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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 econo-
mies of scale for repair cost calculation and specifically highlights the lack of a defini-
tion for aggregate damage, a quantity with considerable influence on the component
repair costs. The article 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 sup-
port one particular damage aggregation method. A case study of a 9-story building
illustrates the proposed strategy and the impact of this ambiguity on the performance
of a realistic structure. The article concludes with concrete recommendations
toward the development of a more sophisticated model for repair consequence
calculation.
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Introduction

The primary objective of conventional seismic design and retrofit of buildings is to keep
collapse risk below a predefined threshold by ensuring sufficiently high strength and ducti-
lity 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 twentieth 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 mon-
etary 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 commu-
nicate these outcomes and make more effective design and retrofit decisions. The Pacific
Earthquake Engineering Research (PEER) center developed a performance-based earth-
quake engineering framework that simulates the seismic performance of structural and
nonstructural components of a building to arrive at estimates of so-called decision vari-
ables (DVs) such as repair cost, downtime, and casualties (Cornell and Krawinkler, 2000;
Miranda and Aslani, 2003; Mochle and Deierlein, 2004). The PEER framework quantifies
and propagates various sources of uncertainty in the seismic hazard phenomena and struc-
tural behavior. The framework decouples models that describe the intensity of the seismic
event (IM—intensity measure), the structural response (EDP—engineering demand para-
meter), the expected damage (DM—damage measure), and the consequences of damages
(DV). 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 perfor-
mance assessment (Attary et al., 2017; Barbato et al., 2013; Ciampoli et al., 2011):

G(DV) = m G(DV|DM) - |dG(DM|EDP)| - |dG(EDP|IM)| - |d\ (IM)| (1)

where G() is the complementary cumulative distribution function (CDF) 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 under-
lying 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 pro-
vides a numerical approach to estimate the triple integral through Monte Carlo simula-
tion. The ATC-58 project also prepared a library of fragility curves and consequence
functions that provide parameters of damage and consequence models for more than 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
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adoption of seismic performance assessment (¢.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 struc-
tural retrofits (ASCE/SEI 41-17, 2017) and tall buildings (Los Angeles Tall Buildings
Structural Design Council (LATBSDC), 2020; Tall Buildings Initiative (TBI), 2017) that
use simulated structural response, damage, and loss values to arrive at designs that achieve
predefined 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 (Baker et al., 2023).

Both performance-based design and functional recovery time calculations rely on the
FEMA P-58 methodology to simulate the earthquake consequences (i.c. DVs) 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 realis-
tic 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 pre-
sented 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 article 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 perfor-
mance assessment, design, and functional recovery time calculation. The FEMA P-58
methodology involves five main steps for calculating repair consequences for each realiza-
tion of a Monte Carlo simulation (Figure 1): (1) the response of a building is characterized
by sampling EDPs conditioned on IMs 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 realiza-
tions from step 1 and component-specific (CS) 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.

This article 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 con-
sequences, such as repair cost and time. The shape of a typical median consequence func-
tion associated with a specific DS is illustrated in the red box in Figure 1. The aggregate
quantity of damaged components is used as an input to consequence functions to deter-
mine 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 assum-
ing either a normal or a lognormal distribution with a predefined variance and using the
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Figure 1. Flowchart of the FEMA P-58 methodology for the total repair cost calculation.

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, pro-
curement and delivery of new materials, and clean-up and replacement of contents. If fewer
components are damaged than the lower-bound quantity, no economies of scale are con-
sidered; if more components are damaged than the upper-bound quantity, all reasonable
economies of scale and operational efficiencies are considered, resulting in the lowest possi-
ble median unit repair cost. Median consequences for intermediate quantities are calcu-
lated with linear interpolations.

The FEMA P-58 manual lacks specific instructions on computing the aggregate dam-
age (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 possi-
ble 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 characterize the domain of all possible interpreta-
tions 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 9-story building equipped with various nonstructural
and structural components. The last part of the article discusses the advantages of devel-
oping a more comprehensive approach that could leverage resecarch developments since
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the publication of FEMA P-58 and encourage future work in this area. Although this arti-
cle focuses on repair costs when describing the impact of possible interpretations on conse-
quences, it is important to emphasize that the same issue arises with repair time simulation
as well.

Aggregate damage calculation 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 DSs) 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 per-
formed 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 con-
sider edge cases and use to discuss the range of all possible interpretations:

1. All DSs, all floors: Aggregate damage across all floors and from every DS. The
assumption behind this interpretation is that economies of scale are applied to all
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 mobiliza-
tion and material costs that can be spread over items on different floors and in dif-
ferent DSs. 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 sup-
ported or discussed in the FEMA P-58 documentation. SP3, a widely used com-
mercial tool that implements the FEMA P-58 methodology (Haselton Baker Risk
Group, 2020), also uses this approach (Haselton and DeBock, 2023).

