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Abstract

Seismic risk assessment in megacities requires a high-resolution spatial framework that
can capture the intrinsic heterogeneity of local geology, building distribution, and popula-
tion characteristics beyond conventional administrative boundaries. This study develops
a hazard-independent seismic susceptibility framework for the Seoul Metropolitan Area,
a megacity of approximately 9.5 million residents (as of 2024), where historical and instru-
mental earthquake records are limited. The proposed framework integrates nine standard-
ized indicators across geotechnical, structural, and social domains within a vulnerability—
exposure model, analyzed on a 250 m grid —approximately 300 times finer than district-
level assessments. Domain-specific indices and the integrated Seismic Susceptibility Index
(5SI) were derived using Analytic Hierarchy Process (AHP)-based weighting to quantify
the relative importance of indicators. Results show a highly concentrated spatial pattern
of susceptibility: only 2.2% of Seoul (229 grids, 14.3 km?) falls within the high-to-very-high
categories, primarily in northern and southwestern residential zones characterized by soft
soils, aging buildings, and vulnerable populations. The proposed framework supports
targeted risk-reduction strategies by providing a practical basis for pre-disaster decision-
making and efficient allocation of mitigation resources in data-scarce urban environments.

Keywords: seismic susceptibility; vulnerability-exposure integration; high-resolution
mapping; urban risk; hotspot identification; disaster risk reduction

1. Introduction

Seismic risk in megacities represents a multifaceted challenge in contemporary disas-
ter risk science [1-3]. The convergence of dense populations, critical infrastructure, and in-
tricate socio-economic systems can amplify the impact of even moderate earthquakes [4,5].
Urban seismic susceptibility is defined as the intrinsic propensity of urban systems to ex-
perience damage under uniform ground shaking [6,7]. It arises not only from geological
site conditions but from the interplay among geotechnical characteristics, structural vul-
nerabilities, and socio-economic attributes [8]. These systemic interdependencies and the
potential for cascading failures demand multidisciplinary approaches that move beyond
single-domain analyses [8,9].

Although the Korean Peninsula was traditionally perceived as seismically stable, this
perception changed following the 2016 Gyeongju (Mw 5.8) and 2017 Pohang (Mw 5.4)
earthquakes [10,11]. These events revealed that even moderate earthquakes can cause
considerable damage [12,13]. Moreover, subsequent geological investigations have identi-
fied the distribution of multiple active Quaternary faults across the peninsula [14,15]. In
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a megacity like Seoul, where both population and building densities are high, even small-
to-moderate earthquakes may cause significant localized impacts.

A large body of literature on seismic risk studies at both national and international
levels can be found [1,2,16-19]. Like many megacities in moderate seismicity regions (e.g.,
Montreal, Lisbon) [19-22], Seoul faces relatively high exposure despite moderate hazard
levels. Most seismic risk assessments operate at national or city scales using administra-
tive boundaries as analytical units. Although this approach supports large-scale plan-
ning, it fails to capture fine-grained spatial heterogeneity critical for urban seismic risk
management [4,17,23,24]. Domestic studies, including those for Gyeongju [25] and na-
tionwide evaluations in Korea [26], exhibit similar limitations through their reliance on
administrative boundaries as analytical units. In addition, despite growing international
interest in high-resolution urban risk modeling [27-29], integrated seismic risk studies re-
main limited, particularly those incorporating social vulnerability. In Korea, for exam-
ple, there is a lack of comprehensive assessments for Seoul. Existing research has focused
primarily on individual components, such as seismic hazard [10,30] or building vulner-
ability [31,32], without considering multi-domain interactions. While Probabilistic Seis-
mic Hazard Analyses (PSHA) remain fundamental for estimating ground-motion parame-
ters, they depend on the availability of historical earthquake records and fault-recurrence
data [33,34]. In regions such as Seoul, where instrumental observations are relatively
short and large-magnitude events have not been documented, a complementary hazard-
independent assessment can provide additional context for understanding vulnerability
and exposure [35,36]. Therefore, this study introduces a susceptibility-based framework
that serves as a pre-hazard baseline, which can later be integrated with PSHA-based mod-
els to achieve a more comprehensive view of seismic risk.

