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Variations in the engineering demand parameter (EDP) of a region
significantly affect the fragility curve, which is believed to impact the
estimation of earthquake losses; hence, there is a need to adjust for
different regional characteristics. In earthquake-prone regions that
already have empirical EDP databases, fragility curve development
generally uses this information. Regions without EDP databases
require additional effort to start their development or adopt existing
methods as a short-term solution. Some studies show that direct
adoption is oblivious to the consequences of the resulting estimation
deviations. This study investigates the effect of EDP variations derived
from an analytical method—incremental dynamic analysis (IDA)—
and two empirical methods—HAZUS and RISK-EU—on seismic loss
estimation in typical school buildings in Bandung City, Indonesia.
Three school buildings are used as case studies, with existing
structural data collected through non-destructive testing on each
building used for the analytical method. The observed earthquake
losses are estimated in a single hazard scenario at eight return periods
and in the form of annualized earthquake losses (AEL). The results of
this study illustrate that the EDP variation has a significant impact on
loss estimation based on the relative difference determined with the
analytical method. The sensitivity analysis results indicate that the
HAZUS method has a relative deviation of 2.61%-74.62% in the
single hazard scenario and 19.66%-71.90% in the AEL, and the RISK-
EU method shows a relative deviation of 3.48%-672.03% in the single
hazard scenario and 53.44%-222.82% in the AEL. Simultaneously, the
absolute deviation in the single hazard scenario shows that the HAZUS
method has a deviation of <12%BRC (building replacement cost) and
the RISK-EU method <15%BRC. The absolute deviation value can be
utilized as a reference when considering directly adopting empirical
methods in developing countries that do not have an EDP database.
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1. Introduction

Various methods have been developed to estimate earthquake losses in buildings, with one of the
most prevalently used based on fragility curves. This method attempts to model various
uncertainties in estimating losses into a probabilistic framework [1]. The most widely used
analytical method for constructing earthquake fragility curves is incremental dynamic analysis
(IDA). The approach employs a series of complex processes that require certain levels of expertise
and resources (time and cost), particularly for investigating existing structures [2,3]. With its
rigorous methods, IDA can provide reasonably accurate damage probabilities based on detailed
building data [4]. However, alternative approaches to the rigorous IDA method exist, such as the
Hazards-United States (HAZUS) and RISK-EU WP4 methods, which develop fragility curve
models using empirical methods. This helps reduce the complexity of fragility curve modeling.
Each method requires a minimum amount of data (location, structure type, and floor height) in its
input process [5,6].

The HAZUS method was developed by the Federal Emergency Management Agency in 1992 to
provide loss estimations following possible earthquakes. The RISK-EU WP4 method was devised
by the European Commission in 2003. Both methods use simplified processes to generate capacity
and fragility curves by providing engineering demand parameters (EDPs) grouped by structure type
and number of floors [7]. The EDPs are organized by building type in each region [8,9].

The fragility curve output in the form of the probability of building damage at each level of damage
is utilized to determine earthquake loss estimation [10,11]. The probability value, which is
influenced by the capacity of the structure and the hazard scenario, is a variable sensitive to the
amount of loss estimation [12]. In a single hazard scenario, the loss estimation value can provide
information on the amount of loss; however, in the case of risk transfer strategy, such as
determining insurance premiums, an annualized earthquake losses (AEL) value is required. The
value is calculated using various hazard scenario return periods to represent the annualized risk. In
addition, AEL can be used as a decision-making and risk assessment instrument by authorities in the
disaster mitigation process [13,14].

Bandung City, West Java Province, one of the most populous cities, has active fault-related
earthquake hazards [15-17]. One such earthquake threat is the Lembang fault, an active fault
located north of the city, with the potential to cause a 6.5-7.0 Mw earthquake [18]. School buildings
are the public facilities most affected by earthquake damage, according to national historical data
[19]. The extent of damage depends on the condition of the school buildings at the time of the
disaster; approximately 86.41% of damage ranges from light to severe, based on national scale data
[20]. In Bandung, according to a study on the distribution of structure type, the concrete moment
frame (C1) was the most dominant (72.46%), with variations in the levels of code from the local
building code [21]. In addition to the type of structure, building codes related to earthquake loads
and building structures in Indonesia can be classified into three levels: low-code, moderate-code,
and high-code [22,23]. In CR structure-type buildings, low-code includes buildings built before
1991, moderate-code encompasses buildings constructed between 1991 and 2012, and high-code
includes buildings built after 2012 [23]. Despite being an earthquake-prone area, research related to
loss estimation in the Indonesian region, especially Bandung, is still sparse, particularly regarding
the vulnerability of buildings and the development of disaster loss estimation models [24]. This can
hinder the strategy to improve resilience, especially in finance, through the poor availability of
earthquake-loss data. The most feasible of the existing approaches are empirical techniques
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(HAZUS and RISK-EU), as the IDA method is extremely challenging to adopt with the limited
availability of school building data. Previous studies have showcased confidence in the direct
adoption of empirical methods in different regions [25-30]. However, these studies have not
identified how large the estimation deviation is when adopting the direct loss estimation method.
Identifying the deviation is necessary for the process of choosing the direct adoption option.

