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Abstract - The earthquake hazard must be mitigated at the prospective nuclear power plant site in Serpong,
Tangerang, to avoid damage to the nuclear installation infrastructure, especially the possibility of liquefaction. This
study combines Probabilistic Seismic Hazard Analysis (PSHA) with Ground Motion Prediction Equation (GMPE)
(Abrahamson, 2014), which is used as a probabilistic prediction model. This is to estimate spectral accelerations and
Peak Ground Acceleration (PGA) based on earthquake magnitude, distance, and site characteristics. Calculations were
carried out using OpenQuake for PHA calculation and Seismomatch for spectra matching analysis, which produced
the deaggregation results used to define the target spectrum. Representative time histories were chosen using the
SMART technique, which uses ranking and weighting to assure compliance with deaggregated magnitude-distance
situations, then refined using spectral matching of 90 records while keeping nonstationary properties. Both shallow
crustal and subduction events have a substantial impact on seismic demand, with the 2011 Tohoku earthquake (Mw
9.0, depth 29 km, distance 245.9 km, PGA 0.26 g) appearing as the most compatible scenario and primary contributor
to possible site risks. The suggested paradigm provides a realistic solution to site-specific ground motion selection
and liquefaction risk assessment, hence promoting nuclear safety and seismic resilience in tectonically active regions.
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INTRODUCTION

The evaluation of earthquake acceleration lev-
els at the prospective Nuclear Power Plant (NPP)
locations is a critical step in understanding and
mitigating the risk of liquefaction. Liquefactionis a
phenomenon where saturated soil loses its strength
due to seismic shaking, poses a severe threat to
the stability and safety of NPP structures. Surface

acceleration, as the primary trigger of liquefaction
episodes, requires precise analysis to predict and
to manage these hazards effectively. For example,
Mase et al. (2022) analyzed the liquefaction poten-
tial caused by the Kobe earthquake at the Izumio
site, demonstrating the importance of surface shock
recordings in understanding liquefaction behav-
iour. Similarly, the 2009 Padang earthquake (Mw
of 7.6) caused widespread destruction, fatalities,
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and evidence of liquefaction, underlining the criti-
cal need for robust liquefaction risk assessments
(Mase et al., 2022; Yassin et al., 2022).

In the seismic hazard design of nuclear power
plants (NPPs), a probabilistic seismic hazard
analysis (PSHA) approach is commonly used.
This method integrates information from multiple
potential earthquake sources to estimate ground
motion parameters associated with specific return
periods. The analysis involves calculating the
probability that a ground motion parameter X will
exceed a certain threshold x*, for a given earth-
quake scenario at a particular source location. This
probability is then multiplied by the occurrence
rate of such an earthquake. The results from all
scenarios are aggregated using the total probability
theorem, typically expressed in a formal summa-
tion or integral equation (EERI, 1989).

Ns M R
P(sz*)=2fmofrop[x ----- )

> x * [m, v]fy; (M) fr; (r) dmdr

Where:

P(X=x"* jm,r) is the total probability of the
earthquake with magnitude and

r distance exceeding the specific x value,

i range from 1 to the total number of earth-
quake sources,

Vlis the average rate of earthquake incidence
for magnitude M of source I,

P(X>x"* |m,r) is the probability that earth-
quakes with magnitude M and

distance R will exceed the level ground motion
level x* because of the aleatory variability in-
serted through Sigma in GMPE relationships.

The £ Mi (m) and f Ri (r) are functions of
density probability to magnitude and distance,
respectively.

PSHA deaggregation is particularly valuable
as it identifies dominant earthquake scenarios
based on magnitude (M), distance (R), and geo-
graphic coordinates (Bazzurro and Cornell,
1999; McGuire et al., 2005). These insights are
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critical for site-specific seismic hazard evalua-

tions (Barani et al., 2022; Haifani and Siwhan,

2022). However, despite its utility, PSHA faces

significant challenges in accurately capturing the

heterogeneity of seismic hazards, particularly in
tectonically complex regions.

The key issues in seismic hazard analysis are:
1. The of stationarity in earthquake event

ground motion characteristics. Stationarity
in this context refers to the idea that both
the temporal occurrence of earthquakes and
the statistical behaviour of ground motion
parameters remain constant over time, such
as the use of stationary Poisson processes
to model earthquake recurrence and ground
motion prediction techniques that ignore re-
gional or temporal variations. In tectonically
active and structurally complex places, these
assumptions may not adequately describe
the dynamic character of seismic processes,
thereby leading to underestimating or over-
estimation of hazard levels.

2. Relying on simple modelling assumptions
that ignore the complexities of seismic haz-
ards. Simplified techniques frequently assume
spatial consistency in source and site param-
eters, or they utilize averaged values which
might fail to capture the true heterogeneity
in ground motion intensity and distribution.

3. The heterogeneity of seismic hazard char-
acteristics, including spatial and temporal
variability in seismic source mechanisms (e.g.
strike-slip, thrust, or normal faulting), rupture
processes, fault geometry, stress drop, ground
motion attenuation, and site-specific effects
such as basin amplification, soil nonlinearity,
and topographic influences. Ignoring such
heterogeneity may jeopardize the validity of
seismic hazard assessments (Drouet et al.,
2017; McGuire, 2016; McGuire et al., 2002;
Silva and Derras, 2019).

Although deterministic approaches—such as
direct distance estimation or the use of attenuation
functions like Kanai’s—may offer more specific
alternatives, they are not applied in this study.
Instead, these references are included to empha-
size the importance of addressing distance-related



Application of the Simple Multi-Attribute Rating Technique (SMART) for Selecting Compatible Earthquake
Time Series in Liquefaction Analysis Support: Case Study in Serpong, Tangerang, Indonesia (A.M. Haifani et al.)

uncertainty within the broader probabilistic frame-
work adopted here. It should also be noted that any
apparent amplification of ground motion at greater
distances is not due to distance alone, but is often
associated with site class effects, such as basin
resonance or nonlinear soil behaviour (Pitarka
et al., 2020; Stewart et al., 2014). Additionally,
ensuring statistical reliability in site amplification
analysis requires at least eleven time series for
each target spectrum (Zimmerman et al., 2017).

