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Abstract
Seismic loss estimation is an essential tool for assessing the performance and
resilience of buildings exposed to seismic hazards. Numerous loss methodologies
with varying fidelities exist, with each comprising different steps and requiring
analysts to adopt certain modeling decisions and assumptions. This study compares
three seismic loss estimation methods, namely FEMA P-58 component-, story loss
function (SLF)-, and HAZUS assembly-based approaches, using a database of 621
steel special moment-resisting frame buildings with diverse designs and geometries.
In addition, a set of sensitivity analyses are performed to evaluate the influence of
key modeling decisions in fragility and loss assessment stages on different loss
methodologies. These decisions include (1) intensity measure-engineering demand
parameter (IM-EDP) formulation to derive fragility functions, (2) EDP proxy for
fragility models within the assembly-based method, (3) characterization of
demolition fragility, and (4) uncertainties in nonstructural component quantities.
The results show that the assembly-based approach estimates lower median loss
for short- to medium-rise buildings but higher estimates for taller ones, with
significantly higher variability in losses for multi-story buildings compared to the
component-based approach. In contrast, the SLF-based method yields slightly higher
median loss for 1-story buildings but consistently lower estimates for multi-story
buildings than the component-based approach. The sensitivity analysis highlights
that the critical modeling decisions vary by the selected method. The assembly-
based approach shows greater sensitivity to the choice of EDP proxy impacting the
dispersion of losses. In contrast, uncertainties in nonstructural component
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quantities predominantly govern both the median and dispersion of losses for the
component-based approach, and the selected IM-EDP formulation has the highest
effect on SLF-based estimates.
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Seismic loss estimation, FEMA P-58 component-based method, HAZUS assembly-
based approach, story loss function, sensitivity analysis
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Introduction

Seismic loss analysis is an essential tool in assessing and improving the performance and
resiliency of buildings against future earthquakes and disaster risk reduction. Nevertheless,
various seismic loss methodologies exist in the literature (Calvi et al., 2006), ranging from
detailed methods, such as the FEMA P-58 (FEMA P-58-1, 2012, FEMA P-58-1, 2018)
component-based approach, to simplified methods, namely the HAZUS (Hazards U.S.)
assembly-based approach (HAZUS-MH 2.1, 2015). In the 1990s, driven by the interest of
insurance industries, FEMA developed the HAZUS seismic loss estimation method pri-
marily for regional assessments. However, the accompanying advanced engineering build-
ing module also allowed building-level assessments (Kircher et al., 1997, 2006). Initially,
HAZUS focused on empirical methods leveraging past earthquake data to generate vul-
nerability functions and damage probability matrices based on the framework by FEMA
(1999) and Whitman et al. (1997). Later, HAZUS’ scope was broadened beyond earth-
quake hazards, including floods (Scawthorn et al., 2006), hurricanes (Kijewski-Correa
et al., 2023), and tsunamis (Frucht et al., 2021), advancing into HAZUS-Multi-Hazard
(HAZUS-MH) (Schneider and Schauer, 2006). In HAZUS-MH 2.1, the structural
response, damage, and repair costs are evaluated using building capacity curves, fragility
functions, and repair cost ratios, respectively, based on the building’s lateral force resisting
system, height, degree of code compliance, and occupancy among other user-defined para-
meters. The structural responses are determined based on the capacity spectrum method
by idealizing the multi-degree-of-freedom as a single-degree-of-freedom system.

Although the HAZUS assembly-based method allows for rapid loss estimation across
large building portfolios, it does not capture the unique characteristics of structural and
nonstructural components of a given building (Ramirez et al., 2012). Therefore, the
FEMA P-58 methodology was developed as a framework for building-specific loss estima-
tion to integrate hazard analysis, structural response, and damage estimation (Baker and
Cornell, 2008; Cornell and Krawinkler, 2000). Nonetheless, it is data- and effort-intensive,
which renders this method unfeasible for rapid assessments of large building portfolios
(Porter et al., 2015) or the early design phases as detailed information for specific compo-
nents was often unavailable (Esteghamati et al., 2023; Esteghamati and Flint, 2021;
Ramirez and Miranda, 2009). To address these shortcomings, the story loss function
(SLF) approach was developed to aggregate losses of all the components in a specific
group of damageable elements (e.g. deformation-sensitive nonstructural components) in a
story for a known value of structural demand. Ramirez and Miranda (2009) pioneered
SLFs to relate engineering demand parameters (EDPs) directly to economic losses (deci-
sion variables, or DVs) at the story level, generally referred to as EDP-DV functions. This
method simplifies the loss estimation process by using predefined loss functions that
describe repair costs for a range of building types and damageable components (O’Reilly,
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2019; O’Reilly and Shahnazaryan, 2024; Papadopoulos et al., 2019; Ramirez, 2009;
Shahnazaryan et al., 2021; Shahnazaryan, and O’Reilly, 2021; Welch et al., 2014).

While various loss assessment methods with different fidelities have been proposed, the
extent of difference in their estimates is not well understood. Limited studies compared
component- and SLF-based methods (Papadopoulos et al., 2019; Shahnazaryan et al.,
2021) and component-based and HAZUS methodology (Cremen and Baker, 2021), where
the scope of such studies has been limited to a few archetype buildings. For example,
Papadopoulos et al. (2019) compared component-based and SLF-based methods using a
single 4-story steel moment-resisting frame building, whereas Shahnazaryan et al. (2021)
compared the two methods using a 3-story reinforced concrete (RC) school building. They
demonstrated that SLF-based methods provide results comparable (slightly higher) to the
more detailed component-based approach, where the difference was about 9%.
Meanwhile, Cremen and Baker (2021) evaluated the FEMA P-58 component-based
approach against the HAZUS methodology for two 7- and 14-story buildings and showed
that the range of mean loss ratio from the FEMA P-58 method is larger than HAZUS
across different lateral systems, buildings’ ages, and occupancies. However, the range of
mean loss ratio estimated by HAZUS for steel moment frames is higher than the FEMA
P-58 method. Nevertheless, since these studies focused on a limited set of archetype build-
ings, questions remain on the generalizability of their results for building portfolio
assessments.