This study investigates the effect of EDP variations derived from an analytical method (IDA) and
two empirical methods (HAZUS and RISK-EU) on seismic loss estimation in typical school
buildings in Bandung City, Indonesia. Sensitivity analysis can provide better validation of the
adoption process and an idea of the deviation amount of the estimated value as a consequence of
adopting the methods. The study focuses on the C1 structure and its replacement cost. The IDA and
pushover methods are used as benchmarks for empirical methods, as the study involves a
comprehensive analysis requiring detailed data [31]. A field survey of the case study buildings was
also conducted for this comparative study with IDA. This study compares the EDP usage of the
existing HAZUS and RISK-EU methods to the characteristics of structures in Indonesia through
school-building case studies. The comparative study can be used as a reference for the process of
adopting the methods in Indonesia. The research findings are aligned with the UN Sustainable
Development Goals (SDGs), specifically contributing to expanding the application of earthquake
loss estimation, directly in line with  UN SDG Target 11.5.2: “the application of direct economic
losses attributed to disasters in relation to gross domestic product (GDP) by 2030.” This is part of
the related goal “Disaster Risk Reduction” in Goal 11, which states, “Make cities and human
settlements inclusive, safe, resilient and sustainable.” Sections 2 and 3 describe the literature review
related to the fragility curve and loss estimation conducted to achieve the objectives of this study.

2. Review of fragility curve analysis procedure

This chapter comprises a literature study on the fragility curve in the empirical and analytical
methods conducted as part of the process of estimating structural losses due to earthquakes.

2.1. Empirical methods (HAZUS and RISK-EU methodologies)

The HAZUS method of earthquake loss estimation in General Building Stock (GBS) can estimate
various kinds of earthquake losses, such as direct costs for repair and replacement, loss of function
and restoration times, and extent of induced hazards [7]. In GBS, generic EDP consists of a generic
building capacity and fragility function classified by a building lateral force resisting system,
height, level of code, and occupancy. The EDP provides structural response, damage, and repair
costs as an output. Figure 1 presents the building structural damage estimation process used in
HAZUS; it is explained in detail below. For the hazard component, the potential Earth science
hazards associated with ground motion (GM) and ground failure are represented by demand spectra
curves. The building capacity curve is formed based on the generic EDP in the form of yield points
(Dy, Ay) and ultimate points (Du, Au) by structure type, height, and level of code. The generic EDPs
for building capacity curves are provided in the HAZUS manual. The capacity curve parameters
used for this study are presented in Table 1, where the C1 structural type is for the low-rise category
(1-3 floors) with variation in code level. The fragility curve for structural components is
constructed using Equation 1, where the EDP used is the median value of spectral displacement at

which the building reaches the threshold of the damage state (§d,ds) and the standard deviation of the
natural logarithm of spectral displacement for the damage state (B ); there are four levels of
damage: slight, moderate, extensive, and complete [7]. Each EDP for the damage level is provided
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in the HAZUS manual; the EDPs used for structural components in this study are illustrated in
Table 1.
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Fig. 1. Building Structural Damage Estimation Process in HAZUS [7].

Table 1. The empirical method capacity curve and fragility curve EDPs for concrete moment frame; low rise
(C1L) [7][32].

Capacity Curve Parameter Fragility Curve Parameter

Level of

i Yield points  Ultimate Point Slight Moderate Extensive Complete
Method  Building = = = =
Code Dy Ay Dy Ay Sigs B, Sigs B, Sigs Sigs B,
(mm) (g) (mm) (2) (mm) (mm) (mm) (mm)
%f;le' 993 025 23843 075 2286 081 4572 084 137.16 0.86 36576 0.80
HAZUS )
Method M"Cdjézte 498 0.3 8941 038 2286 089 39.62 090 106.68 090 27432 0.88
Low-Code 249 006 3726 0.19 2286 095 3658 091 9144 085 228.60 097
High- 070 0.3 590 026 630 065 1320 075 20.10 085 47.80 0.95
RISK- Code
EU  Moderate- ) 618 220 020 500 065 1110 075 1720 085 4150 0.95
Method Code
Low-Code 6.40 0.05 29.00 008 200 065 410 075 620 085 1470 095
Plds || S =qb[i><l (f")], 1
[ds 1 d] Bas n Sd,ds ( )

where the parameters are defined as follows:

Sa: Spectral displacement

§d,ds: Median value of spectral displacement at which the building reaches the threshold of the
damage state, ds

Bas: Standard deviation of the natural logarithm of spectral displacement for damage state, ds
@: Standard normal cumulative distribution function

The RISK-EU method is an empirical fragility curve method aimed at mapping vulnerability and
estimating losses. It adopts many references from the HAZUS method, such as the hazard analysis
method [32]. One of the distinguishing characteristics between the RISK-EU and HAZUS methods
is the damage threshold factor. The damage threshold in the RISK-EU method is determined based
on the capacity curve parameters, as shown in Figure 2, whereas in HAZUS, it is determined based
on the building drift ratio limit.