Dynamic site response analysis requires time
history recordings that are compatible with the
MCEr-targeted response spectrum and 5 % damp-
ing mandated by seismic design standards (SNI
1726, 2020). However, a thorough evaluation of
liquefaction hazards necessitates the inclusion of
critical geotechnical factors. These include the
average shear wave velocity in the upper 30 m
(Vs30), where values below 250 m/s are generally
associated with highly liquefiable soils (Bommer
and Acevedo, 2004; Goulet et al., 2021), soil po-
rosity and density which influence the generation
of excess pore pressure and soil classifications
such as loose sands or saturated silts, known to
amplify liquefaction potential.

A pore pressure ratio of 0.9 is commonly ac-
knowledged as a key threshold marking the com-
mencement of complete liquefaction (McGuire,
2016; Wirth et al., 2019). Limitations in ground
motion selection, such as the simplified point-
source representation in seismic deaggregation
(Pitarka et al., 2020; Zafarani et al., 2018) and as-
sumptions of ground motion stationarity (Drouet
et al., 2017; McGuire, 2016; Silva and Derras,
2019), may obscure site-specific vulnerabilities.
Thus, effective liquefaction hazard categorization
must consider both spectral compatibility and
measurable site-specific indications.

Recent research has focused on addressing
these constraints and has shown sophisticated
techniques to improve seismic time series selec-
tion. Techniques such as wavelet-based spectral
matching(Al Atik and Abrahamson, 2010) and
genetic algorithms (Mergos and Sextos, 2019)
offer promising approaches, but often demand
significant computational resources. Researchers
have classified seismic events based on hazard

contributions, demonstrating the complexity of
practical application, particularly in data-scarce
regions (Hu et al., 2022; Spassiani et al., 2023).
These challenges highlight the urgent need for
innovative, efficient, and site-specific methodolo-
gies. Advances in liquefaction potential analysis
have improved correlations between ground mo-
tion parameters and soil response (Bray, 2006).
Furthermore, region-specific research has
highlighted the importance of adding local geo-
logical and geotechnical variables to increase haz-
ard prediction accuracy (Idriss, 2008). In line with
this, the theoretical underpinning of site response
analysis is based on wave propagation concepts
in layered media and the stress-strain behaviour
of saturated soils under cyclic loading (Kramer,
2020). Site-specific regulations for nuclear power
plants (NPPs) require in-situ measurements of
shear wave velocity (Vsso), standard penetration
test (SPT) values, and historical seismicity data
to validate their concepts. Multi-Attribute Rat-
ing Technique (SMART) provides a structured
framework for evaluating seismic time histories
based on key attributes such as magnitude, epi-
central distance, PGA, and depth. This ensures
the selected ground motions, and are not only
spectrum-compatible but also reflect local site
characteristics enhancing the robustness of lique-
faction hazard simulations for NPP development.

DATA COLLECTION OF TIME SERIES

The selection of earthquake time series is
critical for researching the behaviour of poten-
tially liquefaction-prone soils and evaluating the
performance of building foundations in such set-
tings. These earthquake features can also help an-
ticipate future seismic events, and build effective
mitigation techniques. However, data processing
presents challenges because not all earthquakes
that cause liquefaction and seismic data relevant
to liquefaction events can be used in the analysis.
In this work, data of time series were used from the
Strong Motion Virtual Data Centre (https://www.
strongmotioncenter. org/vdc/scripts/earthquakes.
plx) that are selected based on source distance,
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magnitude, and soil types related with liquefaction
situations, notably sandy soils. Primary geotechni-
cal data, such as Standard Penetration Test (SPT),
Cone Penetration Test (CPT), and shear wave
velocity (Vs) profiles have been added to reinforce
the analysis site-specific validity, according to
the Serpong area site investigation completed by
BATAN (2016). These data provide a more precise
depiction of the local subsurface conditions and
help the selection of suitable ground motions using
the SMART approach. The deaggregation curve is
also used to estimate the distance and magnitude
of the dominant earthquake source, which enables
the selection of representative time series for both
near- and far-field scenarios. By integrating both
secondary and validated primary data, the chosen
ground motion set reflects a more realistic scenario
of seismic excitation and liquefaction potential.

STUDIED SITE

This study focuses on the Serpong Subdis-
trict in South Tangerang City, Banten Province
(6°21"26"S, 106° 39’ 37"E), located in the
western area of Java Island. The figure depicts
the spatial distribution of significant earthquake
sources across the western part of Java and sur-
rounding regions, encompassing the Sumatra and
Java subduction zones as well as active faults such
as Lembang, Cimandiri, and Baribis, within a 250
km and 500 km radius of Jakarta as a reference
for the studied site. It integrates key seismologi-
cal parameters such as earthquake depth, moment
magnitude (Mw), and source mechanism (i.e.,
shallow subduction or deep), as shown in Figure 1.

The site was chosen for its potential as a loca-
tion for small modular reactors (SMRs) and its
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Figure 1. Earthquake source zone in the western part of Java (Irsyam et al., 2015).
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proximity to known active faults. BATAN (2016)
provides primary geotechnical data, including SPT,
CPT, and Vs profiles, which shed light on subsur-
face stratigraphy and soil attributes. Geological
mapping reveals young sedimentary deposits with
sandy-silty layers ripe for liquefaction (Figure 2).