These existing loss methodologies include several analysis steps (e.g. hazard analysis,
damage analysis), where the methodological choices at each step can significantly affect
the estimated loss (Baker and Cornell, 2008; Crowley et al., 2005; Silva et al., 2019; Zaker
Esteghamati, 2022). However, the literature has mostly focused on the impact of hazard
analysis, ground motion (GM) selection, building’s age, occupancy, and lateral system
(Cremen and Baker, 2021; Dyanati et al., 2017; Lamprou et al., 2013; Porter et al., 2002;
Silva et al., 2020), leaving the impact of different decisions on fragility and loss analyses on
seismic loss assessment underexplored. For instance, Porter et al. (2002) evaluated a 7-
story nonductile RC moment frame building and investigated the impact of GM and build-
ing characteristics on repair cost uncertainty. Lamprou et al. (2013) analyzed the effect of
seismic hazard and component-level damage uncertainties on life-cycle repair costs for a 4-
story RC moment frame building. Dyanati et al. (2017) explored the influence of GM
selection on expected annual losses (EALs) for a 6-story braced steel frame building. Silva
et al. (2020) examined the impact of brace-to-frame connection modeling strategies on seis-
mic loss estimates for steel concentrically braced frames. Finally, Cremen and Baker (2021)
conducted a variance-based sensitivity analysis to study how building age, occupancy, and
lateral system affect loss estimates. Overall, the varying scope and the multitude of metho-
dological choices hinder a broader interpretation of results, where such issues exacerbate
decisions that are not typically included in these sensitivity assessments.

This research presents a systematic comparison of FEMA P-58 component-, SLF-, and
HAZUS assembly-based loss assessment methods over a comprehensive building inven-
tory of 621 steel moment-resisting frames (SMRF) with varying designs and geometries.
The main objective of this article is to quantify the extent to which the estimates from dif-
ferent loss methodologies vary and investigate how such differences can be reduced
through modeling assumptions. Therefore, sensitivity analyses are performed to evaluate
the impact of various underexplored decisions at fragility and loss analysis stages on the
estimated loss, providing guidance on improving consistency between estimates from dif-
ferent methodologies. Specifically, this study investigates the effect of the analyst’s choices
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for (1) mathematical formulations of intensity measure-engineering demand parameter
(IM-EDP) relationship, (2) the EDP representation in damage models within the
assembly-based method, (3) nonstructural quantities uncertainties, and (4) demolition loss
modeling. This article is structured as follows: section ‘‘Description of steel building data-
base’’ describes the steel building database used in the study. Section ‘‘Loss assessment
methodology’’ discusses the methodology adopted for component-, SLF-, and assembly-
based seismic loss estimation. Section ‘‘Comparison of seismic loss estimates from assem-
bly-, SLF-, and component-based approaches’’ compares the results from the discussed
loss assessment methods, followed by a detailed sensitivity analysis in section ‘‘Sensitivity
of seismic loss estimates to modeling decisions.’’ Section ‘‘Discussion of results and recom-
mendations’’ compares the relative importance of different analysis decisions considered
across all different methodologies and provides necessary recommendations. Finally, sec-
tion ‘‘Conclusion’’ summarizes the findings of the study and limitations with future work.

Description of steel building database

This study considers a database of 621 steel moment-resisting frame buildings, which pro-
vide seismic designs, nonlinear finite element models, the GM suite, and seismic responses
(Guan et al., 2021). The database includes 1-, 5-, 9-, 14-, and 19-story buildings with a typi-
cal story height of 13 ft and varying first story heights of 13 ft, 19.5 ft, and 26 ft. The typi-
cal floor consists of 5 bays in both longitudinal and transverse directions. Special moment-
resisting frames are located at the building perimeter, with the number of bays varying
between 1, 3, and 5 in each orthogonal direction. The bay widths are 20 ft, 30 ft, and 40 ft,
respectively. The buildings were designed for the high seismic zone in Los Angeles,
California (Site class D), with spectral acceleration values of Ss = 2.25 g and S1 = 0.6 g.

The database also provides two-dimensional nonlinear models of these buildings devel-
oped in OpenSees (McKenna et al., 2000). The material nonlinearity in the beams and col-
umns was captured using a concentrated plasticity approach with plastic hinges assigned
at both ends of the members. These hinges were modeled as zero-length rotational springs
using the modified Ibarra–Medina–Krawinkler (IMK) material model (Ibarra et al., 2005;
Ibarra and Krawinkler, 2005; Lignos and Krawinkler, 2011), which simulates hysteretic
behavior incorporating strength and stiffness deterioration effects. In addition, the cyclic
deterioration effects (basic strength, post-capping strength, and unloading stiffness) are
considered following empirical relationships from past studies (Ibarra and Krawinkler,
2005; Lignos, 2008; Lignos and Krawinkler, 2011). Finally, the shear yielding in the beam-
column joints was modeled using the panel zone formulation developed by Krawinkler
(1978), which captures parallelogram-shaped deformations through a combination of elas-
tic beam-column elements and zero-length rotational springs, including a trilinear rota-
tional spring at one corner to simulate shear distortion.

Geometric nonlinearity was introduced by considering the P-delta effect through a lean-
ing column connected to the frame through truss element. Consequently, this approach
only captures P-D effects and does not explicitly account for the stiffness and strength con-
tributions of the gravity frame (Gupta and Krawinkler, 1999). A damping ratio of 2%
was assigned to the first and third modes of all frames. Nonlinear time history analyses of
the models were conducted using a suite of 240 GMs recorded from 12 past seismic events
in California (Miranda, 2000). The magnitude of GMs ranges between 6.0 and 7.0, and
their peak ground acceleration is between 0.03 g and 0.61 g. The analysis results were
post-processed, and different EDPs, such as peak inter-story drift ratio (PIDR), peak floor
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acceleration (PFA), and residual inter-story drift (RIDR, referred to as residual drift for
brevity), were captured. Further detailed procedures regarding numerical modeling, struc-
tural designs, GMs, and structural responses of the database buildings can be found in
Guan et al. (2021).

Loss assessment methodology

Figure 1 illustrates the overall methodology for loss comparison. The estimated seismic
response, including PIDR, PFA, and RIDR, was collected from the database described in
the previous section (Guan et al., 2021). This response database was then used to perform
fragility and loss analyses, as will be described next. Table 1 summarizes the assumptions
and methodological choices for all the performed loss analyses. Additional information on
the mathematical formulation of different loss assessment methodologies can be found in
Appendix 1.