The RISK-EU fragility curve model also has four levels of damage: slight, moderate, extensive, and
complete. The yield point (Ay, Dy) and ultimate point (A, Dy) are built based on the available EDP,
depending on the type of structure. The fragility curve is also built with the available EDP with
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damage limits from the results of the spectrum-based capacity analysis through Equation 1. The
probability data for each damage level is used to calculate the replacement loss value of structural
components. For this study, the capacity curve and fragility curve parameters used are depicted in
Table 1.
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Fig. 2. The RISK-EU damage state thresholds [33].

2.2. Fragility curve development using the incremental dynamic analysis method

The IDA parametric analysis technique has recently surfaced in several forms to provide a more
detailed estimate of structural performance under seismic loads [34]. It involves integrating one or
more GM records, each scaled to numerous intensity levels, into a structural [34,35]. This produces
one or more response curves, parameterized versus intensity level. Since the IDA method focuses
on generating the fragility curve, the process of determining building performance uses the
pushover method [36].

Before starting IDA, the structural model loaded by earthquake loads with selected GM data is
analyzed to read the structural response in the form of story drift at each increase in earthquake
load. In the first step, based on incremental load, a curve correlation between increased peak ground
acceleration (PGA) and story drift is established.

The second step, developing the fragility curve through the IDA method, starts with the basic
assumption that a structure's demand (D) is lognormally distributed, where the variable D is related
to a normally distributed variable X by In(D). The variable D is determined through Equation 2
[34]. The coefficients a and b in Equation 2 can be determined through regression analysis of the
demand data derived through IDA or the proposed coefficient-based method through the
logarithmic form in Equation 3 [37]. In this step, the correlation between PGA and story drift is
defined as follows:

D = a(S,)’ (2)
X = In(D) = In(a) +bin (M) (3)
where the parameters are defined as follows:

a, b: Coefficients of regression result of the IDA process

Sa: Spectral acceleration (g)
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The variable PGA is used based on increased GM. This hazard parameter needs to be converted to
spectral acceleration (Sa), the basis of hazard for the other empirical methods. In the third step, the
conversion of PGA to S, is conducted using the correlation between the height of the building,
maximum story drift, drift factor, and the first natural period of the building [38]. The final target is
the correlation between S, and the spectral displacement. To obtain the EDP, the spectral
displacement (Sq) is converted using the correlation between the height of the building, maximum
story drift, and the drift factor [38].

In the fourth step, the coefficients a and b are determined using linear regression, still in logarithmic
form [39]. From the correlation of S, with S4, the mean and standard deviation of X are determined
through Equations 4 and 5 [37]. Based on the logarithmic form from these two parameters, the
fragility curve function can be expressed in the form shown in Equation 6 [37]. The IDA probability
equation has a form that is substantially different from Equation 1 used by the empirical method
since Equation 1 is a simplified form of the IDA equation. Still, the probability calculation
components have similarities in the parameters used. To define the fragility curve for each damage
state, the story drift’s damage threshold is set via the C variable:

m,(Sa) = In (a (Sa)?) “4)
. 2

O = Oinm) = i =1 [ln (a(j;)b)] (5)

P=P(D>CIS)=1—-® [”‘“);7’”"(5“)] (6)

where the parameters are defined as follows:
Py Fragility curve function

C: Certain threshold or capacity on a given S,
oi: Demand value

The probability value of the damage level obtained from each method (empirical and analytical) is
used in determining the loss estimation discussed in Section 3.

3. Review of loss estimation analysis procedure

A review of previous fragility curve development methods shows significant differences regarding
determining the extent of deterioration and the level of complexity. In determining building
performance, the empirical method relies on the yield point and ultimate point EDPs in developing
capacity curves that will be used in calculating building performance points; the EDPs are also
compiled from a group of pushover analysis data used in the IDA method.

In the fragility curve development, determining the damage state limit is significant in all three
methods. In the IDA and HAZUS methods, the damage state limits are calculated using the story
drift parameter, although the limit value is different in both methods. For the RISK-EU method, the
limit determination is considered based on the parameters on the capacity curve. The difference in
the probability of damage levels generated by each method will vary from one another. Since all
three methods have a final output on the probability of damage level, further reflection is needed to
analyze the effect on loss estimation.

In this analysis, the formulation of the seismic loss value of the structure adopts the HAZUS
method formula for the three methods presented in Equation 7. Here, the loss is calculated by
accumulating the result of multiplying the probability value of each level of damage by the
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structural replacement ratio value to the building value for each level of damage; it is then
multiplied by the building replacement cost (BRC), to obtain the damage loss value of the structural
component. This study obtains BRCi from the national standard unit price for public buildings. The
structural repair cost ratios for damage state (RCSqs;) are provided in the HAZUS manual for each
damage state, where slight = 0.4%BRC, moderate = 1.9%BRC, extensive = 9.5%BRC, and
complete = 18.9%BRC [7]. To assess the sensitivity of the probability values of each method to the
estimated loss, the RCS parameter of HAZUS was held constant for all three methods.