This study presents a high-resolution seismic susceptibility assessment for the Seoul
Metropolitan Area through a vulnerability—exposure framework that integrates geotech-
nical, structural, and social factors on a 250 m grid, enabling the identification of localized
high-susceptibility zones within the city. The proposed framework adopts the proactive
paradigm of disaster risk reduction by emphasizing vulnerability and exposure rather than
hazard intensity. It aligns with the UNDRR [37] Sendai Framework, which promote pre-
disaster risk governance and evidence-based decision-making, and provides a robust foun-
dation for risk-informed urban planning and emergency preparedness in megacities such
as Seoul.

2. Study Area

Seoul, the capital of South Korea, is located in the center of the Korean Peninsula
(Figure 1a). The city covers an area of 605.21 km?. Topographically, Seoul is surrounded
by mountains including Bukhansan to the north and Gwanaksan to the south, while the
central areas are characterized by extensive alluvial plains formed by the Hangang River
and its tributaries [38,39]. Seoul is administratively divided into 25 autonomous districts
(Figure 1b).

Seoul’s urban morphology reflects rapid industrialization and urbanization processes
since the 1960s. Seismic design requirements were first introduced in the 1988 Building
Code amendments, with phased implementation across major building categories [25,40].
The city contains approximately 500,000 structures, 32.4% of which were built before the
introduction of seismic code requirements (Figure 2a). Historic central districts and north-
western areas, developed primarily during the 1970s-1980s [41,42], exhibit concentrated
distributions of aging structures that may have limited seismic performance.
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Figure 1. Spatial context of Seoul: (a) satellite imagery showing geographic location within the Ko-
rean Peninsula and major topographic features, and (b) digital elevation model with administrative
district boundaries.
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Figure 2. Urban characteristics of the study area: (a) temporal distribution of buildings by
year of construction, and (b) demographic vulnerability characteristics comparing the ratios
of children (0-9 years) and elderly (>65 years) populations between Seoul and the national
average (Seoul — National).

Demographically, Seoul houses approximately 9.5 million residents (September 2024),
with 26.6% aged 65 or older and 5.2% under 10 years, comparable to national aver-
ages of 27.9% and 6.2%, respectively (Figure 2b). These population groups are consid-
ered more vulnerable during disasters due to limitations in rapid decision-making and
evacuation capacity, and their spatial distribution is therefore an important factor in
susceptibility assessments.

These characteristics establish Seoul as a representative case for seismic risk analysis
in densely populated megacities. In such urban environments, intrinsic system suscepti-
bility often governs damage outcomes more decisively than seismic hazard intensity itself.

3. Methodology
3.1. Multi-Level Seismic Susceptibility Assessment Framework

This study develops a hierarchical multi-level index system that integrates theoreti-
cal foundations with practical applicability for disaster risk management. The framework
builds upon Cutter, Boruff and Shirley [31]'s Hazards-of-Place model and Pittore, et al. [43]
multi-resolution assessment approach, adapted to Seoul’s administrative structure and
policy requirements for targeted disaster risk reduction interventions.



Appl. Sci. 2025, 15, 11942 40f19

The framework integrates indicators across geotechnical, structural, and social do-
mains into three index levels (Figure 3a). Within each domain, indicators are conceptually
divided into vulnerability (intrinsic susceptibility characteristics) and exposure (extent of
elements at risk) [37,44].
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Figure 3. Analytical framework for seismic susceptibility assessment: (a) data collection layer com-
prising nine indicators across three domains (geotechnical, structural, and social) and their aggrega-
tion into multi-level indices (GSI, STSI, SCSI, TVI, TEI, SSI), and (b) four-step calculation flow chart.

In the data collection layer, nine indicators are collected and preprocessed. At Level 1,
three domain-specific susceptibility indices are produced: the Geotechnical Susceptibility
Index (GSI) quantifying ground amplification potential, the Structural Susceptibility In-
dex (STSI) representing built environment conditions, and the Social Susceptibility Index
(SCSI) characterizing demographic vulnerabilities. At Level 2, auxiliary indices, such as
the Total Vulnerability Index (TVI) and Total Exposure Index (TEI), integrate vulnerability
and exposure components across structural and social domains. At Level 3, the Seismic
Susceptibility Index (SSI) is derived as a weighted linear combination of GSI, STSI, and
SCSI, providing an integrated representation of overall susceptibility. SSI values are clas-
sified into five grades using equal interval classification.