METHODOLOGY

Deaggregation

The deaggregation methodology used in
this study adheres to the framework established
by Pagani et al. (2014), which allows for the
determination of the contribution of various
earthquake scenarios—defined by magnitude
and distance—to a specific ground motion level
exceedance. The research was carried out on a
dataset acquired from PSHA results at the planned
site in Serpong, Indonesia. The PSHA deaggrega-
tion outputs provide the major input data, which
include moment magnitude (Mw), projected

surface rupture distance (rjb), longitude, latitude,
and Tectonic Regime Type (TRT). A customized
MATLAB programme was used to construct
the site-specific deaggregation histogram. This
programme uses hazard curves and conditional
probabilities to generate joint magnitude and
distance distributions that contribute to exceed-
ing the ground motion level X at return period T.
The theoretical framework is built on conditional

probability functions:
P(X>x|T,M,1,) = ()
1- nnnna —P(X > x|T,m))
A @ TRT ¢
Where:

A and O represent the spatial location (longi-
tude and latitude),

TRT the tectonic regime, and
¢ the ground motion variability.

This approach enables identification of dominant
scenarios contributing to site hazard. The use of a
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Figure 2. Simplified geological map of West Java (https://geologi.esdm.go.id/geomap, Aribowo et al., 2022, Damanik et

al.,2021, Supendi et al.,2025).
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histogram allows visualization of the probabilistic
distribution and highlights the controlling magni-
tude—distance pairs. Data acquisition and hazard
modelling follow Indonesian guidelines and are
based on sources such as BATAN (2016), with ad-
ditional processing through MATLAB scripting.

Spectral Matching

The spectral matching procedure alters ground
motion data to match a target response spectrum
determined from site-specific Probabilistic Seismic
Hazard Analysis (PSHA). This guarantees that the
selected accelerograms appropriately depict the
seismic requirements at the studied location (Bani-
Hani and M.A.L, 2017; Cotton et al., 2006). Steps
to conduct spectra matching analysis:

1. Target Spectrum Definition

The target response spectrum is defined
based on PSHA results. It combines site-specific
seismic factors, such as attenuation relationships
and deaggregation data. This spectrum is used as
a reference for calibrating the selected ground
movements.

2. Selection of Ground Motion Records

Ground motion records are chosen from a
database using peak ground acceleration (PGA,
g), moment magnitude (Mw), and source distance
(km). To determine compatibility, the response
spectrum from each record is compared to the
target spectrum. Records with a large frequency
range are preferred to reflect realistic earthquake
conditions (Irfan et al., 2012).

3. Time-Domain Spectral Matching

The selected records are adjusted with the
Lilhanand Algorithm (Lilhanand and Tseng,
1987; Lilhanand and Tseng, 1988) and the
wavelet-based approach proposed by Al Atik and
Abrahamson (2010).

These change the amplitude and phase of each
accelerogram in order to better align its spectral
content with the target spectrum while maintain-
ing physical realism. It consists of the response
impulse and the response function in the reverse
order as stated below:
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ai(t) =

\/%EXP(—wiﬁi(ti — ) [282 ()
— Ri2

— 1) sin (w'i(ti — t)

— 2Bi\/1 — Bi% cos w'i(ti
- 0)]

Where:

ti is the time of the peak response of the i th
oscillator under the action of the i th wavelet

wi is the circular frequency of i th wavelet,
pi damping level of i th oscillator, and
1 is the damped circular frequency

0l = wiy/1 — Bi2.

Using a corrected tapered cosine wavelet, the
wavelet must be updated to guarantee a zero final
displacement (Abrahamson, 1992).

Ati =

It is important to choose the subject of fre-
quency dependence, denoted as i, carefully. This
ensures that both the modified wavelet and the
reference time series have a consistent duration
at frequency wi. In other words, if the reference
time series is short at a specific frequency, then wi
should be selected in such a way that the adjust-
ment function at that frequency will also be short
(Dombi et al., 2023).

4. Frequency-Dependent Adjustment
To maintain time consistency across frequency
bands, a trilinear model is used:
wi =zI1 if
<fl
wi=1z1+ (z2-2z1)+
if for f1<fi<f2
wi =73
f1>£2

U-ru
(F2-r1)

if  for

Where:
f1, £2, zI, and
72 are constant and

fi is frequency of i th wavelet in Hz;
constant of f1 =1 Hz, f2=4Hz, z1 =1.25 and
72 =0.25.
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To eliminate residual displacement, the adjust-
ments use the corrected tapered cosine as follows:

ai(t) = cos[w'i(t — tiAti)]exp [—|t
—tj + At| wi +

[c1(t — ti + Ati)
+ c2] exp[—|t — ti
+ Ati|5wi]

where consists ¢l and c2 depend on site-
specific parameters, and At ensures consistent
time duration.

5. Validation of Matched Records

Accelerograms are validated by comparing
their response spectra to the target spectrum.
Records with low amplitude and frequency devia-
tions are selected due to their consistency with
site-specific deaggregation results.

6. Iterative Refinement

The matching process is iterative, with am-
plitude and phase refined until the accelerogram
spectrum roughly matches the target spectrum
throughout all frequency bands. The emphasis is
on high-frequency components, which play an
important role in nonlinear structural response
and energy dissipation during significant ground
shaking.

7. Final Output

The output comprises of spectrally matched
accelerograms that depict the site's seismic danger.
These are employed in additional structural and
geotechnical assessments, especially nonlinear
dynamic and liquefaction models.

Earthquake Frequency Distribution

To analyze the distribution of seismic events
and ground motion intensities, the earthquake
frequency distribution is used. This method
divides data into intervals and provides insights
into the frequency of events within certain
ranges. The statistical technique employed al-
lows for a deeper understanding of seismic ac-
tivity at a given site by organizing the data into

frequency distributions (Dheeraj Vaidya, 2023;
Dombi et al., 2023; Liu et al., 2023; Miller,
2015). These distributions create a framework
for evaluating ground motion characteristics
and understanding the probabilistic seismic
hazard.