CSgs; = BRC; X Y22 PMBTSTRS, igs;, ©)

where the parameters are defined as follows:

BRC;: Building replacement cost

PMBTSTRus,i: Probability of structure being in structural damage state
RCSgqs,i: Structural repair cost ratio in damage state

The loss comparison is performed by calculating the average annual loss (AEL) estimate. The AEL
simulation was conducted for each school building case study. In IDA (the analytical method), the
EDP from the case study is used as the EDP representation for each level of code, whereas for
HAZUS and RISK-EU (the empirical methods), the EDP for each technique is applied to the
building database. The AEL is calculated based on eight hazard return periods (2,500, 2,000, 1,500,
1,000, 750, 500, 250, and 100 years) through Equation 8. It involves calculating the area in the
average annual exceedance frequency plot against the estimated loss for each return period. In the
Bandung city case study, the hazard parameters (Sas, Sai1) available in the national earthquake
source data are for the 2,500-year return period [40]. Equation 9 is used to obtain the hazard
parameters for other return periods [41].

(—L2000+L2500)] + [(P1500 — P2000) X

(—Llsoojzooo)] + [(Pwoo — Py500) X (—LIOOO;Llsoo)] + [(P750 — P1g00) X (@)] + [(Psoo -

Annualized Losses = (PZSOO X L2500) + [(PZOOO - P2500) X

P750) X (Lmzﬂ)] + [(sto — P5qp) X (Lmzﬂ)] + [(Pwo — Py50) X (—L“"’;LZSO)] (8)
= (TL)Z (9)
agr R

where the parameters are defined as follows:
Li: Loss from each return period hazard

Pi: Average annual exceedance frequency (0.0004 for P2so0, 0.0005 for P2go0, 0.0007 for Piseo,
0.001for Pigo0, 0.00133 for P750, 0.002 for Pseo, 0.004 for P2s0, and 0.01 for Pioo)

ag: Seismic acceleration value sought

agr: Reference value of earthquake acceleration

T: Return period value of the earthquake parameter being sought

Tr: Reference value of the return period of the known earthquake parameter

K: Seismic coefficient, taken as 0.3
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Literature studies related to various methods of developing the fragility curve and determining the
structural loss estimation from the plot results on the fragility curve are used as a reference method
for this research; this will be explained more clearly in Section 4.

4. Methodology

This section will discuss the methodology used to achieve the objectives of this study based on the
literature discussed in sections 2 and 3. The first step was to define the case studies. In this research,
three school buildings were determined as case studies, representing each level of code determined
based on the year the building was built, as shown in Table 2. The case studies are considered
typical school buildings in Indonesia [42,43]. The level of code was determined based on the
evolution of Indonesian seismic and concrete building codes [22]. The building data for schools
selected as case studies is shown in Table 2. This shows that the floor height of the school building
was typically 3—4 m. The building area of the schools was around 400 m?. The data for earthquake
acceleration parameters, Sas and Sai, were taken based on the 2017 Indonesia earthquake hazard
source map, which follows the SNI 1726:2019 procedure for generating the standard spectral
response; the site classification also utilizes the USGS 2016 Vs30 data [40,44,45]. The data show
that all three case study buildings had a site class C.

Table 2. Data for school buildings in the case study.

Building Data High Code Case Study Moderate Code Case Study Low Code Case Study
Year Built 2017 1998 1988
Number of Stories 3 (11.08 m) 2 (8.00 m) 2 (6.00 m)
Total Building Area (m?) 410.48 409 496
Field Survey Data f'c (MPa) 18 18.2 21.9
Longitudinal Steel Reinf. Column 0.61-2.53 0.27-0.96 0.74-0.86
Ratio (%) Beam 0.33-1.77 0.73-1.45 0.58-1.27

In the second step, a field survey was conducted. Since no as-built drawing documentation existed,
the survey was conducted to obtain building geometry data, structural component data, and existing
concrete quality by the non-destructive test (NDT) method; rebar scanning was conducted to obtain
existing concrete reinforcement data. The NDT tests on concrete were carried out using the rebound
hammer and ultrasonic pulse velocity tests based on standard test methods [46,47]. The geometry
survey was conducted using a laser meter. The results of the field survey are presented in Table 2.
The quality of the concrete was at a moderate level of 18—21 MPa.