As illustrated in (Figure 3b), the analysis proceeds through four stages: (1) construc-
tion through GIS-based spatial standardization, converting point-interpolated, polygon,
and grid data into a unified grid format; (2) normalization via min-max transformation;
(3) weighting through an AHP-based expert survey; and (4) multi-level index calculation
by sequentially computing Level 1-3 indices from normalized values and weights. All
calculations were conducted on a 250 m x 250 m grid (10,125 cells total), providing a
spatial resolution approximately 387 times finer than the average administrative district
(24.21 km?).

3.2. Indicators and Data

Based on established theoretical frameworks [29,31,35,43] and Seoul’s regional charac-
teristics, six vulnerability indicators and three exposure indicators were selected (Table 1).
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Table 1. Seismic susceptibility indicators and data sources.

Domain Category Symbol Indicator Unit Data Source
GT1 Bedrock depth m
. . Lee, Lee and Park
Geotechnical Vulnerability Average shear wave 30
GT2 . m/s [30]
velocity to 30 m
Non-seismic
Vulnerability STV1 building -
ratio
o V-WORLD
Structural STE1 Total building (45]
density .
Exposure — — count per grid
STE2 Critical fficﬂlty
density
Elderly population
SCV1 ratio
(=65 years)
. Child population
Vulnerability SCV2 ratio ) Seoul Open Data
Social (<10 years) Plaza
46
Foreign population [26]
SCV3 .
ratio
Exposure SCE1 Total population count per grid
P density pers

3.2.1. Geotechnical Indicators

Geotechnical indicators represent intrinsic physical properties that influence site-

specific ground amplification and damage intensity, even under identical seismic loading.
Kriged surface data, produced by ordinary kriging from 15,494 borehole records by Lee,

Lee and Park [30], were resampled to the defined grid cells.

Bedrock depth (H, GT1) represents the depth to engineering bedrock beneath the sur-
face soil. Sites with deeper overburden layers generally experience stronger shaking be-
cause soft soils amplify ground motions. Thus, greater depth indicates higher amplifica-

tion potential during an earthquake.

Average shear wave velocity to 30 m (Vs3p, GT2) is calculated as the time-weighted
average to 30 m depth, indicating ground stiffness [47,48]. Lower Vg3y values indicate
softer soils that tend to amplify seismic waves. Therefore, lower V3 values were assigned

higher susceptibility scores in the analysis.

3.2.2. Structural Indicators

Structural indicators were developed using building registry containing information
such as year of construction, structural type, and floor area, combined with GIS datasets
obtained from the V-WORLD [45]. Each building polygon was assigned to a single grid cell
based on its centroid location, ensuring unique allocation and preventing double-counting.

Structural vulnerability (STV1) represents the percentage of buildings constructed be-
fore effective compliance with seismic design. Practical application remained low through

the early 1990s, so 1994 was adopted as a conservative threshold:

Npre—1994,,
STV1j = ——— % 100

total ;

M

where Npre_1994], is the number of pre-1994 buildings in grid j and Ntotalj is the total

building count.
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Structural exposure comprises two indicators. Total building density (STE1) is the to-
tal building count per grid, representing the absolute scale of physical assets at risk. Crit-
ical facility density (STE2) represents the number of facilities per grid whose functional
disruption could amplify secondary impacts. Critical facilities were classified by build-
ing use codes into categories including hospitals, schools, substations, power plants, haz-
ardous material storage, and other key public service buildings. This indicator represents
exposure to potential cascading effects.

3.2.3. Social Indicators

Unlike prior studies relying on static census data [8,26,29], this study uses time-
resolved living population data from Seoul Open Data Plaza [46], derived from anonymized
mobile network data. The dataset provides high-resolution population distributions by
250 m grid, time, gender, and age. Weekday late-night periods (September 2024) were
selected to capture the realistic residential population distribution.

Social vulnerability comprises population groups with relatively limited self-evacuation
and recovery capacity. Elderly population ratio (SCV1) is the percentage aged 65 or
older, characterized by mobility and evacuation limitations [16,31]. Child population
ratio (SCV2) is the percentage under 10 years old, with high care needs and limited
self-evacuation capability [49,50]. Foreign population ratio (SCV3) is the percentage
of foreign residents facing disaster information access constraints due to language and
cultural barriers.

Social exposure (SCE1) is the total population count per grid, representing the ab-
solute number of people at risk. Higher population density is associated with a higher
potential for casualties under identical ground shaking.

