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Abstract

Reclaimed coastal areas are highly susceptible to uneven subsidence caused by the con-
solidation of soft marine deposits, which can induce differential settlement, structural
deterioration, and systemic risks to urban infrastructure. Further, engineering activities,
such as construction and loadings, exacerbate subsidence, impacting infrastructure sta-
bility. Therefore, monitoring the integrity and vulnerability of linear urban infrastructure
after construction on reclaimed land is critical for understanding settlement dynamics,
ensuring safe and reliable operation and minimizing cascading hazards. Subsequently,
in the present study, to monitor deformation of the linear infrastructure constructed over
decades-old reclaimed land in Mokpo city, South Korea (where 70% of urban and port
infrastructure is built on reclaimed land), we analyzed 79 Sentinel-1A SLC ascending-orbit
datasets (2017-2023) using the Persistent Scatterer Interferometry (PSInNSAR) technique to
quantify vertical land motion (VLM). Results reveal settlement rates ranging from —12.36 to
4.44 mm/year, with an average of —1.50 mm/year across 1869 persistent scatterers located
along major roads and railways. To interpret the underlying causes of this deformation,
Casagrande plasticity analysis of subsurface materials revealed that deep marine clays
beneath the reclaimed zones have low permeability and high compressibility, leading
to slow pore-pressure dissipation and prolonged consolidation under sustained loading.
This geotechnical behavior accounts for the persistent and spatially variable subsidence
observed through PSINSAR. Spatial pattern analysis using Anselin Local Moran’s I fur-
ther identified statistically significant clusters and outliers of VLM, delineating critical
infrastructure segments where concentrated settlement poses heightened risks to trans-
portation stability. A hyperbolic settlement model was also applied to anticipate nonlinear
consolidation trends at vulnerable sites, predicting persistent subsidence through 2030.
Proxy-based validation, integrating long-term groundwater variations, lithostratigraphy,
effective shear-wave velocity (Vs*), and geomorphological conditions, exhibited the re-
liability of the InSAR-derived deformation fields. The findings highlight that Mokpo’s
decades-old reclamation fills remain geotechnically unstable, highlighting the urgent need
for proactive monitoring, targeted soil improvement, structural reinforcement, and inte-
grated INSAR-GNSS monitoring frameworks to ensure the structural integrity of road and
railway infrastructure and to support sustainable urban development in reclaimed coastal
cities worldwide.
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1. Introduction

Reclaimed coastal cities face unique geotechnical challenges due to their foundation
on artificial land masses, often constructed over weak marine sediments and organic
materials [1]. Urban infrastructure in these environments is particularly vulnerable to
differential settlement, soil liquefaction, subsidence, and structural deformation [2]. This
differential settlement occurs when different parts of the infrastructure settle at different
rates due to variations in the thickness of the soft soil layer, the type of fill material, or
inconsistencies in compaction during construction [3,4]. Engineering activities, such as
construction and loadings, exacerbate subsidence, impacting infrastructure stability [5]. It
can cause a building deformation, roadbed to crack, railway track to deform, pipeline rup-
ture, or seawall deformation, leading to structural integrity issues and safety hazards [1,6].
Subsequently, rapidly sinking coastal cities, such as New Orleans, Jakarta, Ho Chi Minh,
Bangkok, and Shenzhen, face challenges that necessitate immediate attention due to their
potential impacts on infrastructure [6-13].

The geotechnical behavior of reclaimed soils is primarily controlled by the consol-
idation characteristics of soft marine clays underlying the fill [14-17]. Settlement is a
time-dependent process, encompassing primary consolidation due to excess pore pressure
dissipation under applied loads and secondary compression associated with long-term
viscous deformation of the soil skeleton [18,19]. High-plasticity CH-type clays (LL > 50%,
PI > 25%) exhibit low permeability and high compressibility, resulting in slow pore-pressure
dissipation and prolonged settlement under the weight of reclamation fill and infrastruc-
ture [20-23]. In contrast, shallow reclamation fill or low- to medium-plasticity silty clays
(ML-CL) are relatively stiffer and less compressible, contributing primarily to short-term
settlement [16,24]. The interplay of these geotechnical processes governs the magnitude,
rate, and spatial variability of VLM, emphasizing the need to integrate soil mechanics
principles with remote sensing-based deformation monitoring.