In the high-code case study (HCgs), the building consisted of three floors, with a total height of
11.08 m, as shown in Figures 3a and 3b. The typical beam span between the main columns shown
in Figure 3c was 4 m in the longitudinal direction and 7 m in the transverse direction. In the
moderate-code case study (MCgs), the building consisted of two floors, with a total height of 8.00 m,
as shown in Figures 4a and 4b. The typical beam span between the main columns shown in Figure
4c was 3.2 m in the longitudinal direction and 6 m in the transverse direction. In the low-code case
study (LCgs), the building had two floors, with a total height of 6.00 m, as shown in Figures 5a and
5b. The typical beam span between the main columns shown in Figure 5¢c was 3.7 m in the
longitudinal direction and 6.9 m in the transverse direction.
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The comparison of column reinforcement for a typical main column for each level of code is shown
in Figure 6. In the HCs, the longitudinal reinforcement ratio was 0.61%, which did not meet the
1% 6% requirement (SNI 2847:2013) of the local building high code. For the MCsgs, the
longitudinal reinforcement ratio was 0.87%, which also did not meet the 1%—-6% requirement (SNI
2847:2002) for the local building moderate code. In the LCecs, the longitudinal reinforcement ratio
was 1.03%, which fulfilled the 1%—6% local building low code requirement (PBI 1970).
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Fig. 6. Column reinforcement.
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The comparison of beam reinforcement for a typical primary beam in each level of code is shown in
Figure 7. In the HCs, the longitudinal reinforcement ratio was 0.51%, which met the local building
high code requirement (SNI 2847:2013) of 0.36%-2.5%. For the MCc, the longitudinal
reinforcement ratio was 0.59%, which fulfilled the local building moderate code requirement (SNI
2847:2002) of 0.36%—2.5%. In the LCqs, the longitudinal reinforcement ratio was 0.79%, which met
the local building low code requirement (PBI 1970) of 0.36%—2.5%.
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Fig. 7. Beam reinforcement.

Data from the survey results in the form of building property statistics (without a three-dimensional
[3D] structural model) were used to develop capacity and fragility curves for the empirical methods
(HAZUS and RISK-EU) based on the EDPs provided per the building classification. Based on the
field survey data, the next step was 3D structural modeling in the ETABS software [48]. The
pushover analysis was carried out from the 3D model of the structure, where the hinge property of
the column and beam structure used modeling parameters based on the ASCE-41 standard [49]. The
capacity curves generated from the empirical method and pushover analysis were compared to
determine the performance point.

The 3D structural model was also used to construct the fragility curve using the IDA method. The
GM data obtained from the Pacific Earthquake Engineering Research Center database was selected
based on strike-slip and oblique mechanisms, with magnitudes of 5.6—7 Mw, which correspond to
the parameters of strong earthquakes that have struck the Bandung City (the 2022 Cianjur and the
2009 Tasikmalaya earthquakes) [50-52]. The process of increasing the earthquake load was carried
out with increments of 0.1 g following previous studies until the building response (story drift)
reached/passed the damage threshold of the level of damage done. The damage threshold for the
level of damage used for IDA in this study was adapted based on ATC and recommended by
previous research on concrete frame low-rise buildings for drift ratio limits at the slight, moderate,
extensive, and complete damage levels of 0.005, 0.010, 0.015, and 0.020, respectively [39]. The
fragility curves obtained from the empirical and IDA methods were compared with the probability
of each level of damage based on the performance points of each technique in the capacity curve
comparison step. Based on the explanation of the study methodology above, the results to be
discussed are the comparison of the capacity curve, fragility curve, and loss estimation obtained
from the empirical and analytical methods.
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5. Result and discussion

This section focuses on comparing EDPs from each method (capacity and fragility curves) and the
loss estimates generated from the resulting EDPs.

5.1. Capacity curve comparative analysis

The capacity curve comparison analysis was performed by plotting the capacity curves from the
three methods for each case study on one graph. In the pushover method, the capacity curve was
raised in two directions, namely the longitudinal and transverse directions of the building. In
determining the performance point, the maximum performance was determined at the intersection
point with the hazard curve on both capacity curves. In the HAZUS method, the performance point
is determined based on the intersection of the hazard curve with the median value, not on the
deviation curve shown. The HAZUS deviation curves (+f and —f) are shown on the graph for
comparison with the other two methods, where B is set as 0.25 for high code, moderate code, and
low code [7]. The EDPs of pushover sequential yield points {Dy (mm), Ay (g)} and ultimate points
(Du (mm), Ay (g)} were {(39.51, 0.12); (147.84, 0.21)} for HC.s, {(29.04, 0.21); (136.53, 0.33)} for
MCes, and {(12.95, 0.25); (65.52, 0.41)} for LCcs.

A comparison of the capacity curves in the HCgs is depicted in Figure 8a. The comparison indicates
that the capacity curve from the HAZUS method is much larger than that of the RISK-EU and
pushover methods. The capacity curves of the other two methods are also not yet in the HAZUS
deviation range (—f). In contrast, the RISK-EU capacity curve is slightly closer to the case study
pushover results in both directions. This indicates that the case study of the high code school
building displays the same characteristics as the RISK-EU method.