3.3. Analytic Hierarchy Process-Based Weighting

The Analytic Hierarchy Process (AHP) was applied as a matrix-based multi-criteria
decision-making method to determine the relative importance of indicators [51,52]. AHP
decomposes complex problems into hierarchical levels and converts subjective expert judg-
ments into quantitative weights through pairwise comparisons. Although the method
includes consistency checks to minimize bias, it fundamentally reflects expert judgment
rather than objective measurement [52]. AHP has been widely used in disaster risk assess-
ments [8,29,50].

Twenty experts from academia and government evaluated the indicators using Saaty’s
9-point scale, and all matrices satisfied the consistency-ratio threshold (CR <0.1). Individ-
ual weights were aggregated using the geometric mean.

As shown in Table 2, domain-level weights (Level 1) indicated that structural factors
had the highest relative importance (0.50), followed by social factors (0.35) and geotechni-
cal factors (0.15). This reflects expert consensus that structural factors have the most direct
influence on earthquake damage.

Table 2. AHP-derived weights for seismic susceptibility indicators.

Domain Indicator
Category Weight Category Weight
GT1 w§T 0.58
Geotechnical wCT 0.15
GT2 wsT 0.42
STV1 w;TV 1.00
Structural wST 0.50 STE1 wSTE 0.60

STE2 wéTE 0.40
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Table 2. Cont.

Domain Indicator
Category Weight Category Weight
SCv1 wiCV 0.45
SCV2 w5V 0.30
Social wSC 0.35 SCV3 wgCV 0.25
SCE1 w3C 1.00

3.4. Susceptibility Index Calculation

Since indicators have different units and measurement scales, min-max normalization
was applied to transform all values to a 0-1 scale. For indicators where higher values indi-
cate greater vulnerability, positive-direction normalization was applied. Conversely, for
indicators where higher values indicate lower vulnerability (e.g., GT2), an inverse trans-
formation was performed prior to normalization:

x; — Xi — xmin‘ )
Xmax — Xmin
where x; is the original value of indicator x in grid cell i, x,,;;, and X,y are the minimum
and maximum values of that indicator across all grid cells, and ] is the rescaled value.

Three domain-level susceptibility indices are calculated using different approaches.
GSI combines two geotechnical vulnerability indicators through a weighted linear combi-
nation. STSI and SCSIintegrate vulnerability and exposure components within each domain.

GSIj = wi" - GT1, + w§" - GT2; ©)
STSI; = STV} x (w§TE - STEY, + w§"® - STEZ)) @)
2 SCV / /
SCSI; = Z%wi -SCV;; | x SCE1; (5)
1=

where all variables refer to grid cell j. The definitions of indicators and weights follow
those presented in Section 3.2. Indicators and data.

The integrated vulnerability and exposure indices are then formulated to facilitate
broader policy interpretation. The TVI and TEI integrate structural-social vulnerability
and exposure components, respectively:

3
TVI; = asr - STV + agc - <Z wiCV . scvl{]) (6)
i=1
TEI; = agr - (waE -STE1} +w3"" - STEz;) +asc - SCE1; 7)

where agt and agc are weighted at 0.59 and 0.41, respectively, after excluding geotechnical
factors and renormalizing the original AHP weights.

The 5SSl is finally computed using AHP-derived domain weights (Table 2). Higher SSI
values indicate greater comprehensive seismic susceptibility at each grid cell.

SSIj = wC" - GSI; + w°T - STSI; + w’C - SCSI; ®)
wCT, wST, and w5 are the domain weights for the geotechnical (0.15), structural (0.50),

and social (0.35) domains derived from the AHP survey (Table 2).
The calculated SSI values were classified into five grades using equal interval method
with an interval of 0.2. This classification provides consistent interpretability, enabling
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the identification of high-susceptibility areas and supporting evidence-based disaster
risk management.

4. Results

4.1. Spatial Patterns of Component Indices
4.1.1. Geotechnical Susceptibility Index

The analysis of geotechnical susceptibility in Seoul revealed distinct spatial variability.
The spatial pattern of bedrock depth (GT1), as shown in Figure 4a, indicates that thick over-
burden layers—often exceeding 30 m—are concentrated along the Hangang River basin
and its tributary plains, reflecting long-term fluvial deposition and lateral sediment accu-
mulation [53]. These deposits consist mainly of soft alluvial materials such as silty sand and
clayey silt, resulting from repeated flooding and channel migration. In contrast, shallow
bedrock conditions (<5 m) prevail in the northern and southern uplands, where weathered
granite are exposed or covered by thin colluvial soils. Similarly, V3o values (GT2) show an
opposite tendency: alluvial plains generally record 280-320 m/s, whereas exposed bedrock
zones in mountainous areas exceed 800 m/s (Figure 4b). The two indicators exhibit a strong
inverse correlation (r = —0.73, p <0.001) (Figure 4c), indicating that thicker unconsolidated
deposits are associated with softer soils having lower shear stiffness, which can amplify
seismic waves more readily during an earthquake.