For all different methods, the final loss estimates are presented in terms of the EAL,
which is defined as the average annual economic loss anticipated due to earthquake-
induced damage. To derive EAL, the conditional expectation of losses given IM is multi-
plied by the seismic hazard curve and numerically integrated over the range of IMs. The
mean annual frequency of exceedance of IM (lIM ) for all the possible IMs at the site of
interest as described by seismic hazard curves is shown in Figure 2. The seismic hazard
curves were obtained using the USGS Unified Hazard Tool (United States Geological
Survey, 2023) for a site in Los Angeles (334.008�N, 118.152�W). Figure 2 shows the seis-
mic hazard curves for spectral acceleration (Sa) at fundamental periods of 0, 0.1, 0.5, 1,
and 2 s. For database buildings with fundamental periods not explicitly shown, the seismic
hazard curves are interpolated using the curves provided in Figure 2.

FEMA P-58 component-based loss assessment

The methodology proposed by Ramirez and Miranda (2012) was used to calculate
component-based seismic losses. The component fragility and cost functions for structural
(IDR-S), nonstructural drift sensitive (IDR-NS), and nonstructural acceleration-sensitive
(PFA-NS) components (i.e. median and dispersion of P DSijjEDPk

� �
and E LijjDSij

� �
in

Equation (A.2) in Appendix 1) were taken from P-58 inventories (FEMA P-58-3, 2018).
The component quantities were calculated using the FEMA P-58 Normative Tool (FEMA
P-58-1, 2018). Table S1 in Supplementary Materials provides the quantity, fragility, and
repair cost functions of the damageable components considered in this study for a sample
5-story case study building. It should be noted that while the fragility parameters of build-
ing components are the same for the entire building database, the components’ quantities
and the median repair cost vary with the building geometry, namely, the number of stories
and bays, bay width, and number of SMRF bays. The median repair cost value depends
on the quantity of components and follows a linear relationship, where the median repair
cost decreases as the quantity increases. Moreover, the total replacement cost for all build-
ings in the database is assumed to be $250 per square foot (Terzic et al., 2012).

The quantity of nonstructural components varies based on the floor area and occu-
pancy type, where the occupancy type was assumed as an office. For IDR-NS compo-
nents, three quantity cases exist in the database, corresponding to floor areas of 10,000 ft2,
22,500 ft2, and 40,000 ft2. Similarly, floor-level PFA-NS components show three quantity
cases based on floor area, whereas fifteen unique quantity cases are present for building-

Baddipalli et al. 5



level PFA-NS components based on the existing number of stories and typical floor areas
in the database. For IDR-S components, the column base plates were assumed to be pres-
ent at the bottom of the SMRF frames, and their quantity was determined based on the
number of SMRF columns. Column splices were considered at every alternate floor level
in all the columns (Hwang et al., 2019; Hwang and Lignos, 2017). In addition, one-sided
or two-sided reduced beam section (RBS) connections were considered depending on the
number of SMRFs for frame connections. Finally, shear tabs were assumed at two ends of
the gravity beams at each floor level, where the quantity of corrugated slab was determined
based on the floor area.

HAZUS assembly-based loss assessment

The assembly-based approach (HAZUS-MH 2.1, 2015, Esteghamati and Farzampour,
2020) aggregates components’ loss in terms of IDR-S, IDR-NS, and PFA-NS assemblies.
Herein, the regression is performed between a representative building-level response (often
taken as maximum EDP over all floors) and IM to characterize P(EDP|IM) distribution.
The fragility and cost functions of IDR-S, IDR-NS, and PFA-NS assemblies (i.e. median
and dispersion of P DSajjEDP

� �
and E LajjDSaj

� �
in Equation (A.3) in Appendix 1) were

taken from HAZUS-MH 2.1 (2015), and their values are shown in Tables S2 and S3 in
Supplementary Materials. In addition, dispersion values of 0.4, 0.5, and 0.6 were consid-
ered for IDR-S, IDR-NS, and PFA-NS assemblies. Finally, P DjNC, IMð Þ, E LT j IM½ �, and
EAL were calculated using a similar procedure described in FEMA P-58 component-based
loss assessment (Appendix 1).

SLF-based loss assessment

SLF represents the aggregated loss of all the damageable components present in a specific
story with respect to the EDP level. Generally, SLFs are developed separately for a group
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Figure 1. Comparison and sensitivity analysis of seismic loss assessment methodologies.
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of specific components present in a story for IDR-S, IDR-NS, and PFA-NS assemblies
based on the detailed inventory of building components (Shahnazaryan et al., 2021). The
same component inventory described in the FEMA P-58 loss assessment section (Table S1
of Supplementary Material) was used to generate SLFs. These components were then
grouped based on their EDP sensitivity to develop SLFs for different assemblies, referred
to as performance groups in the SLF methodology.

In this study, SLFs were developed to address the variations in component distribution
across different building configurations. Figure 3 presents SLFs developed for IDR-S,
IDR-NS, and PFA-NS components. As shown in Figure 3, for IDR-S components, three
SLFs were generated for column base plates corresponding to each SMRF bay in the plan,
and an additional SLF was created for column splices. Meanwhile, nine SLFs were created
for the remaining components—shear tabs, one-sided and two-sided RBSs, and slabs—
considering different combinations of the number of SMRF bays and bay widths of the
building. For IDR-NS and PFA-NS floor-level components, three SLFs were developed
for three different bay widths. Furthermore, fifteen SLFs were developed for PFA-NS
building-level components for fifteen different combinations of story numbers and bay
widths. The SLF combination choices were driven by the necessity of capturing all possible
combinations of SMRF bays and bay widths for each building for given EDPs. Further
details regarding the development of SLFs can be found in Shahnazaryan et al. (2021) and
Papadopoulos et al. (2019).

Comparison of seismic loss estimates from assembly-, SLF-, and
component-based approaches

Figure 4 presents the normalized EAL values estimated by the three loss methodologies for
the entire steel building database. Overall, the assembly-based approach yields lower med-
ian EALs for short- to medium-rise buildings but larger estimates for taller structures.
Conversely, the SLF-based method provides higher EALs for 1-story buildings but lower
estimates for medium- to high-rise structures than the component-based approach. This

Figure 2. Seismic hazard curves for intensity measure at different building periods.
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Figure 3. Story loss functions (SLFs) of steel database buildings for (a) column base plates for three
SMRF bays count (BC), (b) column splices for 36 columns, (c) four remaining IDR-S components for only
a few out of nine combinations of BC and bay widths (BW), (d) four IDR-NS components for three BW,
(e) twelve floor-level PFA-NS components for three BW, and (f) five building-level PFA-NS components
for only a few out of 15 combinations of story count (SC) and BW.