The comparison of capacity curves in the MCc is presented in Figure 8b. The comparison
highlights that the capacity curves of the three methods are in a relatively close range compared
with the high code case study, although they show deviations. The RISK-EU method curve tends to
be identical to the HAZUS method curve, as the curve is in the HAZUS deviation range (+f3), while
the pushover capacity curve is slightly below the HAZUS deviation limit (—f). The capacity curve
indicates that the moderate code school building case study displays the same characteristics as the
HAZUS and RISK-EU methods.
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(a) HC curves (b) MCq curves (¢) LC, curves
Fig. 8. Capacity curve comparison.

A comparison of the capacity curves in the LCs is depicted in Figure 8c. The comparison shows
that the capacity curve of the pushover results is relatively larger in both directions compared with
the other two methods. The HAZUS and RISK-EU method curves tend to be identical, although the
RISK-EU curve has a longer point estimate than the HAZUS curve. The capacity curves, therefore,
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indicate that the case study of low-code school buildings has a more significant similarity of
characteristics with the HAZUS and RISK-EU methods. Based on a case study dependency,
empirical EDPs can be employed by knowing the deviation used. In determining seismic loss, this
comparative study concludes that the capacity curve still does not show a consistent trend.
However, there are indications that empirical methods can be used, considering the pushover
capacity curve in the B deviation range, as shown in two case studies (moderate and low codes). The
variation of the deviation trend in the capacity curve shown in Figure 8 is in line with several
previous case studies on the comparison of capacity curves in different case studies and regions
[53,54]. Therefore, to assess the EDP capacity curve’s sensitivity to loss estimation, a complete
analysis of the overall EDP results, which are also influenced by the EDP fragility curve, is needed.
The variation of the deviation is shown to affect the loss estimation in Section 5.3 in determining
the building performance point, which is correlated with establishing the probability of damage
level in the results of Section 5.2.

5.2. Fragility curve comparative analysis

The comparison analysis of fragility curves was conducted by plotting the third capacity curve of
each method for each case study on one graph, as shown in Figures 9—11. According to Equation 6,
the EDPs of IDA result sequential (a; b; and o) were (1.00; 1.99; and 1.38) for HC,, (1.02; 1.75;
and 1.56 ) for MCg, and (1.00; 2.18; and 2.86 ) for LCcs. Meanwhile, the mean values varied
according to the S, values per Equation 4. The building performance obtained from the capacity
curve analysis was used to determine the probability of damage levels in this analysis.

In the HCs, the order of building damage probability from highest to lowest for complete damage
level was RISK-EU, IDA, and HAZUS, as shown in Figure 9d. The four damage levels show a
trend where the RISK-EU method results are consistently the most fragile; the IDA method shows a
gradual shift from the slight damage level to the complete damage level, where it ranks between
RISK-EU and HAZUS for fragility, as shown in Figures 9a—d. In the MCegs, the order of building
damage probability from highest to lowest for complete damage level was RISK-EU, IDA, and
HAZUS, as shown in Figure 10d. The MCcs shows the same trend in the IDA method as the high
code case study, as shown in Figures 10a—d. In the LCcs, the order of building damage probability
from highest to lowest for complete damage level was RISK-EU, IDA, and HAZUS, as shown in
Figure 11d. The LCqs also shows the same trend in the IDA method as the HCs, as shown in Figures
11a—d. The RISK-EU method results consistently became the most fragile compared with the other
two methods.
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The differences in damage thresholds also explain the consistent trend of shifting the fragility curve
position of the IDA method in all three case studies, where the damage threshold has been presented
in each method. The comparison was made based on the same damage threshold, namely story drift,
in the HAZUS and IDA methods. Taking the case of low code as an example, the damage limits in
the HAZUS method results for slight, moderate, extensive, and complete damage levels are 0.005,
0.008, 0.020, and 0.050, respectively; in IDA results, these limits are 0.005, 0.010, 0.015, and 0.020,
respectively [7,39]. At the slight damage level, both have the same damage limit (0.005). In
moderate damage, there is a difference; however, it is still relatively small (0.010 — 0.008 = 0.002).
In extensive damage, the HAZUS method has the same limit as the complete IDA damage level
limit of 0.02; this shows that there is a shift that coincides between the HAZUS and IDA methods
results. On the complete damage level, the HAZUS method fragility curve is already between the
RISK-EU and HAZUS curves, where the damage limit is wider (0.05) than IDA (0.020). The same
is true for the other two case studies. The trend of the case study curve being more “fragile” than the
standard HAZUS fragility curve at varying levels of damage in this study is consistent with the
indications of the study results in several building case studies in different regions outside the US
[55-58]. The comparison of the fragility curve between the empirical and analytical methods above
shows a deviation. The variation of the deviation will be seen to influence the loss estimation in
Section 5.3 in determining the probability of building damage.