2. Individual DS, all floors: Aggregate damage across all floors but only from one
DS 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 interpreta-
tion, economies of scale are applied to all damaged items within a particular DS
regardless of their location. This assumption is reasonable when repair costs are
not shared by items in different DSs. 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 (Zsarnoczay et al., 2022) developed by
the NHERI Computational Modeling and Simulation Center (Deierlein et al.,
2020) employs this approach by default.

3. All DSs, individual floor: Aggregate damage on the floor of interest from every
DS. 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 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 DS, individual floor: Aggregate damage only on one floor and from one
DS of interest at a time. This edge case combines the two restrictive conditions pre-
sented 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.
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Figure 2. lllustrative example of the four interpretations to estimate unit repair cost of a component in
two DSs across two floors in a building.

lllustrative 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, 10 units of partition walls are considered on each floor of a 2-
story building. Table 1 shows quantities of damaged items for the considered partition wall
components on each floor and in each DS for a single damage realization. The repair con-
sequence 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 conse-
quences 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 1. Figure 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 DS,
individual floor”) than for Case 1 (i.e. “All DSs, 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 or DS. In
Case 4, on the contrary, a higher unit repair cost is assigned to damaged items (Figure 2),
because the smaller aggregate damage quantities lead to less cost savings through econo-
mies of scale. The total repair costs in Case 2 (i.e. “Individual DS, all floors”) and Case 3
(i.e. “All DSs, individual floor”) are approximately 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.

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 fol-
lowing 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 signifi-
cant impact on the total repair cost of a building. The example performance models
bundled with the PACT software are considered, and the total repair costs are calculated
with each of the four edge interpretation cases introduced earlier. The archetype is a 3-
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Table I. lllustrative example of the four interpretations to estimate the total repair cost of a
component in two DSs across two floors in a building

Floor | Floor2 Floor | Floor2 Total component

DSI DSl DS2 Ds2 repair cost (US$)

Quantity of damaged components (units) 3 5 2 3
Case |. All DSs, Aggregate damage 13 13 13 13 22,218
all floors Cost per unit (US$) 1071 1071 2730 2730

Cost (US$) 3213 5355 5460 8190
Case 2. Individual Aggregate damage 8 8 5 5 44,355
DS, all floors Cost per unit (US$) 1626 1626 6269 6269

Cost (US$) 4879 8132 12,538 18,807
Case 3. All DSs, Aggregate damage 5 8 5 8 40,484
individual floor Cost per unit (US$) 2459 1626 6269 4146

Cost (US$) 7378 8132 12,538 12,437
Case 4. Individual DS,  Aggregate damage 3 5 2 3 61,178
individual floor Cost per unit (US$) 3015 2459 8392 7684

Cost (US$) 9044 12,297 16,784 23,053

DS: damage state.

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
1 T T T T T
0.9k Difference in Median — ]
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20 10% ($78K (RPC) -
207k o ( ) - J
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Figure 3. Cumulative distribution functions of total repair cost from analyses using different
interpretations for damage aggregation in a case study 3-story office building.

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 struc-
ture was designed for a site in Berkeley, California. There are 15 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 cor-
responding 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 informa-
tion on this performance model (FEMA P-58-2, 2018; FEMA P-58-3, 2018).

Figure 3 shows the CDF of the calculated total repair costs for the four edge cases
under a 420-year return period earthquake. Case 1 (i.e. “All DSs, all floors™), which is used
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in the PACT software and always leads to the lowest repair costs, is considered a reference
and is compared with the other edge cases that yield 10%-26% (US$78,000-US$195,000
in absolute value) higher median repair costs. A variation of this magnitude has the poten-
tial to result in an overestimation or underestimation of assessed losses that could impact
stakeholders’ decision-making.

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 assess-
ment 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 aims to 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 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 infor-
mation 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 4 provides an overview of the three steps and corresponding key drivers: First,
the number of DSs and the number of floors with component are checked to see whether
there is an opportunity to aggregate damage across DSs and floors. Components assigned
to a single floor with a single possible DS are indifferent to the damage aggregation

I. Opportunity to Aggregate

—-l Damage Model I- ------ -l Number of Damage States

Component Data
I1. Substantial Peak Impact Ill. Critical Damage Quantity

—'l Consequence Model |——‘—-| Consequence Functions I

!
Floor Area :
1

——————————————————————— vl Fragility Functions I
Component Quantities &8

Number of Stories

Structural Syst: Structural R Damaged
ructural System ructural Response Component Quantities
Earthquake Intensity | Economies of Scale |

Figure 4. Overview of the three steps (purple, yellow, and green boxes) proposed to evaluate whether
a FEMA P-58 performance assessment is sensitive to the choice of damage aggregation method. 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.
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method. Second, the Consequence Functions are used to evaluate the peak impact for each
remaining component—that is, 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 whether the four edge cases introduced earlier lead to different unit repair costs
given the specific structural response. When the components experience 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 4):

e Component data: Information on the damage and consequence models for each
component is independent of the seismic scenario and design details of the struc-
tural system. Each damage model defines the number of DSs and includes a set of
fragility functions that define the uncertain component capacity corresponding to
each DS. Each consequence model includes a set of consequence functions (Figure
1) that define how economies of scale are applied when repairing damage from each
DS.

