups with differing assumptions regarding damage aggregation.
Documenting these assumptions for future studies would be valuable, as this information

is currently unavailable.

6.2.2 RECOMMENDATIONS FOR FUTURE RESEARCH

In Chapter 2 and Chapter 3, the research employed one regular archetype building as the
basis for designing the investigated SFRSs. Furthermore, the numerical model of CRBFs
was developed for structures designed with particular post-tensioning systems and
energy-dissipating devices. These models also assumed a specific inherent damping
model and that the connections would effectively transfer inertial forces from the floors
to the CRBFs without impacting the uplift response. Expanding the database to include a
wider range of designs would be helpful to validate the findings in these chapters for a
broader spectrum of practical applications.

In Chapters 2 and 3 of this thesis, the main criterion for evaluating different SFRSs and
design options for CRBFs was the EAL, with a specific focus on repair costs. However,
the results demonstrated that the trade-off between irreparable and repairable losses led to
small differences in EAL, which may not be as small when comparing expected repair
time. The expected recovery time is crucial because community resilience, which is a key

objective in disaster recovery, relies on reducing repair time to expedite the return to
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normalcy and minimize long-term social and economic consequences. Given this
significance, it is recommended that the results of Chapters 2 and 3 be extended with
consideration of repair time as a central metric.

e While many of the currently developed fragility curves for acceleration-sensitive
nonstructural components rely on peak floor acceleration (PFA) as their basis, the
conclusions drawn in Chapter 4 shed light on the limitations of PFA as an EDP for
precise damage estimation. Generally, the spectral acceleration at the nonstructural
component's period emerged as the more suitable EDP when components experience
lower ductility demands. In contrast, an average spectral acceleration became more
suitable when dealing with components with higher ductility demand. This implies that
there is a need for further exploration into damage fragility curves based on a ductility-
dependent EDP, which would consider the average spectral acceleration across a range of
periods that extends as the ductility demand increases.

e The examples presented in Chapter 5 demonstrated that none of the edge cases provides
an ideal choice for modeling component repairs. Considering the significance of
modeling repair cost and repair time in performance-based engineering, it is suggested
that the repair consequence estimation framework in FEMA P-58 could benefit from
substantial enhancements to more accurately model economies of scale. Two
recommendations for refining the modeling of consequence functions to achieve a better
estimation of economies of scale are:

(i) Economies of scale across components: Damage aggregation should consider multiple

types of components when the damaged units of those components require identical
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repair actions. For instance, FEMA P-58 components that differ only in design details
that do not affect the repair process can be grouped together.

(if) Economies of scale across tasks: The similarities in repairing different components
could be more precisely modeled by extending the component-group approach. FEMA
P-58's background documentation already breaks down repair actions into a series of
tasks, each carried out by a specific type of contractor. Economies of scale come into
play when the same task is performed multiple times by the same contractor, regardless
of the specific component's repair that is considered.

e  The conclusions and insights drawn in Chapter 2 and Chapter 3 rely on the using PFAs
as EDPs for acceleration-sensitive nonstructural components and the consideration of one
of the edge cases for consequence modeling. Nevertheless, as Chapter 4 and Chapter 5
underscore the need for enhancing damage and consequence models, there is a
recommendation to confirm the findings of Chapter 2 and Chapter 3 using these updated
models.

e  All results and trends were derived from the analysis conducted in Chapters 2 to 4
under the chosen design seismic hazard level, classified as 'high seismic.' It remains
uncertain whether the observed results and trends would persist under different seismic
design hazard levels, particularly those higher than the one selected. This raises a
potential avenue for future research to explore the impact of varying seismic hazard
levels on the outcomes, providing valuable insights for a more comprehensive

understanding of the subject matter.

e The CRBFs investigated in this thesis are limited to those decoupled from the gravity

system. It is suggested to also investigate CRBFs coupled with the gravity system to
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better understand the effect of vertical acceleration on nonstructural components and

damage in the floor system due to uplifting.
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Appendix A.

Results for SDOF nonstructural components mounted on 6-story
buildings

This appendix presents similar results shown in Chapter 4 but for nonstructural components

mounted on the 6-story buildings.
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Figure A-1. Median acceleration floor response spectra for six-story buildings at the design
earthquake (DE) level.
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Figure A-2. Comparing R? of the regression models for the SDOF nonstructural components
mounted on six-story buildings.
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Figure A-3. Comparing £ of the regression models for the SDOF nonstructural components
mounted on six-story buildings.
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Figure A-4. Comparing relative sufficiency, I, of the regression models for the SDOF
nonstructural components designed with Rns of 1.5 and 3 mounted on the six-story buildings to
assess the level of EDPs’ statistical independence with respect to the SFRSs.
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Figure A-5. Comparing relative sufficiency, I, of the regression models for the SDOF
nonstructural components designed with Rns of 1.5 and 3 mounted on the six-story buildings to
assess the level of EDPs’ statistical independence with respect to the floors.

186



Ph.D. Thesis — MA. Banihashemi McMaster University — Structural Engineering

PFA/ a,

300

200

Error %

100

Rns=1.5

300

(a) Roof
3

Error %

200

Rns

100

300 1%

2001y

Rns=1.5
Error %

100

300

(b) 1% Floor

3
Error %

I

100 [¢

Rns

A

;).6 "OA8 1 0' 0.2 OA4- 0’;6 -08 10 02 04 ’(’)6 08 1
T (s) T (S) T (S) T (s)
Figure A-6. Comparing EDPs in terms of seismic loss evaluation using the error between the
actual expected annual loss and the expected annual loss calculated using the selected EDP,
considering the regression models with grouping based on the SFRSs and the floors (six-story
buildings).
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