@) L (b)

H (m) { 2 Vs, 30 (ms)
fs ! ] 15234
4

49.1 7
n M
. 253

(©) 1400

N Count
2

T Ew
1000 0

y==27.0x+ 1014

Vs, 30 (m/s)
g 2 8
g & g

"l
“.,

&
8\ r’/r\'AL 4l ———
- v S P 0 10 2 30 40

5km 5km H (m)

Figure 4. Spatial distribution of geotechnical indicators: (a) H, (b) Vs30, and (c) correlation between
the two indicators (r = —0.76, p <0.001).

GSI values showed clear spatial patterns, with the highest concentrations across the
Hangang River basin and southwestern alluvial plains (Figure 5a). The mean GSI was 0.43,
with a moderately left-skewed distribution (skewness = —0.523) (Figure 5b). While GSI
values are relatively well-distributed across Seoul, the top 25% (>0.537) were concentrated
in alluvial zones along the Hangang River, highlighting areas with elevated potential for
ground motion amplification during seismic events.

g |— Mean =043
Normal fit

(a) 2 (b) 1
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Figure 5. (a) Spatial and (b) statistical distribution of GSI across Seoul.



Appl. Sci. 2025, 15, 11942 90f19

4.1.2. Structural Susceptibility Index

The proportion of non-seismic buildings (STV1) was calculated, and about 58.6% of
buildings were identified as non-seismic. Northern districts (Dobong, Nowon, Gangbuk)
showed high ratios of 70-100% (Figure 6a), corresponding to the concentration of older
residential buildings constructed during the housing development of the 1970s and 1980s.
In contrast, recently developed areas in Gangnam and Seocho showed relatively lower ra-
tios of 30—40%. Building density (STE1) was highest in central business and commercial
districts such as Jung and Jongno, reaching 200-400 buildings per grid, while mountainous
and park areas showed very limited development (Figure 6b). Critical facilities (STE2) ac-
counted for about 2.0% of buildings and were dispersed across residential neighborhoods,
particularly around schools and hospitals (Figure 6c).

(a) (b) Build. (© Critical Fac.
Non-Seismic Do N Density Density N

Ratio X (bld/grid) (bld/grid)
.’414A0 .14AO I

-0

— — —
5 km 5 km 5 km

Figure 6. Spatial distribution of structural indicators: (a) non-seismic building ratio, (b,c) building
and critical facility density.

High STSI values are clustered in the northern and southwestern residential areas
of Seoul (Figure 7a). In contrast, central and southeastern districts exhibit low STSI val-
ues, corresponding to the predominance of newer, code-compliant structures. The mean
STSI was 0.070, indicating generally low levels of structural susceptibility (Figure 7b). The
distribution was right-skewed (skewness = 1.403), with most grids concentrated in the
0.0-0.1 range. High-risk grids (STSI > 0.20) accounted for only 7.8% of the northern areas.
The high coefficient of variation (CV =110.7%) indicates distinct spatial variability.

2500
(a) (b) il —— Mean =0.07
—— Normal fit
20001 n=6781
>, 1500
Q
=
5}
=
=d
2
= 10001
500 4
0 T T u T
— 0.0 0.1 0.2 0.3 0.4
5km STSI

Figure 7. (a) Spatial and (b) statistical distribution of STSI across Seoul.
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4.1.3. Social Susceptibility Index

The proportion of elderly residents (SCV1) averaged 18.9% and was relatively evenly
distributed across the city, with several residential neighborhoods near Bukhansan ex-
ceeding 25% (Figure 8a). Child population ratios (SCV2) were relatively higher in large
apartment complex areas but averaged only 8.7% citywide (Figure 8b). Foreign residents
(5CV3) showed localized concentrations up to 30% in Jung, Mapo, and Yongsan, while the
overall average was 4.0% (Figure 8c). Population density (SCE1) reached approximately
13,000 persons per grid in high-density residential and commercial areas, while mountain
and river park areas remained near zero (Figure 8d).