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.

Step |—opportunity to aggregate

The first step starts by filtering out components that have a single DS and are constrained
to only one floor in the building. There are 305 (out of 764) components in FEMA P-58
with only one DS. For components in this large group, such as chevron braces in steel
frames and raised access floors, using a method that aggregates across all DSs will yield
the same results as one that uses damage only from individual DSs. 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 heating, ventilation, and air conditioning (HVAC) equip-
ment 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 fulfill both above criteria can be safely excluded from further analy-
sis. If we are only interested in the impact of aggregation across one entity (i.e. either DSs
or 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.
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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 applica-
ble 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 (1) of damage aggregation on the repair cost of damaged component units
in a specific DS on a specific floor is defined as the difference shown in Figure 5 between
the repair cost based on the quantity of damaged units in the specific floor and DS and the
lower-bound cost corresponding to maximum economies of scale. The latter requires suffi-
cient additional damage in other locations and DSs to have the aggregate damage exceed
Q.. the upper limit of economies of scale in the consequence function. Using the notation
from Figure 5, the impact can be calculated as follows:

Q) =0Cy - 0C, (2)

where Q is the quantity of damaged units in the specific floor and DS; Cg, 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 Q1 aggregate damage. The red rectangle represents the impact at
a particular Q quantity of damage in Figure 5.

The graphical representation in Figure 5 clearly shows that the impact (/) is a function
of the quantity of damage and that its maximum is in the domain of Qy < Q < Q. The
unit repair cost Cy, 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 3.

_(Cu—Cy e
1(0) = (—QL — QU) (00 - 0) 3)

1(0) = 0C,-0C,

Unit Repair
Cost

OQ CQ

a

I
E \ -
QU 0 QL Aggggate Damage

Figure 5. Impact of a component.
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The maximum potential impact is sought by taking the first derivative of Equation 3
with respect to Q and finding the critical quantity (Q.,) where the derivative is zero:

ch = % = QU (4)
The area of the red rectangle in Figure 5 is maximized when Q = Q.. The critical
quantity is typically at half of the upper quantity limit (Qy) because Q; = 2 Qy holds for
most components. In practice, this implies that economies of scale will have the maximum
impact on the repair costs of components with Q; /2 damaged units per floor and DS when
there is sufficient damage in other DS and floors in the building to reach the lower-bound
unit repair costs. The maximum potential impact (/,,.x) can be calculated by substituting
Q. in Equation 3 as follows:

- o) (L =L
]max - ch(CU CL) (QL — QU) (5)

Figure 6 shows the computed /.« and Q. for every DS of all components with com-
plete 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 (CG), the position of each
marker represents the computed 7., per floor for one of the DSs of a component type.
DSs are identified by the size of the marker. The largest /.« in each DS in each CG is
highlighted with colored markers. Markers with 1,,,, below US$1000 are considered negli-
gible and are not shown. The right side of the figure shows rounded Q. values for each
CG. A range of Q. is specified when a group has different values among its components
and DSs.

Figure 6 demonstrates that 7,,, of some components, such as steel braces, chillers, gen-
erators, 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 I,.x. 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 pro-
posed procedure aims to filter CGs that will not exceed a predefined minimum 7,,,,, thresh-
old. For example, one could argue that the performance assessment of a building with a
replacement cost of US$4M per floor will not be considerably affected by a difference in
repair cost per floor that is guaranteed to be less than US$40,000. Using the data in Figure
6 and the US$40K limit lead to the 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 I, threshold is a function of the desired absolute accu-
racy 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
CGs with [,,,,, 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 struc-
tural response and corresponding damage quantities. The results of this calculation for
every FEMA P-58 component are provided as supplemental material in a tabulated data
file. The peak impact threshold can be defined based on the acceptable absolute error in
repair costs per floor.
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Hot Water Service - D.20.22 2=5
Waste Piping - D.20.31 5
Chilled Water Piping - D.20.51 chiller.

5
Steam Piping - D.20.61 \ 5

Chilled Water Systems - D.30.31 2

Direct Expansion Systems - D.30.32 2

Air Distribution Systems - D.30.41 2

Package Units - D.30.52 2

Energy Monitoring & Control - D.30.67 2
Sprinkler Water Supply - D.40.11 2

High Tension Service & Dist. - D.50.11 generator. 2

Low Tension Service & Dist. - D.50.12 \ 2
Emergency Light & Power Systems - D.50.92 2

0000
Damage State 123 4 5

1000 2 s 10k 2 5 100k 2 5 M

Maximum potential impact of economies of scale per floor [USD]

Figure 6. Maximum potential impact of economies of scale per floor based on the FEMA P-58 repair
cost model for components in various DSs. Marker sizes correspond to DSs; the highest impact in each
row for each DS is highlighted with color. Critical quantities (in FEMA P-58 units) are shown on the right
(the presented data are provided in tabular format for each component and DS as supplemental
material). DS: damage state.