Figure 4. Normalized EAL (in % of replacement cost) of steel database buildings of different considered
loss methodologies for (a) IDR-S, (b) IDR-NS, (c) PFA-NS, and (d) total loss assemblies.
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trend can be attributed to the difference in how each method captures building damage
and the cost functions of corresponding damage states. For example, taller buildings typi-
cally experience higher PFA demands, which lead to higher estimated damage. Since
HAZUS uses significantly higher repair cost ratios (compared to other methods) for higher
damage estimates (Table S3), it provides larger EALs for taller buildings. In contrast,
short- to medium-rise buildings experience lower PFA demands, which fall within lower
damage states, where HAZUS uses more conservative cost ratios, thus resulting in lower
EALs. Since total loss is mostly governed by nonstructural acceleration-sensitive losses,
the same patterns are observed for total loss estimates. For example, the median values of
total EAL obtained from the assembly-based approach are 22% and 58% higher for 14-
and 19-story buildings and 79%, 39%, and 2% lower for 1-, 5, and 9-story buildings com-
pared to the component-based method, respectively. On the other hand, the median EAL
values from the SLF-based approach are 0.44% higher for 1-story buildings and 17%,
25%, 22%, and 22% lower for 5-, 9-, 14-, and 19-story buildings compared to the
component-based approach, respectively. This difference is due to that the SLF-based
method involves sampling of both damage states and repair costs to derive loss for a given
EDP value. In contrast, the applied component-based method ignores the uncertainty in
repair costs, leading to higher loss estimates. The difference between SLF- and component-
based losses for shorter buildings of this study is similar in magnitude (about 1% differ-
ence) to the previous study by Shahnazaryan et al. (2021), albeit they found the former
method to provide higher losses. This discrepancy could be attributed due to differences in
the building inventory, structural systems, designs, and geometries between the two
studies.

Comparing the dispersion in the total EAL estimates, the assembly-based method exhi-
bits significantly higher variability than component-based as building height increases.
Over the entire database, the dispersion of the total EAL computed by the assembly-based
method is 3 times larger than the component-based method, respectively. This is primarily
due to larger uncertainty in capturing structural response distribution using a single proxy
(maximum EDP over the entire building) in the assembly-based method. As shown in
Figure 5, there is a larger variability for maximum PFA response particularly for taller
buildings, as compared to maximum floor-level PFA (used in component- and SLF-based
approaches). In addition, HAZUS fragility functions have higher variability (especially for
moderate to complete damage states in Table S2) and, when convoluted with more spread
EDP distributions, amplify the variability in computed losses.

Comparing loss methods across different assemblies, PFA-NS losses follow a similar
trend to the total loss. For IDR-NS losses, the assembly-based approach consistently

Figure 5. Probability density function of PFA at the kth floor (i.e. EDPk) and maximum PFA given IM for
a sample for (a) IM = 0.5 g and (b) IM = 1 g for a sample 5-story building, (c) IM = 1.5 g and (d)
IM = 2 g for a sample 9-story building.
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estimates significantly higher EAL median values for all the database buildings. This
observation stems from the higher repair cost ratios assigned in HAZUS, relative to other
methods, for extensive to complete damage states (Table S3), which are triggered by the
building’s maximum PIDR response. On the contrary, the difference between median
losses from SLF- and component-based methods remains similar, with a maximum differ-
ence of 20% for multi-story buildings. Finally, for the IDR-NS losses, both the assembly-
and SLF-based methods provide significantly lower median values of EAL across entire
building heights than the component-based method. The difference between median struc-
tural loss from component- and assembly-based ranges from 23% to 92%, where this
range changes to 61%–80% when comparing SLF- and component-based methods. This
is because, collectively, repair cost ratios for structural components from FEMA P-58
(Table S3 in Supplementary Material) are higher compared to the aggregated values used
in HAZUS (Table S3 in Supplementary Material). As a result, structural losses derived
from the component-based method are consistently higher than those from SLF and
HAZUS across all building heights.

Sensitivity of seismic loss estimates to modeling decisions

Several modeling decisions related to fragility and loss assessment were studied in the sensi-
tivity analysis (Figure 1). These decisions were selected as they are often left to the analyst’s
judgment, and since no proper guidance exists in the literature, this subjectivity can result
in inconsistencies, even when structural responses and hazard data are derived consistently.
As shown in Figure 1, the sensitivity analysis for fragility-related decisions includes (1) the
effect of different methods of constructing IM-EDP mathematical relationships, namely
linear and bilinear models across all loss methods; (2) the impact of EDP representation
through a single statistic (e.g. maximum, mean, weighted average of different EDP statis-
tics) in the assembly-based approach. Similarly, two modeling choices were investigated
for the loss analysis stage: (1) the impact of residual drift threshold on demolition loss and
(2) the impact of uncertainty in nonstructural quantities. For each sensitivity assessment,
loss analyses are repeated by varying the parameter of interest and maintaining all other
assumptions consistent with the previous section.

Impact of IM-EDP relationship on loss models

Previous research (Freddi et al., 2017, O’Reilly & Monteiro, 2019; Tubaldi et al., 2016)
has highlighted the importance of bilinear EDP-IM models in accurately capturing struc-
tural behavior, such as yielding, cracking, nonductile mechanisms, and other inelastic phe-
nomena, particularly for PFA response. Therefore, this sensitivity assessment evaluates
how the IM-EDP model to capture different regions of structures behavior (e.g. through a
bilinear model) influences the loss estimates compared to the conventional linear IM-EDP
models. Figure 6 compares the total normalized EAL estimated using two different IM-
EDP mathematical models, namely, linear and bilinear models. Table S4 of
Supplementary Materials also presents the median and dispersion of normalized EAL
using three loss methodologies across various assemblies for linear and bilinear IM-EDP
relationships. Here, linear models followed the conventional approach of fitting a linear
regression in the logarithmic space, whereas the bilinear model was fitted to IM-EDP data
by dividing the data into two linear segments at a ‘‘breakpoint,’’ where linear regressions
were performed separately for each segment. An iterative algorithm was developed to
identify the location of the breakpoint to minimize the sum of squared residuals for each
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segment. The algorithm would then adjust the line segments to ensure the continuity of
the fitted model. Figure 7a to d shows sample bilinear and linear models used for a 14-
story building across different loss methodologies. In addition, Figure 6c and f presents
the fragility curves for the same building for a complete damage state threshold. As shown
in Figure 7a to d, the bilinear model can more accurately capture the changes in response
at high IM values compared to a linear model.