To classify the distribution of ground motion
data that has undergone spectral matching, class
intervals are developed. The frequency distribu-
tion was determined using the steps adapted from
Gonick (1993).

First, the data class width was calculated based
on the range of ground motion values:

Data class = Maximum value

— Minimum value

Next, the number of observation classes was
estimated using Sturges’ formula.

Number of class

=1+ 3.2log (Number of Data Set)

The relative frequency was then derived as:

Relative Frequency

_ Absolute Frequency
" Number of Data Set

This approach organizes the distribution of
ground motion data in a clear and statistically
structured format, facilitating subsequent analysis
and interpretation.

Artificial Weighting for Time Series

The weighting factor refers to the importance
assigned to each item in a data set to determine
whether it is considered primary or second-
ary within the group. This study describes the
weighted average of matched time series data
that is most likely to contribute to hazard assess-
ment based on its characteristics. To account for
the varying significance of each seismic event
in hazard estimation, an artificial weighting
mechanism is applied to the time series data.
This method employs the Simple Multi-Attribute
Rating Technique (SMART) to assign weights to
each ground data point based on four key earth-
quake characteristics: epicentre, Peak Ground
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Acceleration (PGA), distance, and magnitude.
Weights can be calculated using the following
formula (Mardani et al., 2015), which follow the
stages for performing a SMART analysis (Equa-
tions 9 and 10).

P;

= 10
SIP "

w;

Pi=x1+x2+X3+"'xn

Where:

w= weighted value in percent for each cri-
terion,

P = score of each time series to be weighted.

In this study successively the weight values
for x = distance, x,= magnitude, x,= PGA, and
x,= source depth.

The SMART analysis assigns weights to
each attribute based on its contribution to the
overall seismic hazard. By assigning more
weight to recordings from closer distances,
larger magnitudes, or stronger ground motions,
the model ensures that more significant events
contribute more significantly to seismic hazard
assessment.

RESuLT

Seismic Deaggregation

Probabilistic seismic hazard analysis pro-
duces both a hazard curve and a response curve
using bedrock data. The next step is to conduct a
deaggregation analysis to identify which earth-
quake occurrences contribute most significantly
to the overall risk, based on their magnitude (M)
and hypocentre distance (R). The hypocentre
distance indicates the latitude and longitude of
the earthquake source. The analysis calculates
the weighted average values of R and M for all
sources contributing to the hazard at each kilo-
meter location, reporting these as mean distances
and average magnitudes. At each specified loca-
tion, the most prominent hazard deaggregation
is represented by a specific pair of distance and
magnitude (R, M).

Figure 3a illustrates the deaggregation com-
putation centred at a latitude of -6.357 S and
a longitude of 108.66 E. In this experiment, a
distance width of 30 km (R) and a magnitude
bin of 0.5 were selected (Figure 3b). The highest
calculated source for shallow crustal earthquakes
in the researched area ranges from 10 to 30 km.
In a subduction zone, the maximum distance to

Spectra Acceleration of Serpong at 106.66 -6.357

[F=PGA vs Period] |

. | 1
0.8 1 12
Period (s)

L L L
0 0.2 0.4 0.6

% contribution to hazard

Disaggregation Magnitude - Distance jb (PGA, 0.1 %, 475 yrs)

b)

Figure 3: PSHA calculation results: a) Hazard curve for the 500-year return period (BAPETEN, 2013) ; b) Deaggregation
histogram for the Serpong area with the highest hazard contribution to the earthquake source at 210 km and 9 Mw.
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an active earthquake source is between 130 and
210 km.

Spectra Matching of Seismic Wave

The findings from the PSHA calculation
were used to determine the initial ground accel-
eration, which corresponds to the deaggregated
earthquake values from the proposed NPP site
in Serpong. The earthquake spectrum data were
then adjusted to align closely with the spectral re-
sponse of the specified target. Figure 2 illustrates
the results of this spectrum matching as a time
series of acceleration, velocity, and displacement
at T= 0 seconds. The target spectral response is
defined with a 5 % damping level, a 500-year
return period, and a 10 % probability over fifty
years, leading to a change in the time series pat-
tern compared to the original data.

The time series was selected based on
technical assessments of the suitability of the
earthquake event for the intended site, as well
as evaluations of the liquefaction-producing
seismic event. The study utilizes the following
variables: Distance and magnitude from the
earthquake source (Bardet and Tobita, 1992),
determined from the results of the deaggrega-
tion curve (distance: 210 km; Mw: 9), frequency
range of 0.5 to 10 Hz, earthquake amplitude be-
tween 0.05 and 1 g, earthquake duration ranging
from 10 to 60 seconds, Mw from 5 to 9, type of
sandy soil and time series data recording local
earthquakes, specifically the Lebak earthquake
of 5.9 Mw that occurred on January 23, 2018.
Although the disaggregation analysis indicates
a dominant scenario of a subduction event with
Mw 5 and a source-to-site distance of approxi-
mately 210 km, the Lebak earthquake (Mw 5.9,
2018) was selected for time series analysis due
to its availability and suitable frequency and am-
plitude characteristics. It is acknowledged that
the Lebak event does not match the dominant
hazard scenario in terms of depth or distance,
and the results obtained from this time history
are therefore intended for comparative purposes
rather than direct representation of the deag-
gregated hazard.

Actotal of 175 local and global earthquake data
points were evaluated based on the results of the
data selection technique. For the analysis, ninety
distinct earthquake data sets were chosen to rep-
resent individual seismic events. This approach
enables an objective study that accurately reflects
the earthquake source characteristics examined in
the site reaction analysis.