Step 3—critical damage quantity

This third, and final, step compares Q. to the damaged component quantities (Q4) given
the demands (EDPs) each component experiences in a particular seismic performance
assessment scenario. The impact of damage aggregation is negligible if Qg is either close to
zero or greater than Qp = 20, the lower-bound quantity limit introduced in Figure 5
(Q. for each CG is shown in Figure 6). Similarly, for components with a total quantity
across all floors below Qv (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 com-
ponents. For example, Qy = 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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Figure 7. Influence of structural response and component quantity at design earthquake and maximum
considered earthquake level on unit repair cost estimation in the damage calculation (a) (2') and repair
consequence calculation (b) (b’) steps.

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 Qg in each seismic scenario for a particular structural design (Figure 4).

Figure 7 uses an example to illustrate how these inputs affect Q4 and how the calculated
damage quantity is used to evaluate components in this third step. Figure 7(a) and (a’)
show histograms of story drift distributions for one floor of a multistory 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 DS 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 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 3300 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 (Q4) at the DE and MCE levels, respectively.
Figure 7(b) and (b’) shows how these damage quantities compare to the critical quantity
(Q.,) that is 50 panels for this component.
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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 DSs is aggregated in the calcula-
tion. On the contrary, the number of damaged panels at the DE intensity is close to O,
and the choice of damage aggregation has a considerable impact on the repair cost of
these components and the total repair cost of the building. Specifically, the repair cost of
the 36 panels is reduced by US$39,700 if the maximum economies of scale are triggered
through damage aggregation. Note that this is slightly below the potential maximum
Ihax = US$43,000 for this component. Since repair costs at the DE intensity are typically
only a small fraction of the replacement cost, US$39.7K can be a substantial difference
and it suggests that the choice of damage aggregation method would deserve serious con-
sideration for this assessment. Figure 7 also illustrates the importance of the floor area by
showing results for a case with a smaller 1100 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 US$1500 = US$18,000), and oftentimes, there will not be sufficient dam-
age in other floors and DSs to reach the 100-panel Q; 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 Q.. The impact of damage
aggregation in this scenario can be close to the potential maximum of US$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 nonstructural 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 how economies of scale are considered, thereby
influencing design decisions that depend on performance comparisons.

lllustrative example: repair cost estimation of a 9-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 9-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-period and 1-s spec-
tral accelerations of Ss = 1.5 gand S1 = 0.5 g (ASCE/SEI 7-16, 2016), respectively. The
building contains two structural and 18 nonstructural components. Nonstructural compo-
nent quantities were assigned to each floor using the FEMA P-58 normative quantity esti-
mation 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 2 summarizes the component quantities assigned to each floor and the roof of these
buildings. Replacement costs were estimated using US$210 per ft* based on RSMeans
data from 2020 (RSMeans, 2020). As the reference time of costs in FEMA P-58 conse-
quence 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).
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Table 2. Performance model summary for the 9-story buildings in the illustrative example

Component ID  Description Component Quantities Unit
Floors -3 Floors 4-9  Roof
L s? L S L S

B1033.021b Special concentric braced frame 4 2 — — — — EA
with HSS braces, 41
PLF < column weight <99 PLF

B1033.021a Special concentric braced frame — — 4 2 — — EA
with HSS braces, column weight
<40 PLF
B2022.002 Curtain walls 217 109 217 109 — — 30f¢
Cl011.001c Wall partition (gypsum with 22 I 22 I — — 100 ft
metal studs)
C3011.001c Wall partition with wallpaper 2 | 2 | — — 100 ft
C3027.002 Access pedestal flooring 163 82 163 82 —  — 100 ft?
C3032.004b Suspended ceiling 33 17 33 17 — — 250ft
C3034.002 Independent pendant lighting 325 163 325 163 — — EA
D2021.014b Cold or hot potable water | | | | — — 1000 ft
piping
D3041.011c Small HVAC ducting 2 | 2 | — — 1000 ft
D3041.012d Large HVAC ducting | | | | — — 1000 ft
D3041.032d HVAC drops/diffusers 20 10 20 10 — — I0EA
D3041.041b Variable air volume boxes 5 3 5 3 — — I0EA
D4011.023a Fire sprinkler water piping 5 3 5 3 — — 1000 ft
D5012.023e Low voltage switchgear | | | | — — EA
(400 Amp)
D3031.013h Chiller (500 ton) — — — — 2 I EA
D3031.023h Cooling tower (500 ton) — — — — 2 | EA
D3052.013k Air handling unit (30,000 CFM) — — — — 5 3 EA
D5012.013c Motor control center — — — — 8 4 EA
Dlol4.011 Elevator 6 3 — — — — EA

Amp = Ampere; CFM = Cubic feet per minute; EA = Each; HVAC = heating, ventilation, and air conditioning; HSS =
hollow structural section; PLF = pound per linear foot.
3L and S refer to the large building with 21,500 ft? area and the small building with 10,700 ft> floor area, respectively.