5.3. Seismic loss comparative analysis

The comparative analysis of estimated earthquake loss was calculated based on eight hazard return
periods (2,500, 2,000, 1,500, 1,000, 750, 500, 250, and 100 years) per the national hazard map. A
comparison of the loss estimation values was performed in %BRC unit values to assess the
sensitivity of the influence on the EDPs of the three methods. The significance of EDP's effect on
loss 1s measured based on the resulting estimated value, which is considerably effective based on
the sensitivity analysis of the hazard parameters to the loss estimates of previous studies [59]. The
results of the estimation of each method and return period are shown in Figure 12 and Table 3 for a
complete recap of the loss estimates for each return period. In the high code case, the estimated loss
calculated using the IDA method is close to the RISK-EU method at large return periods but
gradually approaches the HAZUS method results for small return periods, as shown in Figure 12a.
The difference between the IDA method and HAZUS results at return periods of 2500, 500, and 100
years for the high code case are 11.85%BRC, 5.07%BRC, and 1.01%BRC, respectively, while the
deviation range of the IDA method against RISK-EU at return periods of 2500, 500, and 100 years
are 0.61%BRC, 6.48%BRC, and 0.3%BRC as shown in Figure 12a. Regarding the AEL difference
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with the IDA method in each high-code case study, HAZUS has a deviation of 0.03%BRC, and
RISK-EU has a deviation of 0.05%BRC, as shown in Figure 13.

In the case of moderate code, the estimated loss calculated using the IDA method was close to
HAZUS method results, entirely from large to small return periods, as shown in Figure 12b. The
difference between the IDA and HAZUS method results at return periods of 2500, 500, and 100
years for the moderate code case study is 3.75%BRC, 1.17%BRC, and 0.13%BRC, respectively,
while the deviation range of the IDA method against RISK-EU at return periods of 2500, 500, and
100 years is 5.23%BRC, 10.86%BRC, and 7.29%BRC as shown in Figure 12b. Regarding the AEL
difference with the IDA method in each high-code case study, HAZUS has a deviation of
0.01%BRC, and RISK-EU has a deviation of 0.11%BRC, as shown in Figure 13.
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Fig. 12. Estimated losses comparison in each return period hazard scenario.

Table 3. Estimated losses comparison on each return period hazard scenario.

) Return Period (Average Annual Exceedance Frequency)
Estimated Loss

Case (%BRC) 2500 2000 1500 1000 750 500 250 100
(0.0004) (0.0005) (0.0007) (0.0010) (0.0013) (0.0020) (0.0040) (0.0100)
RISK-EU 18.05 17.72 17.18 16.14 15.20 13.59 10.38 1.67
High Code IDA 17.44 16.61 15.08 12.18 9.97 7.12 3.39 1.38
HAZUS 5.60 495 4.18 3.25 2.73 2.05 0.86 0.37
RISK-EU 18.51 18.34 18.03 17.37 16.71 15.53 12.76 8.37
Moderate
Code IDA 13.28 12.04 10.39 8.09 6.57 4.67 2.35 1.08
HAZUS 9.53 8.49 7.20 5.56 4.59 3.50 2.11 0.95
RISK-EU 18.90 18.90 18.89 18.88 18.86 18.81 18.55 17.47
Low Code IDA 14.45 13.84 12.96 11.57 10.49 9.12 6.74 3.25
HAZUS 14.07 13.10 11.78 9.89 8.52 6.72 4.10 1.91
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Fig. 13. Structure-related AEL data comparison.

In the case of low code, the estimated loss calculated using the IDA method was also close to
HAZUS results, completely from large to small return periods, as shown in Figure 12c. The
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difference between the IDA and HAZUS methods results at return periods of 2500, 500, and 100
years for the low-code case studies are 0.38%BRC, 2.40%BRC, and 1.35%BRC, respectively; the
deviation range of the IDA method results against RISK-EU method results at return periods of
2500, 500, and 100 years are 4.45%BRC, 9.69%BRC, and 14.21%BRC as shown in Figure 12c.
Regarding the AEL difference with the IDA method in each high-code case study, HAZUS has a
deviation of 0.02%BRC, and RISK-EU has a deviation of 0.16%BRC, as shown in Figure 13.

The comparison of relative deviation between empirical and analytical methods is shown in Table 4.
Since the empirical model is a pre-disaster model and does not have actual loss data, the analytical
calculation is used as a reference to measure the sensitivity level because it uses a detailed and
rigorous method. Table 4 shows that the difference in EDP has significance on loss estimation in
line with the significance of EDP deviation comparison of the capacity and fragility curves. In high
code, the average relative deviation of HAZUS to the analytical method is 71.90% in single hazard
scenario and a deviation of 72.18% in AEL; in contrast, the average relative deviation of RISK-EU
to the analytical method is 53.44% in single hazard scenario, and a deviation of 79.78% in AEL, as
shown in Table 4. In moderate code, the average relative deviation of HAZUS to the analytical
method is 24.66% in a single hazard scenario. The deviation is 21.16% in AEL, while the average
relative deviation of RISK-EU to the analytical method is 222.82% in a single hazard scenario. The
deviation is 295.49% in AEL, shown in Table 4. At low code, the average relative deviation of
HAZUS to the analytical method is 19.66% in the single hazard scenario and a deviation of 30.23%
in the AEL. In comparison, the average relative deviation of RISK-EU to the analytical method is
121.79% in the single hazard scenario and a deviation of 196.87% in the AEL, shown in Table 4.