The Tohoku earthquake on March 11, 2011,
formed a part of the time series chosen to rep-
resent the source of the earthquake, because it
shared characteristics with the deaggregation
curve values (Figure 4). The SEISMOMATCH
2018 programme is used to process spectral
matching data. During the spectral matching
analysis of recordings, wavelet adjustment in the
time domain was performed. Time series with
a scale factor of 0.52 and a tolerance of 0.4, a
maximum period limit value of (0.05) seconds,
and a maximum period limit value of 4 seconds
are chosen. The investigation provided a reason-
able scaling with an average misfit of 3.9 % and
a maximum misfit of 38.6 % after the required
six iterations.

1 Spectra Matching: Original vs Matched Time Series of Tohoku Kitakami, 11-03-2011

—— Original Time Series
—— Matched Time Serics

Spectral Acceleration (g)
4
[

;

-0.5
0

50 100 200 250 300

150
Period (seconds)

Figure 4 Comparing Tohoku Sendai Original to Matched
Time history for the Serpong area.

Frequency Distribution of Data

PGA variation was analyzed using ninety
matched time series that represent the target bed-
rock ground motion spectrum. The deaggregation
curve was analyzed using distance and magnitude
parameters (magnitude 9 and distance 210 km)
to filter the time series. Additionally, the PGA
earthquake parameters and source depth, as pre-
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sented in Tables 1-4, indicate that the time series
are compatible with the ground motion designs.

The “class” column shows the PGA intervals.
The “PGA” column lists their ranges in "g". “Ab-
solute F” is the count of events in each interval,
and “Relative F (%)” shows their proportion to
the total number of observations.

For the frequency distribution, the PGA (Peak
Ground Acceleration) fluctuations are classified
into the following values: PGA minimum= 0.1
g, PGA maximum= 0.48 g, PGA range= 0.35 g,
number of PGA classes= 8, and length of each
PGA class = 0.04 g.

Among the total observations, there were
thirty-eight earthquake events in class 4 with
magnitudes ranging from 0.2 to 0.24 g, repre-
senting 42 % of all the recorded events (Table 1
and Figure 5). The distribution of PGA intervals
is as follows: 0.1-0.14 g: eight events (8.89

Table 1. Frequency Distribution of PGA

Class PGA (m/s?) F-Absolute (f) F-Relative (%)

1 0.1-0.14 8 8.89

2 0.15-0.19 29 32.22

3 0.2-0.24 38 42.22

4 0.25-0.29 7 7.78

5 0.3-0.34 4 4.44

6 0.35-0.39 1 1.11

7 0.4-0.44 2 2.22

8 0.45-0.49 1 1.11
Total 920 100.00

Figure 5. PGA Frequency Distribution Column.
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%), 0.15-0.19 g: twenty-nine events (32.22 %),
0.25-0.29 g: seven events (7.78 %), 0.3-0.34 g:
four events (4.44 %), 0.35-0.39 g: one event (1.11
%), 0.4-0.44 g: two events (2.22 %), 0.45-0.49
g:one event (1.11 %). Table 1 shows the distribu-
tion of PGA values across all intervals frequency
distribution (R) parameter as follows: The mini-
mum distance (Rmin) is 4 km, and the maximum
distance (Rmax) is 363 km. The total range (R)
is 359 km, and there are eight classes, each with
a class length of 44 km.

In Class 1, which covers the distance range
of 4—48 km, there were forty-nine recorded
earthquakes. This class represents 54.44 % of
all observations, indicating it has the highest
frequency of events. Additionally, the following
observations were noted as a percentage of the
total events: three earthquakes occurred in the
range of 49-93 km, accounting for 36.67 %,
eight earthquakes were recorded between 88.8
and 131.6 km, representing 5.56 %, There was
one earthquake each in the ranges of 1394 83 km,
229-273 km, and 319-363 km, with each range
contributing 1.11 % of the total observations (as
shown in Table 2 and Figure 6).

The frequency distribution of the depth param-
eter is as follows: Minimum depth (Dmin): 2 km,
- Maximum depth (Dmax): 113 km, Depth range
(D range): 107 km, Number of depth classes:
eight, Class depth length: 13 km. A total of fifty-
one events of class 1 earthquakes was recorded in
the depth range of 2—15 km, which accounts for
35.4 % of all observations in the most frequently

Table 2. Frequency Distribution of Distance (R)

Class |Distance (km) |F-Absolute (f)| F Relative (%)

1 4-48 49 54.44%
2 49-93 33 36.67%
3 94-138 5 5.56%
4 139-183 1 1.11%
5 184-228 0 0.00%
6 229-273 1 1.11%
7 274-318 0 0.00%
8 319-363 1 1.11%

Total 920 100.00
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3D Frequency Distribution of Distance

3D Frequency Distribution of Depth
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~—
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100-113

Figure 6. Distance Frequency Distribution Column.

occurring depth range. The distribution of events
across different depth ranges is as follows: 16-—9
km: forty-two events (42 %), 30—43 km: twelve
events (29 %), 44—57 km: two events (13.4 %),
58—71 km: three events (0.6 %), 72—85 km: two
events (1.7 %), 86—99 km: two events (2.22 %),
100—113 km: two events (2.22 %) (Table 3 and
Figure 7 for further details).