The large and small versions of the building were designed to the same structural speci-
fications 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
differences in the damage and loss assessment methodology. Nonlinear time-history analy-
ses were conducted using the set of far-field ground motion records recommended by
FEMA P695 (2009). The median drift and acceleration demands are shown in Figure 8
for all floors at three seismic intensity levels: 50% DE, DE, and MCE according to ASCE
7-16 (ASCE/SEI 7-16, 2016).

Each building is analyzed in one direction, using the four edge cases for damage aggre-
gation introduced earlier to capture the range of possible total repair cost outcomes.
Figure 9 shows the CDF of total repair cost for the two buildings and three intensity lev-
els. Results are in line with expectations: Case 1 (i.e. “All DSs, all floors”) yields the lowest
total repair cost for all buildings and intensity levels, whereas Case 4 (i.e. “Individual DS,
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
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Figure 9. Comparison of total repair costs using four edge cases for two building footprints and
different intensity levels. The range of displayed repair costs is limited to focus on outcomes of repairable
realizations. At the design earthquake and maximum considered earthquake 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.

levels. For example, Cases 1 and 2 (i.e. solid lines in Figure 9, considering damages from
all floors, but either all or only from one DS) for the large building yield median repair
costs that are US$120,000, US$339,000, and US$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.
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Application of the proposed evaluation strategy

For this example, the following paragraphs illustrate how the strategy proposed previously
can help recognize whether there is a substantial impact of damage aggregation, identify
which components are responsible for the majority of differences in repair costs, and esti-
mate the magnitude of the total differences shown in Figure 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 2, the first step checks
if there is an opportunity to aggregate damage for each component across floors or DSs.
This leads to the removal of the chiller, cooling tower, and motor control center compo-
nents because they have one DS and are placed only on the roof.

In the second step, the peak impact of each component is compared with a US$10,000
threshold. This limit is chosen by targeting 0.5% of the approximately US$2 million total
repair cost at the DE level. Considering that there are 9 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 DS is not expected to add up to more than a few percent difference in total
repair costs. Based on Figure 6, the access pedestal flooring, independent pendant lighting,
air distribution systems, and sprinkler water supply CGs have lower I, than the thresh-
old and can be removed from the checklist.

At this point, it is worth obtaining I,,,, for each specific remaining component, rather
than looking only at the peak I, of their CGs. This information is readily available in
the table provided as supplemental information to this article, or it can be calculated from
consequence function data using Equation 2. Components with 7., < US$10,000 in all
DSs 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 CGs with at least one other component
that has a larger /.« as shown in Figure 6.

In the last step of the proposed strategy, the quantity of damaged components (Qy) is
compared with the critical damage quantity (Q.,). Assuming that the median Q4 for each
component on each floor in each DS is not directly available, Figure 10 shows the results
of a proposed simplified calculation. Four demand levels (indicated by markers of differ-
ent colors and symbols) were identified within the range of story drift and acceleration
demands in the building at the DE and MCE intensities (Figure 8). The quantity of com-
ponents 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 con-
trolling demand value, Q4 for each DS can be calculated using the CS fragility functions
(Figure 7). Figure 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 Q. in the investigated seismic scenarios.

Components with a Q4/Q.; = 0 at all four demand levels have high capacity and experi-
ence barely any damage. This consideration allows the removal of suspended ceiling and
low-voltage switchgear from the checklist. Components with a Q4/0. > 2 at all four
demand levels have very low capacity and experience so much damage that it triggers max-
imum cost savings already on a single floor and DS 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



18 Earthquake Spectra 00(0)

A x
Acceleration-sensitive Components [g] 0.3 0.5 0.7 1.0

Drift-sensitive Components [%] 0.5 1.0 1.5 2.0

I Drift-sensitive Components |

DSl @1 A E
HSS braces (41 PLF <w <99 pLF) 2 @ * E
DS3 4@ )
DS4 ik @ '
DSl @ A :
HSS braces (w <40 PLF) . ‘ * E
DS3 41 @ !
DS4 ik @ E
Curtain Walls bt A e E
DS2 A * [ J !

DS1 ( * i A

Wall Partition ps2 A ® E *
ps3 4 * ' o
I Acceleration-sensitive Components

DSl & @ :
Suspended Ceiling ps2 @ '
DS3 @ E
Low Voltage Switchgear Ds1. @ E
Air Handling Unit bst ‘ Y E
DS2 4% @ i
DS1 A9 E
Elevator 252 - *® E
DS3 A »0 !
DS4 A9 E
2

o

w

9,70,

Figure 10. Quantity of damaged components at four demand levels compared with the critical damage
quantity across the components remaining in the checklist for step 3.

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 elevators is substantial (1., = US$130,000 in DS2), even if all elevators are
damaged, only a small fraction of I, will be realized in this example. There are only six
elevators in the building, and the cost 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 is expected to be in DS1 or DS2 (see red star
markers in Figure 10 given Q.. = 2.5). DSI has negligible impact, and the single unit in
DS2 will experience at most US$18,600 cost savings from damage aggregation across DSs.
This is considered negligible compared with the US$2 million total reference point cost
(RPQO).
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Figure 1 1. Total repair costs of all components that the proposed evaluation identified as having only

minimal contribution to the repair cost differences at the: (a) design earthquake (DE) and (b) maximum
considered earthquake (MCE) levels.