Table 4. Relative difference in estimated loss comparison.

Return Period (Average Annual Exceedance Frequency) AEL
Case Relative Difference 2500 2000 1500 1000 750 500 250 100
(0.0004)  (0.0005)  (0.0007)  (0.0010)  (0.0013)  (0.0020)  (0.0040)  (0.0100)

High | IDA 'II];AAZUS| I 6791%  70.18%  7229%  7335%  72.63%  TLI8%  TA62%  73.03%  72.18%
Code  [IDA- SSKEU 17 3as  667%  1393%  3249%  5241%  9101%  20607%  2145%  79.78%
Moderate | IDA 'II];AAZUS| I 08259 2048%  3072%  3133%  30.19%  25.04%  10.18%  12.12%  21.16%
Code  |IDA- RSK-EU 17 39380  5233%  7356%  11470%  154.19% 232.61% 44372%  672.03% 29049
Low | IDA 'IgAAZUS" T 261%  537%  9.01%  14.50%  18.72%  2628%  3927%  41.44%  30.23%
Code  |IDA- RSKEY 17 081%  3655%  4575%  63.19%  7984%  10621%  175.04%  436.91% 187

The relative comparison above shows that EDP has a significant influence on the loss estimation in
the single hazard scenario as well as in the AEL. However, from Table 3, it can be calculated that
the absolute deviation value of the loss estimate from the analytical model is <12%BRC (range
0.13%—-11.85%RBC) for the HAZUS model and <15%BRC (range 0.30%-14.21%RBC) for the
RISK-EU model in the single hazard scenario. The significance of EDP in this study indicates the
significance of characterizing building EDP in local buildings for loss estimation. However, as
stated earlier, the findings of absolute deviation values can be a consequential reference when
adopting empirical models for structural loss estimation, considering the adoption process as a
tactical solution in accelerating and expanding loss estimation in line with the UN's (SDGs)
program for developing countries, in addition to the parallel strategy of mapping EDP
characteristics, which requires a lot of time and resources. The absolute deviation of <12%-—
15%BRC addresses the gap left by previous studies that directly adopted EDP from empirical
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models (HAZUS and RISK-EU) [60—66]. The absolute deviation reference is reliable in the method
adoption process considering that this case study represents the level of code and various hazard
and AEL scenarios. In the context of adoption in Indonesia, the HAZUS method has the potential
for adoption with minimum deviation, both in terms of estimation value and relative deviation. Of
course, the deviation is also adjusted to the risk profile of the authority in the budgeting process
related to the disaster. This deviation value can be used as an adjustment coefficient for budgeting,
especially since the HAZUS method provides conceptual-level estimates before disasters occur. Yet,
it remains reliable for long-term disaster relief needs.

This EDP needs to be further developed based on local building characteristics for more detailed
identification of damage probabilities. The process can begin with the typical buildings that most
represent the population buildings, as seen in this study and previous studies [31]. This study
provides an overview of the data on how large the deviation is when adopting an existing loss
estimation tool. Previous studies have shown the confidence of direct adoption, ignoring the
subsequent differences. Although, in the end, this study showed favorable results toward adoption,
an overview of the deviation value as a consequence of method adoption was obtained.

6. Conclusion

This study compares empirical and analytical EDP methods on capacity and fragility curves and
their influence on estimating structural component loss. The comparison of capacity curves shows
that there is a variation where the capacity of the empirical method is greater for the case study
building for the high-code and moderate-code cases, while the reverse occurs in the low-code cases,
as shown in Figure 8. The comparison of fragility curves shows that the fragility curve obtained
using the analytical method, at the complete damage level, is consistently more “fragile” than the
one obtained using the empirical HAZUS method but not more “fragile” than the RISK-EU method
one.

EDP has a significant effect on structural component loss estimation, based on the deviation relative
to the analytical method, with a deviation range of (2.61%—672.03%) for both empirical methods.
However, another study finding is that the absolute deviation value against the analytical method
shows a deviation range of <12%-15%BRC. The absolute deviation value could be a critical
finding of the consequences of directly adopting EDP from the empirical method shown in the
previous study. In addition, this absolute deviation can also be a short-term solution for decision-
makers in developing countries that do not yet have an EDP database to consider in the process of
adopting and estimating earthquake losses in their region.

This study is limited to the effect of EDP on loss estimation of structural components. Future
research can explore the effect of EDP on nonstructural components. In addition, future studies can
also focus on the effect of variable sensitivity of reconstruction costs on loss estimation. Through
the findings of this study, it can be considered to adopt empirical methods as a short-term solution
to strengthen financial resilience to earthquakes.
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