(b)

— —
5 km 5 km
c d Pop.
(©) Foreign N @ Density N
Ratio (p/grid)
.- 1.0 I . 13,393.6 I

0 0

o —
5km 5 km

Figure 8. Spatial distribution of demographic indicators: (a—c) elderly, child, and foreign population
ratios, and (d) population density.

SCSI values are broadly distributed across residential areas, with localized hotspots
in the northeastern, northwestern, and southwestern parts of Seoul (Figure 9a). The dis-
tribution is strongly right-skewed (skewness = 1.67), with 75% of grid cells falling below
0.01 (Figure 9b). The mean SCSI is 0.01 while the CV (128%) is the highest among the
three indices, indicating that social vulnerability is concentrated within a limited number
of grid cells.
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Figure 9. (a) Spatial and (b) statistical distribution of SCSI across Seoul.

4.1.4. Total Vulnerability and Exposure Indices

TVI represents overall vulnerability characteristics by combining non-seismic build-
ing ratios (STV1) and the proportions of socially vulnerable populations (S5CV1-3). It
shows a wide spatial distribution across Seoul, with high values mainly observed in older
urban cores and residential areas developed during the 1970s-1980s (Figure 10a). TEI cap-
tures quantitative exposure based on building and population density, exhibiting a more
localized spatial concentration in residential and commercial clusters (Figure 10b). While
TVI highlights areas with inherent vulnerability characteristics, TEI identifies locations
with relatively high concentrations of population and assets at risk.

(b)

— —
5 km 5km
Figure 10. Spatial distribution of Level 2 indices: (a) TVI and (b) TEL

4.2. Identification of Seismic Hotspots
4.2.1. Spatial and Statistical Distribution Characteristics

The SSI distribution exhibits a distinct north-south asymmetry divided by the Hangang
River (Figure 11a). Northern districts show generally higher SSI values (0.3-0.6), whereas
southern districts are mostly lower (0.1-0.3). This pattern is associated with the distribu-
tion of aging buildings (high STSI) and elderly populations (high SCSI) concentrated in
northern districts. High GSI values are observed along the alluvial belts of the Hangang
River, but STSI and SCSI values remain low, resulting in moderate overall SSI levels.
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Figure 11. Spatial distribution and statistical characteristics of SSI: (a) spatial patterns and (b) fre-

quency distribution.

The highest SSI values are observed in areas where multiple susceptibility factors
overlap, including soft ground conditions, high proportions of aging buildings, and vul-
nerable population groups. These critical hotspots are primarily located in older residen-
tial districts of northern Seoul (Seongbuk, Dobong, Nowon) and parts of the southwestern
alluvial areas (Yeongdeungpo, Guro).

551 values ranged from 0 to 0.675, with a mean of 0.12 (Figure 11b). The distribution
was right-skewed (skewness = 0.88), with most grids concentrated at lower values. With a
CV of 99.4%, SSI variability was higher than GSI but lower than STSI and SCSI, indicating
that integrating the three domains moderated the variability across grid cells.

4.2.2. Classification by Susceptibility Grade

The normalized SSI values were classified into five grades using equal interval classi-
fication (Figure 12). Very Low, Low, and Moderate together account for 97.8% of the city,
indicating that most areas fall within the low to moderate susceptibility range. In contrast,
High and Very High grades comprise only 2.2% of the total area (229 grids, approximately
14.3 km?). The Very High grade corresponds to 24 grids (about 1.5 km?) are identified as
priority management zones.
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Figure 12. Classification of seismic susceptibility zones showing the SSI map with five grades and
the distribution of cells by grade.



Appl. Sci. 2025, 15, 11942

13 of 19

These high-risk areas—representing the High to Very High grades of the suscepti-
bility classification—are primarily characterized by the convergence of structural and so-
cial vulnerabilities (Figure 13). Compared to citywide averages, structurally, they exhibit
3.48 times higher building density and 2.08 times higher proportions of non-seismic struc-
tures. Demographically, they show 2.66 times higher population density, with elevated
concentrations of foreign residents (2.26 x) and elderly populations (1.35x). Geotechnical
conditions show minimal variation, indicating that susceptibility is predominantly driven
by built environment factors, particularly aging and densely developed urban cores.
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Figure 13. Characteristics of High to Very High SSI areas: (a) ratio of mean indicator values, and
(b) distribution comparison with citywide values (red = High/Very High SSI grids; gray = all grids).