According to the frequency distribution of
the magnitude (Mw) parameter, the minimum
magnitude (Mmin) is 4.5. The range of magni-
tudes (M) is 4.5 with the number of classes (R)
set at 8 and the class interval length set at 0.6.
The most frequently occurring earthquake mag-
nitude range is between 6.82 and 7.32, which
includes twenty-four events and accounts for
26.67 % of the total observations (Figure 8). The
distribution of other magnitude ranges is as fol-
lows: seventeen events (18.89 %) for the interval

Table 3. Frequency Distribution of Depth

Class | Depth (km) | F-Absolute (f) | F-Relative (%)

1 2-15 51 56.67

2 16-29 17 18.89

3 30-43 12 13.33

4 44-57 2 222

5 58-71 3 333

6 72-85 2 222

7 86-99 2 222

8 100-113 1 1.11
Total 920 100.00

Figure 7. Depth Frequency Distribution Column.

between 4.5 and 5, sixteen events (17.78 %) for
the interval between 5.08 and 5.66, eight events
(8.89 %) for the interval between 5.66 and 6,
eleven events (12.22 %) for the interval between
6.24 and 6, one event (1.11 %) for the interval

Table 4. Frequency Distribution of Magnitude

Class Mag F-Absolute (f) F-Relative (%)

1 4.5-5 17 18.89

2 5.08-5.58 16 17.78

3 5.66-6.16 8 8.89

4 6.24-6.74 11 12.22

5 6.82-7.32 24 26.67

6 7.4-79 12 13.33

7 7.98-8.48 1 1.11

8 8.56-9.06 1 1.11
Total 920 100.00

3D Frequency Distribution of Magnitude

Height of Bar

Absolute Frequency

Figure 8. Magnitude Frequency Distribution Column.
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between 7.98 and 8, one event (1.11 %) for the
interval between 8.56 and 9. This data highlights
the prevalence of a certain magnitude ranges in
earthquake occurrences

To clarify the distribution of the primary pa-
rameters used in this study, histograms and heat
maps were created. The histogram in Figure 9
illustrates the relationship between earthquake
distance (in km) and peak ground acceleration
(PGA in g), which helps to understand how both
parameters influence the spectral response. Figure
10 presents a heat map showing the simultaneous
distribution of earthquake magnitude and depth.

os Scatter Plot: Distance vs PGA

03 X

PGA ()

02 X

0.1 x

0 50 100 150 200 250 300 350
Distance (km)

Figure 9. A scatter plot illustrating the relationship between
PGA (g) and distance (km). Higher PGA values are usually
generated by closer earthquakes, though anomalies can
occur given other variables that influence such magnitude.

Heatmap: Magnitude vs Depth

Depth (km)
Frequency

0.8
0.7
0.6
0.5
0.4
03
0.2
0.1

8.0 85 9.0

5.0 55 6.0 6.5 7.0 75
Magnitude (Mw)

Figure 10. This heat map represents the frequency distribu-
tion of earthquakes by depth (km) and magnitude (Mw).
Shallow earthquakes of moderate to high magnitude are
discovered happening at higher rates.
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Finally, the scatter plot in Figure 11 displays the
frequency distribution of distance (R), PGA,
depth (D), and magnitude (M), PGA (g), depth
(km), and magnitude (Mw). These distributions
show the dominant ranges for each parameter.

Weighting Factor

The table below presents the results of the
deaggregation analysis, specifically the limit
values used in this study. The initial weighting
standard is based on the number of classes. The
number of classes utilized for weighting is de-
termined by calculating the distribution function,
which considers various earthquake parameters
such as distance, magnitude (with a maximum
deaggregation limit of 210 km and 9 Mw), PGA
(Peak Ground Acceleration), and the depth of the
earthquake source (Table 5). As the class value
increases, so does the weight factor. Class 8 is
identified as the most significant factor, showing
the greatest impact on the destruction caused
by earthquakes. The factors used for selecting
an appropriate time series are detailed in Table
5. Class 8 has the highest weighting factor for
earthquake parameters: distances greater than
190 km, magnitudes exceeding 8.9, PGAs above
0.43, and depths of 14 km. Conversely, Class 1
earthquakes have the least impact, characterized
by a distance of 70 km, a magnitude greater than
4.7, a PGA of 0.07, and a depth greater than 98
km. However, Class 1 represents the smallest
scale of impact.

It should be noted that Tables 1—-4 show
frequency distributions calculated statistically
from PGA, distance, magnitude, and depth, with
classes 1-8 specified as interval ranges. Table 5
reorganizes these values into normalized impact
levels using the SMART weighting scheme,
with Classes 1—8 representing the least to the
most critical impact rather than raw frequency
intervals. Table 5 shows seismic parameters;
however, site-specific elements affecting liquefac-
tion (Vsso, SPT, and CPT) were evaluated during
the pre-selection of time series to ensure that
ground motions relevant to liquefaction-prone
circumstances were included.
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Figure 11. Histograms depicting the frequency distribution of seismic features including distance (km).

Table 5. Weighting Factors for Four Characteristics Used to
Calculate The Contribution of Earthquake Sources

Parameter
Class Distance (km) Magnitude PGA Depth (km)
1 <70 >4.7 <0.07 >98
2 <60 >5.37 >0.07 > 84
3 <50 >5.97 >0.13 >70
4 <40 >6.57 >0.19 >56
5 <30 >7.17 >0.25 >70
6 <20 >7.77 >0.31 >28
7 <10 >8.37 >(0.37 >14
8 > 190 >8.97 >0.43 <14

Table 6 presents the results of the weighting
factor calculation used to identify the time series
scaling results that most significantly influence
potential NPP (Nuclear Power Plant) locations.
This table details the findings from the assessment
of ninety time series, represented by the twenty

seismic events that inflicted the most damage and
demonstrated the highest compatibility. The crite-
ria examined include depth, distance, magnitude,
and PGA (Peak Ground Acceleration) values.
One notable event analyzed is the Tohoku earth-
quake, which occurred in Kitakami on March
11, 2011, at 05:46:24 UTC. The earthquake had
a depth of 29 km, an epicentre radius of 245.91
km, a magnitude of 9, and a PGA score of 0.26.
The evaluation based on the earthquake source
distance, magnitude, PGA, and depth resulted in
scores of 8, 8, 5, and 6, respectively. The total
score for these four parameters is 27. The score of
the Tohoku earthquake (27) accounts for 0.0174,
or 1.74 % of the total score from the ninety events
(1550). When the data was organized, this score
indicates that the Tohoku earthquake was the
event that caused the most damage, possessing
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Table 6. Twenty Weighted And Scored Events with The Highest Presentation Value Out of Ninety Time Series