The four remaining components (two types of HSS braces, curtain walls, and wall parti-
tions) are expected to have substantially different repair costs depending on the chosen
damage aggregation method, and these components are expected to be the primary contri-
butors to the differences observed in Figure 9. This is confirmed in Figure 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 US$57,000 and US$28,000, which are 2.8% and 1% of the med-
ian total repair costs including all components at the DE and MCE levels, respectively.
The elevator component is the main contributor to this difference.

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 DSs
for the components that remain after the filtering process described above. These addi-
tional cost savings can be estimated through a simple calculation that is summarized in
Tables 3 to 6 for the remaining four components in this 9-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 3). Using the drift profile shown
in Figure 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
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demands, the fragility functions of the component are used to estimate the number of dam-
aged units on each floor following the logic shown in Figure 7.

The results for DSs 2—4 are combined in Table 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 dam-
aged units on each of the six floors yield a maximum aggregate damage of 24 units. The
consequence functions of this component start considering economies of scale at Qy = 5
damaged units and the maximum cost savings are reached at Q; = 20 units of aggregate
damage. If every DS 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 DS. On the contrary, if the damage is aggregated across all floors and
DSs, the 24 units are sufficient to maximize the economies of scale, producing the mini-
mum repair cost for every damaged unit.

The entries under unit repair cost in Table 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 DSs, the unit repair costs for those floors are based on the DS2 conse-
quence function. The values for floors 6-9 are the mean of DSI and DS2 consequence
function parameters because an equal amount of damaged units are in these DSs 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 differ-
ence between the maximum and minimum unit repair costs. These savings express that the
repair cost of each of damaged unit is reduced by US$15,000 to US$16,000 when damages
on other floors of the building are considered. These cost savings add up to US$60,000—
US$64,000 per floor (considering the four damaged braces per floor) and an estimated
US$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.

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 sav-
ings for that component (Table 4). This needs to be considered when the minimum unit
repair cost is calculated based on the consequence function (Figure 5) and it significantly
reduces the potential impact of these components. The US$8K to US$10K savings per unit
add up to only US$122K total savings for these braces.

Curtain walls have identical consequence functions assigned to both of their DSs in
FEMA P-58, which simplifies the calculation and allows to enter only one maximum and
minimum unit repair cost for each row in Table 5. The situation is similar to the smaller
braces: damaged unit quantities on individual floors and DSs are less than or near
Qu = 20, while the aggregate damage across all floors is above QO = 100. Even though
the additional cost savings per unit are relatively small, the large number of damaged units
in the building yields a substantial impact on the total repair cost.

Wall partitions present a case where large differences between the consequences of vari-
ous DSs necessitate separate calculations for unit repair costs in each DS. The only simpli-
fication made in Table 6 is removing DS 1 because the corresponding cost savings are
negligible. There are large numbers of units in DS1 and DS2 below 0.80% and 1.40% drift
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Figure 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 design earthquake (DE) and maximum considered earthquake (MCE) intensity
levels for the large (a) and small (b) building footprint.

demands, respectively, and these numbers are already more than the Qp = 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 DSs and
there are no additional cost savings. On the contrary, since Qy = 1 for this component,
the maximum unit repair cost for DSs 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 dam-
aged units for which additional cost savings can be applied is small.

Figure 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 Tables 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 (US$810K) is
close to the difference in total repair costs when all components are considered in Figure 9
(US$845K). This observation further supports the approximations suggested in the above
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calculations. A similar hand calculation can provide estimates of the impact of aggregating
only across DSs or only across floors. Figure 12(a) illustrates that these impacts might be
substantially smaller than the maximum.

The results for the smaller building are shown in Figure 12(b) to highlight how the con-
tribution 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 build-
ing 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 Q.. This illustrates that it is not trivial to determine
the significance of damage aggregation on the total repair cost in a performance assess-
ment. It is recommended to perform the steps of the proposed evaluation strategy to arrive
at a reliable estimate.

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 aggrega-
tion method is implemented in popular tools so that they can determine whether to adjust
their results. In addition, the developers of consequence models need to provide informa-
tion 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 dif-
ferent tools. Therefore, the authors recommend developers of performance assessment
tools to describe their approach to damage aggregation in the documentation and, if possi-
ble, 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 cur-
rently available.

If the damage aggregation method has substantial impact on the repair cost conse-
quences 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 article and adjusting the median of the total
repair cost CDF accordingly. Alternatively, engineers can use their own judgment 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
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Figure 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.

earlier in this article 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 estima-
tion framework in FEMA P-58 would benefit from fundamental enhancement to model
economies of scale more appropriately. In the following subsections, two recommenda-
tions are made for improved modeling of consequence functions to better estimate econo-
mies of scale. Any enhancement in this part of the methodology should be developed and

calibrated in collaboration with contractors to capture their experience.