This clear contrast between low and high SSI areas illustrates the spatial concentra-
tion of seismic susceptibility in Seoul. Targeted allocation of resources to the 229 high-
susceptibility grids (2.2%) could improve mitigation efficiency, while low-susceptibility ar-
eas should remain under regular inspection or maintenance to manage potential
risk accumulation.

4.3. Administrative District-Level Analysis

Because disaster management policies are implemented at the district level, the SSI
results derived from the 250 m grid analysis were aggregated for Seoul’s 25 administrative
districts to identify relative susceptibility levels by district. For each district, the proportion
of grids classified as High or Very High was calculated (Figure 14a).

Among all districts (Figure 14b), Jungnang showed the highest proportion at 12.2%,
followed by Dongdaemun (10.4%) and Gangbuk (9.3%), Yongsan (6.9%), and Gwangjin
(5.6%). Most of these districts are located in northern (Jungnang, Dongdaemun, Gangbulk,
Seongbuk) and southwestern (Yeongdeungpo, Dongjak, Guro) parts of Seoul.
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Figure 14. Spatial distribution of seismic susceptibility by administrative district: (a) percentage of
high and very high susceptibility areas by district and (b) top 10 districts ranked by proportion of
high-risk grid cells.

5. Discussion
5.1. Spatial Concentration and Distribution Patterns

The results reveal a distinct spatial concentration of seismic susceptibility. While most
areas fall within low—moderate classes, only a limited portion of the city corresponds to
high-risk areas (Figure 12). This provides quantitative evidence to inform targeted rather
than uniform intervention strategies.

A clear north-south variation is associated with differences in development history
and geological conditions. Northern districts (1970s-1980s development) show high con-
centrations of aging buildings and elderly populations, while the southwestern alluvial
corridor combines soft soil with dense development. In contrast, southeastern areas show
uniformly low susceptibility.

The three domains show markedly different spatial patterns. GSI displays a relatively
uniform distribution across Seoul, whereas STSI and SCSI exhibit more concentrated pat-
terns with substantial spatial variability. The 250 m resolution reveals considerable vari-
ation within individual administrative districts, where SSI values in some grid cells are
up to six times higher than in others. This illustrates how coarse administrative units may
obscure important micro-scale variations relevant to local risk management.

5.2. Policy Application of the Multi-Level Framework

The hierarchical index system supports tailored interventions across agencies and ob-
jectives. Level 1 domain-specific indices provide actionable sectoral priorities. GSI’s rel-
atively even distribution suggests the need for general ground condition management in
urban planning. STSI’s high concentration indicates the necessity of prioritizing retrofit
programs in northern residential zones. SCSI’s identification of socially vulnerable grids
supports more focused emergency preparedness and resource allocation planning.

Level 2 auxiliary indices distinguish management strategies. TVI’s broad distribution
across aging cores suggests area-wide qualitative improvements (e.g., strengthened codes,
safety education). TEI's selective concentration in dense clusters indicates opportunities
for quantitative management (e.g., density regulations, facility dispersion).

Level 3 integrated assessment (SSI) provides an integrated basis for comprehensive
disaster management. Nearly half of all high-risk zones are concentrated in just five dis-
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tricts (Jungnang, Dongdaemun, Gangbuk, Yongsan, Gwangjin) which together cover only
16% of the city’s area. District-specific susceptibility profiles reveal differentiated inter-
vention needs: Jungnang exhibits high population density with elevated elderly and child
ratios; Yongsan shows concentrated building and critical facility density; Gangbuk demon-
strates compound vulnerabilities across both structural and demographic factors.

While district-level results may vary depending on the specific weighting scheme
applied, they consistently identify areas with higher concentrations of vulnerability and
exposure factors. These findings provide practical guidance for prioritizing disaster risk
reduction efforts and support proactive approaches to urban risk management.

5.3. Methodological Advances

This study addresses three key gaps in previous research. First, it introduces a high-
resolution micro-scale analysis. By employing 250 m grid units, the analysis provides
a spatial resolution substantially finer than district-level studies, allowing the identifica-
tion of important intra-district variations that are typically averaged out in administrative-
scale analyses.

Second, it establishes an integrated multi-domain framework. Nine indicators across
geotechnical, structural, and social dimensions are systematically combined using AHP-
based weighting, allowing the framework to capture interactions between vulnerability
and exposure that may be underrepresented in single-domain assessments.