Weighted Parameter Class
No Event (]l:_);_’llz:ll:) ( l];_ll:n ) Mag PGA Event M PGA D Total Percent Y%
1 5‘#‘3‘;;:&;30”'03‘“05:46:24 29 24591 9 026 Liquified 8 5 6 27 00174 17419
o Amberley New Zealand 2016-11-13. 3 1556 78 (34 Liquified 6 6 7 24 00155 15484
Te Mara Farm Waiau
3 ggéﬁﬁﬁf;ﬁﬁﬁ,l?ﬁ?o110999' 19 3221 7.6 047 Liquified 5 8 7 24 00155 1.5484
4 E:il\l;‘;‘rlfﬁfniw\ggﬁ“gﬁgl6'l1'14’ 10 19.18 6.5 024 Liquified 34 8 23 00148 1.4839
5 E‘]\‘;“]\j‘;g‘gg"'wi Japan 2016-04-15. 10 546 7 023 Liquified 4 4 8 23 00148 14839
6 g;gﬁﬁg%’E‘;‘;ﬁf{;fggé"“e1964‘ 40 2722 7.6 020 Liquified 8 4 6 23 00148 14839
7 Szﬁgki;i'%'”Kamkyr‘ 15 401 7 024 Liquified 4 4 7 22 00142 1419
Imperial Valley
8 1979-10-15,Agraris,Mexico,Bonds 10 639 65 021 Liquified 34 8 22 00142 14194
Corner
9 Eil??;égs?i;gg-z& Joshua Tree. 7 1564 73 020 Liiti’if]e q 5 4 8 22 00142 14194
10 gz:fr&g.ezi%‘;'?é'sﬁlg)‘COima 175 548 67 020 Liquified 4 4 7 22 00142 14194
11 (S)’;’?glcw\;it;ljs%g;n}laa“2005'05' 13 8.16 62 022 Lii‘i’ée q 34 8 22 00142 14194
1 aperstiion Hills 1987 Superstition 9 750 65 0.9 Liquified 304 8 22 00142 1419
13 I(\:I;SS ;??essguii Hanmer Springs. 7 5513 62 027 Hqﬁ"ge q 305 8 21 00135 13548
14 Christchurch, New Zealand 2016-02- 15 503, 58 (13 Liquified 2 3 8 21 00135 13548
14, Ouruhia
15 §f°éfgﬁ;ﬂe§rf§iﬁ?fnzm3'07' 14 3620 65 034 Lici\lll(i’;ed 36 8 21 00135 13548
16 Ei:ﬁgwli"mh“' Japan 2008-06-13. ;¢ 5050 69 041 Ligfi’ged 4 7 8 21 00135 13548
17 ?;’;“9?f:;_f;%iﬁ;ggfgfuntains 175 890 7 0.8 Liquified 4 3 7 21 00135 13548
18 g;‘pgreggi’ri‘ﬁgm erolia 19204 96 1376 7 07 Li;i‘i’f;e q 4 3 8 20 00129 12903
19 Kobe 1995-01-16. Kobe KIMA 179 21.10 69 020 Liquified 4 4 7 20 00129 12903
o0 Near the Coast of Guerrero 1985-09- 5, 908 76 27 Liquified 5 4 6 20 00129 12903

21. Zihuatanejo. Mexico.
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the highest percentage value compared to the
other ninety events analyzed.

Figure 10 illustrates the response spectrum of
ninety selected and scaled time series, along with
the target spectrum derived from Probabilistic Seis-
mic Hazard Assessment (PSHA) calculations. This
target spectrum corresponds to a 10 % probability
of exceedance over 50 years for the prospective
Nuclear Power Plant (NPP) site in Serpong. The
average spectrum is assumed to resemble the target
spectrum to effectively evaluate the results of the
spectral scaling analysis (Figure 12). To ensure the
sample is representative and unbiased, ninety time-
series were randomly selected from a broader sub-
set of the population and scaled them accordingly.
This approach allows us to statistically validate
that the target spectrum reflects the mean spectrum
of this random sample. The time series selection
includes data from the Tohoku earthquake, and the
resulting plot demonstrates a better alignment with
both the mean and average spectra.

Time Series of Spectra Matching Calculation

Spectral Acceleration (g)

02 04 0.6 08 1 12 14 1.6 1.8
Period (second)

Figure 12. The geometric mean pseudo-accelerated response
spectrum of ninety records with a chosen and 5 % damping
scaled.

DISCcUSSION

The seismic deaggregation study results (Figure
3b) give valuable information about the primary
seismic sources affecting the planned NPP site in
Serpong. It shows that high-contributing earth-
quake scenarios are primarily formed from two
types of seismic sources: subduction megathrust
events, with source-to-site distances of around 190

—210 km, and shallow crustal events, with distances

ranging from 10-20 km. This weighting approach
was based on the Simple Multi-Attribute Rating
Technique (SMART), which combines these four
characteristics into a single ranking framework. As
aresult, the Tohoku earthquake emerged as the top-
ranked event, indicating the highest compatibility
with the Serpong site hazard profile and exhibiting
the most devastating subduction scenario. These
findings support previous observations in the Indo-
nesian region, particularly those that emphasize the
dual hazard effects of regional subduction zones
and local fault systems.