Economies of scale across components

One recommendation that could be implemented relatively easily is to recognize that dam-
age 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 braces used in the analyses earlier in this article (B1033.021a
and B1033.021b) have identical DSs, 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 compo-
nent group. Numerous other CGs can be defined similarly within the FEMA P-58 compo-
nent 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 CG should be considered during damage

aggregation.

Figure 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—Ilarge 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 13. On one hand, when all damaged
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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 US$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 DSs, both brace types benefit, with a total reduction in median repair
costs of US$199K due to aggregating across similar components.

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 (CG) approach. The back-
ground 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 compo-
nents 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 aggrega-
tion 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 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 pro-
posed here.

Conclusions

This study focused on the robustness of the high-resolution FEMA P-58 seismic perfor-
mance assessment methodology for modeling economies of scale in repair consequence
simulation. FEMA P-58 is important not only because it is ubiquitous in earthquake engi-
neering 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 DSs when evaluating potential repair cost or time reduction due to economies
of scale. This article 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 vari-
ous 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 cal-
culation to estimate this impact and suggested future extensions to the FEMA P-58 conse-
quence model and its documentation to address the problem.
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Four so-called edge cases were presented to cover the range of possible aggregate dam-
age 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 DS or
aggregate across all DSs. 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 (Zsarndczay et al., 2022) is the only widely available
performance assessment tool that supports multiple damage aggregation methods. To sup-
port 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 assess-
ment. The proposed method was supported by a detailed investigation that demonstrates
the complex relationship between performance assessment input data and the observed dif-
ferences in repair costs. The number of DSs, the quantity of components on each floor, the
consequence function parameters, and the quantity of damaged components were identi-
fied as key drivers of the outcomes. The proposed strategy provides three steps of increas-
ing complexity to test each component in a performance model and evaluate whether 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 sim-
plified calculation was proposed to approximate their impact.

A case study of a 9-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 analy-
sis. The results of the proposed evaluation strategy were verified by performing detailed
simulations with all four edge cases.

This article 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 aggre-
gation method as the correct one. Instead, stakeholders are encouraged to start a discus-
sion 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.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/
or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support for the research, authorship, and/
or publication of this article: The National Science and Engineering Research Council of Canada
was gratefully acknowledged for providing funding to the first author of the article under a
Discovery Grant awarded to the fourth author of the article. The Italian Ministry of Education,



28 Earthquake Spectra 00(0)

University, and Research was also gratefully acknowledged for providing funding to the second
author of the article under the project “Dipartimenti di Eccellenza,” at IUSS Pavia. The material
presented in the article is based upon work conducted by the third author of the article supported by
the National Science Foundation (grant nos 1621843 and 2131111). Any opinions, findings, and con-
clusions or recommendations expressed in this material are those of the authors and do not necessa-
rily reflect the views of the National Science Foundation.

ORCID iD
Lydell Wiebe (=) https://orcid.org/0000-0001-9754-0609

Supplemental material

Supplemental material for this article is available online.

References

ACI 318-19 (2019) Building Code Requirements for Structural Concrete. Farmington Hills, MI:
American Concrete Institute.

ANSI/AISC 341-16 (2016) Seismic Provisions for Structural Steel Buildings. Chicago, IL: American
Institute of Steel Construction.

ASCE/SEI 41-17 (2017) Seismic Evaluation and Retrofit of Existing Buildings. Reston, VA: American
Society of Civil Engineers.

ASCE/SEI 7-16 (2016) Minimum Design Loads and Associated Criteria for Buildings and Other
Structures. Reston, VA: American Society of Civil Engineers.

ATC 138-3 (2021) Seismic Performance Assessment of Buildings Volume 8—Methodology for
Assessment of Functional Recovery Time: Preliminary Report. Redwood City, CA: Applied
Technology Council.

Attary N, Unnikrishnan VU, van de Lindt JW, Cox DT and Barbosa AR (2017) Performance-based
tsunami engineering methodology for risk assessment of structures. Engineering Structures 141:
676-686.

Baker JW, Almeter E, Cook D, Liel AB and Haselton C (2023) A model for partially dependent
component damage fragilities in seismic risk analysis. Earthquake Spectra. Epub ahead of print
31 October. DOI: 10.1177/87552930231205790

Barbato M, Petrini F, Unnikrishnan VU and Ciampoli M (2013) Performance-based hurricane
engineering (PBHE) framework. Structural Safety 45: 24-35.

Ciampoli M, Petrini F and Augusti G (2011) Performance-based wind engineering: Towards a
general procedure. Structural Safety 33(6): 367-378.

Cornell CA and Krawinkler H (2000) Progress and challenges in seismic performance assessment.
PEER Center News 3(2): 1-3.

Deierlein GG, McKenna F, Zsarnoczay A, Kijewski-Correa T, Kareem A, Elhaddad W, Lowes L,
Schoettler MJ and Govindjee S (2020) A cloud-enabled application framework for simulating
regional-scale impacts of natural hazards on the built environment. Frontiers in Built Environment
6: 558706.