Third, it advances a hazard-independent susceptibility assessment approach. By fo-
cusing on intrinsic factors rather than relying on seismic hazard analyses, the framework
provides practical insights for proactive disaster risk management. Moreover, it is com-
patible with subsequent hazard model integration and aligns with international standards
set by UNDRR and IPCC, facilitating potential application to other megacities with aging
infrastructure and heterogeneous geology.

Sensitivity Analysis of Classification Methods

To assess the robustness of the SSI classification, three methods—equal interval
(Figure 12), natural breaks (Jenks), and quantiles (Figure 15)—were applied to the normal-
ized SSI grid. The class thresholds and distribution of observations are summarized in
Table 3.

(b) SSI Grade
(Quantiles)
0.00~0.09 (Very Low)
0.09~0.13 (Low)
0.13~0.20 (Moderate) |
0.20~0.33 (High)
0.33~1.00 (Very High) |1'f

1t

Figure 15. Comparison of SSI maps classified by (a) natural breaks (Jenks) and (b) quantiles.
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Table 3. Break points and class distributions for three classification methods applied to the normal-
ized seismic susceptibility index.

Classification Very Low Low Moderate High Very High
Equal 6042 2860 994 205 24
interval (59.7%) (28.3%) (9.8%) (2.0%) (0.2%)
Natual 2345 3764 2153 1338 525
(Jenks) (23.2%) (37.2%) (21.3%) (13.2%) (5.2%)
Quantiles 2025 2025 2025 2025 2025
(20.0%) (20.0%) (20.0%) (20.0%) (20.0%)

A pairwise Cohen’s Kappa test was performed to quantify the spatial agreement be-
tween schemes. Results indicate low to moderate agreement (Kappa = —0.036 to 0.275),
suggesting that classification boundaries vary numerically but have limited impact on the
spatial pattern of high-susceptibility zones. Across all methods, cells classified in the top
4-5% under the Equal Interval scheme consistently appeared in the highest classes under
Jenks and Quantile schemes as well.

These findings suggest that, while the proportion of each class differs depending on
binning criteria, the spatial pattern of high-susceptibility clusters remains consistent across
classification methods. This indicates that the framework’s main policy implications and
priority areas are consistent and reproducible.

5.4. Limitations and Future Directions

Several directions can further improve and refine the framework. First, future re-
search will extend the current hazard-independent approach toward full risk assessment
by incorporating deterministic and probabilistic ground-motion parameters (e.g., PGA,
spectral acceleration, site amplification) derived from active fault data. Second, vulnera-
bility characterization should be refined with structural details (e.g., building type, retrofit
history) and expanded social indicators (e.g., income, preparedness, resilience). Third, in-
corporating temporal dynamics and uncertainty analysis beyond the static 2024 snapshot
would enhance the robustness of the assessment. Finally, external validation with recent
earthquakes that caused damage in Korea, such as Gyeongju and Pohang, would help eval-
uate the transferability and broader applicability of the framework.

6. Conclusions

This study developed a multi-domain seismic susceptibility framework for Seoul at
a 250 m spatial resolution, providing substantially finer detail than conventional adminis-
trative boundary-based assessments.

The results provide three key findings with direct policy relevance. First, seismic sus-
ceptibility is spatially concentrated: only 2.2% of Seoul (229 grids, 14.3 km?) is classified as
high or very high risk, whereas most areas falls into the low range, indicating the need for
targeted rather than uniform interventions. Second, domain-specific patterns reveal that
geotechnical factors call for broad, citywide strategies, while structural and social vulnera-
bilities demand selective, hotspot-oriented actions. Third, considerable intra-district vari-
ability suggests that conventional district-level analyses may overlook important micro-
scale patterns relevant to effective planning.

The hierarchical multi-level index system offers a structured basis for sectoral priori-
tization and integrated disaster risk management. District-level analysis identifies five pri-
ority districts—Jungnang, Dongdaemun, Gangbuk, Yongsan, Gwangjin— containing 43%
of high-risk zones within just 16% of the city’s area. The hazard-independent framework,
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aligned with global standards [37,44], supports proactive management in low-to-moderate
seismicity regions and can be coupled with probabilistic hazard models to enhance future
risk assessments.

Overall, these findings provide an evidence-based foundation for prioritizing seismic
risk management in urban areas. The proposed framework facilitates resource allocation
to high-susceptibility areas and provides a transferable approach for other megacities, em-
phasizing the practical importance of intrinsic susceptibility assessment in earthquake pre-
paredness and mitigation.
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