The distribution of earthquake data, such
as average magnitude (Mw 4.25-7.25), source
distance (14.89—45.35 km), depth (13—27 km),
and PGA (0.18-0.24 g), illustrates both local and
regional seismic activity. Hanifa ez al. (2014) re-
ported similar ranges in their seismic microzona-
tion study in West Java, where shallow thrust fault
earthquakes were identified as the primary drivers
to near-field ground motion hazards (Hanifa et
al., 2014). This magnitude-distance connection
demonstrates the accuracy of the earthquake
scenarios chosen for seismic hazard simulation
at the Serpong site.

Furthermore, an examination of the frequency
distribution from ninety selected time series
revealed that the majority of destructive earth-
quakes at the candidate site had shallow focal
depths and moderate-to- large magnitude. This
pattern is similar with findings from Japanese case
studies such as the Niigata (1964) and Tohoku
(2011) earthquakes, which showed that shallow
seismic sources are more likely to generate sur-
face ground deformation and soil liquefaction
(Kagawa et al., 2012; Kramer, 2020).

This finding is consistent with the ground
motion patterns described by Widiyantoro
who discovered that subduction earthquakes in
southern Java contributes significantly to high
PGA values at inland sites due to their large
energy release and vast rupture (Widiyantoro
etal.,2022). The selection of the Tohoku earth-
quake as a reference spectrum is supported by
strong-motion data published by the Japan Me-
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teorological Agency (2011), which documented
long-duration, high-amplitude shaking across a
large area (JMA, 2011)

When using the Tohoku earthquake as a
spectral reference, scientists used a weighting
system that prioritized magnitude (Mw), PGA
(g), depth (km), and source distance (km). It
should be noted that Tables 1—4 show frequency
distributions calculated statistically from PGA,
distance, magnitude, and depth, with classes 1-8
specified as interval ranges. Table 5 reorganizes
these values into normalized impact levels using
the SMART weighting scheme, with Classes
1—8 representing the least to the most critical
impact rather than raw frequency intervals.
Table 5 shows seismic parameters; however,
site-specific elements affecting liquefaction
(Vsso, SPT, and CPT) were evaluated during
the pre-selection of time series to ensure that
ground motions relevant to liquefaction-prone
circumstances were included. The Tohoku event
(Mw 9, PGA 0.26 g, depth 29 km, distance
245.91 km) emerged as the top-ranked scenario.
This choice is congruent with the approach
of Bazzurro and Cornell (2004 who argue for
spectrum-compatible and hazard-consistent
time histories in performance-based seismic
engineering. The Amberley earthquake (Mw
7.8, PGA 0.34 g, distance 15.56 km) provided
a high-fidelity temporal history for examining
nonlinear site response due to its proximity and
spectral richness.

The use of spectrally matched accelerograms
in this work strengthens the reliability of the site
response simulations. According to Abrahamson
et al. (2008) and Hashash et al. (2016), time
histories utilized for nonlinear dynamic analysis
must keep the envelope and frequency content of
the original records in order to maintain nonsta-
tionarity. The spectral matching approach used
here successfully preserved these properties, as
seen by time series envelope comparisons and
response spectrum fidelity across the selected
records.

This discussion also makes an important
analytical contribution by emphasizing filtering
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for independent earthquake events. This method
prevents artificial grouping or over-representation
of repeated aftershock sequences, which can skew
PGA and magnitude distributions. By concentrat-
ing on isolated main shocks, the statistical repre-
sentativeness of the chosen recordings improves,
increasing the reliability of deformation predic-
tion under realistic seismic situations.

Compared to Hanifa et al. (2014) who ex-
plored seismic hazards in Bandung region, the
current analysis provides a more comprehensive
hazard profile for the Serpong location. While
Hanifa's research emphasizes shallow crustal
sources with thrust fault mechanisms as the pri-
mary drivers to ground motion. The data show
that subduction earthquakes, particularly those
from the Sunda megathrust, have a substantial
influence on the PGA and response spectrum at
Serpong. This disparity emphasizes the need of
multiscenario deaggregation analysis in capturing
both local and regional hazard factors.

Furthermore, this study focuses on spectrum-
compatible and envelope-preserving time his-
tories goes beyond the methodologies used by
Bazzurro and Cornell (2004) who stressed com-
patibility, but did not account for long-duration
waveform impacts (Bazzuro and Cornel, 2004)
as seen in the Tohoku event. In contrast, the
analysis reveals that the selected and matched
accelerograms preserve crucial nonstationary
features, indicating that they can be used in non-
linear deformation modelling. These refinements
support the methodological benefit of integrating
deterministic and probabilistic selection ap-
proaches, particularly for critical facilities like
nuclear power plants.

CONCLUSION

This paper describes a comprehensive method
for choosing representative ground motion data
to evaluate seismic hazards and liquefaction po-
tential at the planned nuclear power plant (NPP)
location in Serpong, Indonesia. The results of
seismic deaggregation and spectrum match-
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ing show that both shallow crustal earthquakes
and subduction megathrust events have a major
impact on seismic demand at the Serpong area.
Notably, the 2011 Tohoku earthquake with its
extended duration and high PGA, was chosen as
the most likely scenario due to its spectral com-
patibility and damage potential.

Using the SMART technique for time history
selection, the study successfully blends site-spe-
cific seismic properties into ninety independent
earthquake scenarios. These time series preserve
nonstationary properties that are critical for as-
sessing nonlinear site response and liquefaction
triggering. The data show that ground motions
with PGA ranging from 0.18 to 0.24 g, depths
of 13 to 27 km, and magnitudes of 4.7 to 7.1 are
most likely to occur and cause structural damage
or soil failure at the location.

This work helps increase the dependability of
ground motion selection in the context of nuclear
safety and hazard assessment. It contributes to
the broader goal of incorporating probabilistic
hazard evaluations into nuclear siting and design
techniques, particularly in seismically active re-
gions such as Java. The technique and findings
reported here can be used as a practical frame-
work to improve seismic resilience and guide
future liquefaction risk assessments at additional
important infrastructure sites
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