As shown in Figure 6a, the difference between bilinear and linear IM-EDP models is
negligible for the assembly-based approach, where the bilinear model provides 5% lower
median loss than a linear model. In addition, Figure 6b demonstrates that this trend
remains the same among all building heights. This is mainly due to the linear model over-
predicting the maximum building-level EDP response at higher IM values compared to
the bilinear relationship, resulting predicting higher damage states, and subsequently
losses. On the contrary, the bilinear IM-EDP model increases the median value of total
loss estimates by 5% and 11% compared to the linear model in component- and SLF-
based, respectively (Figure 6d). The linear relationship underpredicts the maximum floor-
level EDP response compared to the bilinear relationship, particularly for top stories,
resulting in a lower damage estimation, and seismic losses. As Figure 6e shows, this trend
remains the same among all building heights, except for 1-story buildings, where the
bilinear model provides lower loss for the SLF-based method, similar to assembly-based
approach. Furthermore, unlike component- and SLF-based approaches, the bilinear
model exhibits a lower probability of exceeding higher damage states than a linear model
for a given IM level (Figure 6f and c). It should be noted that the observed trends are also

Figure 6. Normalized total EAL (in % of replacement cost) of steel buildings for linear and bilinear IM-
EDP relationships across three methodologies and number of stories. Subplots (a) and (d) compare EAL
distributions for assembly-, component-, and SLF-based methods, respectively, while (b) and (e) show
EAL distributions across various buildings with different number of stories, (c) and (f) present the
probability of exceeding complete damage state given Sa(T1), contrasting linear and bilinear relationships.
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influenced by the moderate level of nonlinearity exhibited by the analyzed SMRF build-
ings under the considered GM suite. It is expected that under more strong GM records,
the difference between bilinear and linear IM-EDP models increases.

The effect of using different EDP statistics in the assembly-based approach

As discussed in the previous section, the HAZUS assembly-based approach exhibits signif-
icant variability in the estimated loss, possibly leading to an inconsistent portfolio assess-
ment. The high variability in the assembly-based method is partially due to using a single
building-level EDP statistic (i.e. maximum EDP over the entire building). Therefore, this
sensitivity assessment evaluates alternative EDP statistic that can be better correlated to
floor-level response distribution, hence improving the assembly-based estimates.

Several candidate EDP statistics were examined, including mean, 75th percentile, 90th
percentile, weighted average of mean and maximum (WAMean�Max), weighted average of
minimum and maximum (WAMin�Max), and weighted average of different EDP percentiles.
For weighted average metrics, a weight factor, denoted as a, was introduced to control the
contribution of the different EDP statistic in the weighted average formulation. Here, the
weights of the weighted average-based metrics were computed through an optimization
algorithm to minimize the difference between loss values of assembly- and component-
based methods for each building. Since such information does not exist a priori, the calcu-
lated a was regressed with respect to an available simple proxy, that is, the buildings’ fun-
damental period (T1). Figure 8b shows the regression for WA25�75, which can provide a
basis to estimate a for WA25�75 for other steel moment frame buildings outside of the stud-
ied buildings. It should be noted that the estimated a in Figure 8b (and not the exact a)
was used in this study. Similar equations were developed for other weighted average-based
metrics. Finally, all different calculated EDP statistics were then incorporated into estimat-
ing fragility functions, and subsequently loss values, of the assembly-based approach.
Table S5 of Supplementary Materials presents the normalized EAL for all the EDP
statistics.

Figure 8a shows the normalized total EAL of the assembly-based approach calculated
using various EDP statistics and their comparison to component- and SLF-based methods.
First, the median of the total loss estimates of assembly-based approach using maximum
EDP statistic is similar to the component-based method, whereas the dispersion is signifi-
cantly higher. In contrast, using mean EDP reduces the dispersion of the loss estimates

Figure 7. Log-log relationship between (a) PIDRmax , (b) PIDR, (c) PFAmax , and (d) PFA with respect to
Sa(T1) highlighting the linear and bilinear fitting models.
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compared to maximum EDP. However, it also substantially increases the difference
between the median loss estimates between assembly- and component-based approaches.
Second, comparing different weighted average-based statistics, WAMean�Max slightly reduced
the dispersion compared to maximum EDP, while the dispersion is still significantly larger
than the component-based method. On the other hand, WA25�75 was found to significantly
reduce the variability in loss estimate compared to all the other studied EDP statistics while
maintaining median loss estimates close to component-based approach. Furthermore, as
shown in Figure 8c, the WA25�75 yields better median and dispersion of loss estimates
across all the building heights compared to conventional maximum EDP response. In sum-
mary, WA25�75 was found to be a better EDP statistic than the conventional maximum
EDP for the studied database, as it reduces estimate dispersion and produces more consis-
tent loss estimates over large building portfolios.