EERI (2019) Functional Recovery: A Conceptual Framework with Policy Options. Oakland, CA:
Earthquake Engineering Research Institute.

EN 1998-1:2008 (2008) Eurocode 8: Design of Structures for Earthquake Resistance —Part 1: General
Rules, Seismic Actions and Rules for Buildings. Brussels: European Committee for Standardization
(CEN).

FEMA P-2090/NIST SP-1254 (2021) Recommended Options for Improving The Built Environment for
Post-Earthquake Reoccupancy and Functional Recovery Time. Washington, DC: Federal
Emergency Management Agency and National Institute of Standards and Technology.


https://orcid.org/0000-0001-9754-0609

Banihashemi et al. 29

FEMA P-58-1 (2018) Seismic Performance Assessment of Buildings Volume I—Methodology.
Washington, DC: Applied Technology Council, Federal Emergency Management Agency.

FEMA P-58-2 (2018) Seismic Performance Assessment of Buildings Volume 2—Implementation
Guide. 2nd ed. Washington, DC: Applied Technology Council, Federal Emergency Management
Agency.

FEMA P-58-3 (2018) Seismic Performance Assessment of Buildings, Volume 3 —Supporting
Electronic Materials and Background Documentation: 3.1 Performance Assessment Calculation
Tool (PACT) (Version 3.1.2). Washington, DC: Applied Technology Council, Federal
Emergency Management Agency.

FEMA P695 (2009) Quantification of Building Seismic Performance Factors. Washington, DC:
Applied Technology Council, Federal Emergency Management Agency.

Haselton C and DeBock J (2023) Personal Communication.

Haselton Baker Risk Group (2020) Seismic Performance Prediction Program (SP3). Available at:
https://www.hbrisk.com (accessed 17 January 2023).

Los Angeles Tall Buildings Structural Design Council (LATBSDC) (2020) An Alternative Procedure
for Seismic Analysis and Design of Tall Buildings Located in the Los Angeles Region. Los Angeles,
CA: LATBSDC.

McKevitt WE, Timler PAM and Lo KK (1995) Nonstructural damage from the Northridge
earthquake. Canadian Journal of Civil Engineering 22(2): 428-437.

Miranda E and Aslani H (2003) Probabilistic Response Assessment for Building-Specific Loss
Estimation. Berkeley, CA: Pacific Earthquake Engineering Research Center.

Moehle J and Deierlein GG (2004) A framework methodology for performance-based earthquake
engineering. In: 13th World conference on earthquake engineering, Vancouver, BC, Canada, 1-6
August, Paper No. 679. International Association for Earthquake Engineering.

Molina Hutt C, Vahanvaty T and Kourechpaz P (2022) An analytical framework to assess
earthquake-induced downtime and model recovery of buildings. Earthquake Spectra 38(2):
1283-1320.

RSMeans (2020) Building Construction Cost Data. Norwell, MA: RSMeans Construction Publishers
and Consultants.

Shrestha SR, Orchiston CHR, Elwood KJ, Johnston DM and Becker JS (2021) To cordon or not to
cordon: The inherent complexities of post-earthquake cordoning learned from Christchurch and
Wellington experiences. Bulletin of the New Zealand Society for Earthquake Engineering 54(1):
40-48.

Stevenson JR, Kachali H, Whitman Z, Seville E, Vargo J and Wilson T (2011) Preliminary
observations of the impacts the 22 February Christchurch earthquake had on organisations and
the economy: A report from the field (22 February—22 March 2011). Bulletin of the New Zealand
Society for Earthquake Engineering 44(2): 65-76.

Tall Buildings Initiative (TBI) (2017) Guidelines for Performance-Based Seismic Design of Tall
Buildings (PEER Report 2017/06). Berkeley, CA: TBI.

Terzic V, Villanueva PK, Saldana D and Yoo DY (2021) F-Rec Framework: Novel Framework for
Probabilistic Evaluation of Functional Recovery of Building Systems (PEER Report 2021/06).
Berkeley, CA: Pacific Earthquake Engineering Research Center.

Tremblay R, Fliatrault A, Bruneau M, Nakashima M, Prion HG and DeVall R (1996) Seismic
design of steel buildings: Lessons from the 1995 Hyogo-Ken Nanbu earthquake. Canadian
Journal of Civil Engineering 23(3): 727-756.

Vecchio C, Del Ludovico DM and Prota A (2020) Repair costs of reinforced concrete building
components: From actual data analysis to calibrated consequence functions. Earthquake Spectra
36(1): 353-377.

Zsarnoczay A and Deierlein GG (2020) PELICUN—A computational framework for estimating
damage, loss and community resilience. In: 17th World conference on earthquake engineering,
Sendai, Japan, 13-18 September.

Zsarnoczay A, Kourehpaz P, Vouvakis Manousakis I and Zhong K (2022) NHERI SimCenter/
Pelicun: v3.1, Zenodo. Available at: http://doi.org/10.5281/zenod0.2558557 (accessed 17 January
2023).


https://www.hbrisk.com
http://doi.org/10.5281/zenodo.2558557