Impact of residual drift on demolition loss

Residual drifts significantly influence seismic loss estimates and often result in the underes-
timation of these losses if the probability of demolition given RIDR (i.e. G DjRIDRð Þ) is
overlooked (Ramirez and Miranda, 2012). Current loss methodologies define G DjRIDRð Þ
using residual drift thresholds characterized based on past empirical data and state of
practice (Ramirez and Miranda, 2012). However, limited empirical data exist to support
such characterizations over different building systems, resulting in various proposed
RIDR thresholds for this distribution. For example, Ramirez and Miranda (2012) used a
lognormal distribution of RIDR, assuming a median of 1.5% and a dispersion of 0.3,
whereas Iwata et al. (2006) suggested a limit of 1.4% median RIDR for steel buildings.
Others have considered thresholds ranging from 0.2% to 2% (FEMA P-58, 2012; Erochko
et al., 2011; McCormick et al., 2008). Irrespective of the suggested thresholds, the extent
that total loss estimates may vary based on different parametrizations of G DjRIDRð Þ is
unclear. Therefore, the influence of residual drift thresholds and uncertainty on the demo-
lition and total loss of the studied steel buildings is evaluated in this section. First, to inves-
tigate the sensitivity of loss estimates to the median of G DjRIDRð Þ, loss assessments were
conducted using median values of 0.5%, 1.0%, 1.5%, 2.0%, 2.5%, 3.0%, 5.0%, and at a
constant dispersion of 0.30. Next, to explore the sensitivity of loss estimates to the

Figure 8. Normalized total EAL (in % of replacement cost) of steel database buildings using different
EDP statistics within the assembly-based approach. (a) Comparison of normalized EAL for various EDP
statistics (including maximum, mean, weighted average, WAMean�Max and WA25�75) with component- and
SLF-based methods. (b) Linear regression of the logarithm of optimized weight factor (ln(a)) against the
fundamental period (ln(T1)). (c) Variation of normalized EAL across buildings with different number of
stories, highlighting differences between maximum, component-based, and weighted average (WA25�75).
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dispersion of G DjRIDRð Þ, loss estimations were performed with varying dispersion values
of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8 at the fixed median value of 1.5%.

Figure 9 shows the normalized demolition and total EAL of the studied steel buildings with
respect to considered ranges of the median and dispersion values. A two-dimensional sensitivity
study was also conducted to explore the combined influence of both the median and dispersion
of G DjRIDRð Þ. The resulting heatmap (Figure 9a) shows the average normalized demolish EAL
for an entire steel buildings database. Figure 9b shows normalized and average normalized EAL
with varying median values at a 0.3 dispersion, and Figure 9c shows varying dispersion values at
a fixed 1.5%median.

As shown in Figure 9b, the total EAL reduces as the median values of G DjRIDRð Þ
increases, where the demolition loss contribution significantly decreases and becomes neg-
ligible for median residual drift values of greater than 1.5%–2%. These results are similar
to previous findings of Ramirez and Miranda (2012) for RC moment frames, albeit the
demolition loss contributions are significantly lower for the studied steel moment frames.
In contrast, Figure 9c shows no significant effect of residual drift dispersion on total EAL,
implying that total loss estimates are more sensitive to the median compared to the disper-
sion of G DjRIDRð Þ. Moreover, the contribution of demolition loss increases for dispersion
values above 0.3, conforming to the observations by Ramirez and Miranda (2012). Figure
9a illustrates dispersion significantly affects demolition losses only when the RIDIR
threshold is less than 1.5%, whereas demolition losses become negligible for all dispersion
values when the thresholds exceed 1.5%.

Impact of uncertainty in nonstructural quantities

A common modeling decision in loss estimation is to use median component quantities,
typically derived from past construction data, using the FEMA P-58 Normative Tool.
However, past studies have shown that variations in nonstructural component quantities
notably affect repair cost estimates, where buildings with a larger number of these compo-
nents (categorized as higher luxury levels) have higher repair costs (Papadopoulos et al.,
2019). Therefore, this section investigates how uncertainty in nonstructural component

Figure 9. Normalized EAL (in % of replacement cost) to variations in the median and dispersion of
residual drift distribution. (a) The heatmap illustrates the variation in average demolition EAL (for entire
database steel buildings) across the full parameter space. Subfigures show normalized and average
normalized EAL with (b) varying median values at a 0.3 dispersion and (c) varying dispersion values at a
fixed 1.5% median.
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quantity affects loss estimates. The 10th, 50th, and 90th percentiles were calculated using
the data from the normative tool of FEMA P-58, assuming a lognormal assumption.

Figure 10 illustrates the total normalized EAL for considered percentiles for the entire
database of steel buildings. Overall, the median loss estimates increase as the nonstructural
quantity percentile increases, where using nonstructural quantities corresponding to the
10th percentile resulted in 19% and 16% lower median and dispersion for the total esti-
mated loss. In contrast, adopting a 90th percentile yielded about a 30% increase in both
the median and dispersion of the total loss estimate. Furthermore, the impact of nonstruc-
tural quantity on median loss was consistent across different building heights. For
instance, the difference in median losses between 10th and 50th percentiles, and 50th and
90th percentiles are around 18% to 20% and 26% to 30%, respectively. On the other
hand, the effect of nonstructural quantity on dispersion was more pronounced for taller
frames at the 90th percentile and for shorter frames at the 10th percentile. For example,
using the 90th percentile instead of the 50th percentile for nonstructural component quan-
tities resulted in 51% and 44% increase in 14- and 19-story buildings loss estimates,
whereas by reducing the median to the 10th percentile, the dispersion of total loss for 1-
story was decreased by 22%.

Discussion of results and recommendations

The presented comparative analysis and corresponding sensitivity aim to answer two
research questions: (1) how do the estimates from different loss methodologies change over
different building taxonomies? and (2) Which modeling decision affects these differences
more? To answer the first question, Figure 5 can be further scrutinized. Overall, SLF- and
component-based results are mostly similar over all loss types, except for structural loss.
In contrast, assembly-based and component-based results are mostly different, except for
1-story buildings, and when comparing structural loss. Despite the notable difference
between the assembly-based approach and other methods in loss estimates for buildings
with varying heights, from a portfolio-level assessment perspective, these methods provide
similar mean loss estimates. For example, the assembly-based approach only has 0.8%
lower values than component-based methods when considering the entire building

Figure 10. Normalized total EAL (in % of replacement cost) of steel database buildings considering
10th, 50th, and 90th percentile nonstructural quantities in FEMA P-58 component-based approach for
(a) entire database (b) variation across buildings with different number of stories.
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database. This observation is to the distribution of building topologies (i.e. the larger
number of short- and medium-rise buildings in the studied database). In contrast, the
SLF-based approach provides the lowest estimate of total EAL over the entire database,
showing 20% lower median estimates than the component-based approach. In summary,
using the assembly-based approach is recommended when analyzing short and medium-
rise buildings, or when the inventory consists of only a few tall buildings. The analysts
should be aware that those estimates, even for shorter buildings, have high variability,
which could propagate more errors into the assessment.

To answer the second question, Figure 11 compares the relative impact of considered
analysis decisions on seismic loss estimates across different methodologies, aiming to deter-
mine which modeling choices have the highest impact. In the assembly-based method,
EDP statistics have the largest impact on total EAL among considered decisions. While
the maximum EDP and WA25�75 statistic yields similar median EAL, WA25�75 reduces the
dispersion by 49% compared to the conventional maximum EDP. In addition, the IM-
EDP relationship has a moderate effect, with the bilinear model slightly reducing the med-
ian EAL by 5% with similar dispersion EAL. Overall, to reduce the difference between
assembly-based and component-based approaches, the analysis should focus on at least
performing loss assessment with EDP statistics that better capture EDP variations over
floors than a conservatively high value of maximum. For the studied building, using the
weighted average of EDP percentiles (than the conventional maximum value) reduced the
difference between the total losses from assembly- and component-based approaches.

For the component-based method, the choice of nonstructural quantity is the most
important factor that affects the loss estimates among the considered decisions. Increasing
the nonstructural quantity from 10th to the 90th percentile causes a 62% increase in the
median EAL and a 55% rise in dispersion, demonstrating that higher nonstructural quan-
tities contribute to both greater loss estimates and variability. The IM-EDP relationship

Figure 11. Comparison of various sensitivity parameters for assembly-, component-, and SLF-based
methods with respect to normalized total EAL (in % of replacement cost) of steel database buildings.
Shaded areas show the space where sensitivity did not apply to the considered methodology.
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has a moderate impact, with the bilinear model slightly increasing the median EAL by 5%
while reducing the dispersion by 8%. Therefore, to improve the accuracy of estimates, it is
recommended that a detailed inventory of nonstructural would be used, as using crude
central measure-based data result in significantly different estimates. Current efforts in
developing databases of nonstructural components could aid with constructing such inven-
tories for loss assessment of typical constructions (Cook, 2025).

In the SLF-based method, the IM-EDP relationship formulation has the highest impact,
where a bilinear formulation significantly affects both the magnitude and variability of loss
estimates. Finally, dispersion RIDR has no significant impact on both the median and dis-
persion of EAL. Therefore, to improve the accuracy of SLF estimates, it is recommended
that the underlying SLFs are derived using more refined IM-EDP formulations, possibly
through methods that can better capture the nonlinearity.

Finally, across all methods, the residual drift thresholds primarily affect the median
EAL, with higher RIDR thresholds reducing median EAL, while RIDR dispersion does
not notably affect the total loss estimates. In the assembly-based approach, the median
EAL decreases by 14% as the RIDR thresholds increase from 0.5% to 1.5%, whereas this
reduction changes to 11% and 13% in component- and SLF-based methods. Therefore,
following a conservative approach, lower RIDR thresholds may be used to avoid under-
predicting medial total losses.

Conclusion

Summary

This study presented a comprehensive comparison of seismic loss estimation methodolo-
gies with varying fidelity, namely, HAZUS assembly-based, FEMA P-58 component-
based, and SLF-based approaches over a database of 621 SMRF buildings. The SMRF
building covers a wide range of building topologies and designs, ranging from 1-story to
19-story buildings. In addition, this study investigated the sensitivity of seismic loss esti-
mates to four different analysis decisions at the fragility and loss assessment stages that are
often left to the analyst’s judgment. Specifically, the impact of different mathematical for-
mulations for IM-EDP relationships (i.e. linear and bilinear models), EDP representation
in damage models in the assembly-based approach, residual drift (RIDR) distribution, and
uncertainty in the nonstructural quantities. The following conclusions summarize the main
findings of this study regarding the comparison of different methodologies:

1. Among different methods, the assembly-based approach provides lower median
total loss estimates for short- to medium-rise buildings, and higher estimates for
taller buildings compared to the component-based method, respectively.

2. The total loss estimates from the assembly-based approach show significantly
higher variability than the component-based method for multi-story buildings (i.e.
3 times higher over the entire inventory).

3. The SLF-based method provides slightly higher median total loss estimates (i.e.
0.4%) for 1-story buildings and consistently lower estimates (i.e. on average, 16%)
for multi-story buildings than the component-based method.

The main findings of sensitivity assessments are summarized as follows:
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1. Using a bilinear IM-EDP model in the assembly-based approach reduces the med-
ian total loss estimates by 5% compared to a linear model. In contrast, the bilinear
model increases median estimates by 5% and 11% in the component- and SLF-
based methods, respectively.

2. Incorporating the weighted average of 25th and 75th percentile EDPs (as opposed
to the conventional maximum value) in the assembly-based approach substantially
reduces the variability of total loss estimates while maintaining median losses com-
parable to the component-based method.

3. The contribution of demolition loss significantly decreases for RIDR threshold val-
ues greater than 1.5%–2% and increases when the dispersion of RIDR values is
more than 30%, conforming to observations by Ramirez and Miranda (2012) for
concrete frame buildings. In addition, the dispersion significantly affects demoli-
tion losses only when the median is below 1.5%, whereas demolition losses become
negligible regardless of dispersion when the median exceeds 1.5%.

4. Across all loss methods, sensitivity to median RIDR primarily affects median loss
estimates with minimal impact on the dispersion of loss estimates, while the disper-
sion of RIDR does not have a significant impact on the loss estimates in the ana-
lyzed scenarios.

5. The impact of nonstructural quantity on median loss estimates is consistent across
all buildings’ heights. Nevertheless, the effect on dispersion loss estimates is mostly
notable in taller buildings (14- and 19-story) at 90th percentile quantity and in
shorter buildings (1-story) at 10th percentile quantity values.

6. Comparing the relative importance of different analysis decisions shows that the
most critical choice varies by methodology. Among the considered factors, the
choice of EDP statistics is the most influential factor affecting the dispersion of loss
estimates for the assembly-based approach, whereas nonstructural component
quantity estimates govern both the median and dispersion of loss estimates in the
component-based method. The formulation of the IM-EDP relationship was found
to have the highest impact for the SLF-based method and second most important
in assembly- and component-based methods.

Limitations and future work

The results of this study are constrained to a steel SMRF planar frame database. Future
work is needed to extend the scope of such benchmarking studies to a more diverse set of
buildings, including various lateral systems (e.g. steel, RC, and masonry frames), different
soil conditions, and geographic locations with different seismic hazards. In addition, this
study focused on decisions beyond hazard and GM/IM selection, and hence followed the
practice of using an unscaled suite of GMs for inventory-level assessment. However, to
ensure hazard-consistency and a broader range of nonlinear behavior, each GM should be
scaled to the target spectra based on the site’s hazard. Future studies are needed to study
the effect of scaling GMs on the estimates from different loss methods.

Further research is also needed to determine appropriate statistical parameters for the
demolition distribution of steel buildings. This can be achieved by collecting post-
earthquake data for steel buildings to develop accurate demolition probability models. In
addition, the computation of residual drifts in this study does not account for the sensitiv-
ity of predictions to hysteretic behavior, degradation models, P-Delta effects, and free
vibration response. These modeling aspects significantly influence residual drift predic-
tions and should be considered in future studies.
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Due to the unavailability of construction data, this study ignored the effect of market
conditions, location, and labor rates that could affect cost data. For example, the conse-
quence functions reported in the FEMA P-58 component-based method were specific to
Northern California in 2011. In addition, the normative tool of FEMA P-58 does not pro-
vide nonstructural components related to building content (e.g. workstations, printers,
desks, and cabinets), which contribute to nonstructural losses in office occupancy. Future
studies should include region-specific cost data and consider the variability in repair and
replacement costs to enhance the accuracy of loss estimates.
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Appendix 1

Loss analsis formulations

FEMA P-58 component-based approach: In this approach, the expected total seismic losses
are disaggregated into three possible scenarios: (1) the building does not collapse (NC),
but structural and nonstructural components need repair (R), NC \R; (2) the building
does not collapse, but due to excessive residual deformations, it needs to be demolished
(D) and rebuilt, NC \D; and (3) building collapses (C) and must be rebuilt. Since these
scenarios are mutually exclusive and collectively exhaustive, the expected total losses con-
ditioned on intensity measure (IM) are computed using the total probability theorem as
follows:

E LT j IM½ �= E LT jNC \R, IM½ � � 1� P DjNC, IMð Þf g � 1� P CjIMð Þf g
+ E LT jNC \D, IM½ � � P DjNC, IMð Þ � 1� P CjIMð Þf g + E LT jC, IM½ � � P CjIMð Þ

ðA:1Þ

where E LT j IM½ � is the expected total loss (LT ) conditioned on a given value of IM. The
expected demolition loss, E LT jNC \D, IM½ �, is assumed equal to the total replacement cost
plus the cost due to building demolition, which is considered to be 10% of the total
replacement cost (Hwang and Lignos, 2017). P DjNC, IMð Þ is the probability of a building
not collapsing but requiring demolition for a given IM. P CjIMð Þ denotes the probability
of the building collapsing for a given IM. No collapse records observed in the database
buildings, thus, collapse cases are not included in the study. Here, the expected non-
collapse loss, E LT jNC \R, IM½ �, is evaluated using the following equation:

E LT jNC \R, IM½ �=
Xs

k = 1

Xm

i = 1

Xn

j = 1

Z‘

0

E LijjDSij

� �
P DSijjEDPk

� �
f EDPk jIMð ÞdEDPk ðA:2Þ

where m is the number of components considered in the story, n is the number of damage
states for each component, and s is the number of stories. f EDPk jIMð Þ represents the prob-
ability density function of EDP at the kth floor (i.e. EDPk) given IM, which is assumed to

Baddipalli et al. 23

https://earthquake.usgs.gov/hazards/interactive
https://earthquake.usgs.gov/hazards/interactive


follow a lognormal distribution. The median and dispersion of f EDPk jIMð Þ distribution
are obtained by performing a regression on the cloud of the logarithmic values of EDPk

against the corresponding IM values (Jalayer and Cornell, 2009; Gentile and Galasso,
2021). Each IM and its associated EDP are treated individually for integration in Equation
(A.2). To ensure a comprehensive loss assessment across varying seismic intensities, a con-
tinuous range of IM values (0 to 2 g in 0.01 g increments) was input into the regression
model to predict the corresponding EDPk distributions (median and dispersion). For each
IM value, the corresponding EDP distributions were utilized to compute losses individu-
ally at the component level by applying fragility and consequence functions through
Equation (A.2). The computed component-level losses were aggregated at the story level
and subsequently summed across all floors to obtain the total building-level seismic loss
for each IM value within the considered range.

In Equation (A.2), E LijjDSij

� �
is the median repair cost of ith component at the jth dam-

age state. P DSijjEDPk

� �
characterizes the probability of ith component being at the jth

damage state given EDPk and computed following a lognormal cumulative distribution
function. The median and dispersion EDP demand of ith component corresponding to a
jth damage state of P DSijjEDPk

� �
distribution are determined using fragility functions P-

58. Moreover, in Equation (A.1), the probability of a building being demolished at a given
IM, P DjNC, IMð Þ is computed following Ramirez and Miranda (2012). The lognormal
probability distribution, G DjRIDRð Þ, of building demolition conditioned on maximum
RIDR among all the stories is calculated by assuming 1.5% median and 0.3 dispersion of
G DjRIDRð Þ. It’s worth highlighting that P DjNC, IMð Þ and expected demolition loss is cal-
culated using a similar approach in assembly- and SLF-based methods as well.

HAZUS assembly-based approach: The median and standard deviation of the prediction
is obtained to characterize f EDPjIMð Þ. Here, Equation (A.2) is adjusted as follows:

E LT jNC \R, IM½ �=
Xa

i = 1

Xn

j = 1

Z‘

0

E LajjDSaj

� �
P DSajjEDP
� �

f EDPjIMð ÞdEDP ðA:3Þ

where a and n are the number of assemblies considered in the building and the number of

damage states of each assembly, respectively, and E LajjDSaj

� �
shows the expected repair

cost of ath assembly at the jth damage state. P DSajjEDP
� �

is the probability of ith assemby

being at the jth damage state given EDP and follows a lognormal cumulative distribution
function.

Story loss functions (SLFs): Using the SLFs developed for each assembly, the seismic
loss estimation is carried out as follows:

l DVð Þ=

Z

IM

Z

EDP

G DV jEDPð Þ dG EDPjIMð Þdl(IM) ðA:4Þ

where G DV jEDPð Þ represents the developed SLFs and DV is decision variable (direct
repair cost loss).

24 Earthquake Spectra 00(0)