South Korea, constrained by its limited landmass and rapidly growing urban popula-
tion, has relied heavily on large-scale land reclamation to support national development.
Reclaimed areas have been systematically developed for diverse purposes, including
residential and commercial districts, economic free zones, transportation infrastructure,
seaports, and industrial parks. Prominent projects include the Saemangeum Seawall,
which at 33 km is one of the longest seawalls globally; large-scale reclamation in Incheon,
where reclaimed land accommodates international business hubs, airports, and residential
complexes; the Noksan Busan National Industrial Complex, which supports Korea’s manu-
facturing and logistics industries; and Mokpo, where nearly 70% of the city’s built-up area,
including critical transport and port facilities, rests on reclaimed land [2,25,26]. While recla-
mation has been pivotal for economic growth, it has also introduced long-term geotechnical
challenges. These factors contribute to differential settlement, a significant threat to critical
infrastructure, including transportation networks such as roadbeds, bridges, and metro
lines, disrupting transportation efficiency and posing safety risks. Subsequently, numerous
studies have documented significant subsidence in reclaimed coastal areas in South Korea,
such as Mokpo [26]; the Noksan National Industrial Complex in Busan [2,25,27], and In-
cheon [17,28-30]. For example, Kim et al. [31] reported continuous subsidence in Mokpo,
particularly in Dongmyung, Hadang, and Wonsan, with rates exceeding 4 cm/year due to
soft foundation compaction. Similarly, Sengupta et al. [30] applied Sentinel-1A SAR datasets
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to assess land subsidence in Incheon and identified severe deformation exceeding 20 cm
annually in reclaimed zones surrounding the Incheon International Airport, underscoring
the risks to aviation infrastructure built on unconsolidated fills. Nur et al. [27] observed
subsidence velocities up to 20.98 mm/year at the Noksan National Industrial Complex in
Busan, which was constructed over Korea’s deepest soft ground. These findings emphasize
the vulnerability of reclaimed land to subsidence and the compounded risk from rising sea
levels and extreme weather events [32]. Furthermore, several researchers reported that ma-
jor metropolitan areas in South Korea have experienced more than 1127 ground subsidence
events over the past decade, attributed to factors such as intense summer rainfall, ground-
water table fluctuations, aging underground utilities, and insufficient post-construction
backfilling [33-35]. The formation of sinkholes, subsurface cavities, and potholes near linear
infrastructure has significantly increased settlement susceptibility, with risks magnified as
cavity diameter grows and the roadbed-to-cavity distance decreases [36,37]. Consequently,
accurate and continuous monitoring of linear infrastructure stability and associated vulner-
ability, specifically in reclaimed coastal environments, is crucial for effective infrastructure
management and cascading hazard mitigation.

Conventional ground settlement monitoring techniques, such as leveling surveys and
GNSS observations, are limited by their sparse spatial coverage, high operational costs,
and labor-intensive implementation [38]. On the other hand, Interferometric Synthetic
Aperture Radar (InSAR) provides a spatially extensive and cost-effective solution capable
of detecting millimeter-scale ground displacement over large urban and coastal areas. By
exploiting long time series of SAR acquisitions, PSINSAR and SBAS methods enable precise
tracking of stable ground targets, thereby facilitating the mapping of subsidence patterns,
identification of critical deformation zones, and assessment of infrastructure vulnerabil-
ity [39]. Subsequently, over the past decade, MTInSAR approaches have been widely
adopted for infrastructure stability assessments in diverse geological and urban settings.
Numerous studies have demonstrated their efficacy in monitoring roads, highways, metro
lines, railways (intercity and high-speed), tunnels, and subway corridors, particularly in
subsidence-prone regions [38,40-42]. For example, Lyu et al. [43] utilized the PSInSAR
technique with 55 TerraSAR-X images to monitor 25 highway overpasses in eastern Beijing
(2010-2016), identifying a maximum annual deformation rate of —141.3 mm/year with
pronounced seasonal variability linked to structural and environmental factors. Zhao
et al. [38] analyzed 73 Sentinel-1A images (2018-2021) along the G15 Coastal Highway in
Jiangsu Province, China, applying PSInSAR, SBAS, and DSInSAR methods, and reported
deformation rates exceeding +10 mm/year, with both settlement and uplift observed.
Similarly, Bai et al. [40] applied Sentinel-1A data and MT-InSAR methods to develop an
early warning classification framework to detect and categorize zones of roadbed instability.
Zhang et al. [5] investigated metro line subsidence in the Guangdong-Hong Kong-Macao
Greater Bay Area, detecting deformation rates from —39.4 to 14.2 mm/year primarily
associated with metro construction activities. Orellana et al. [41] integrated long-term
SAR interferometry with GIS analytics to evaluate road network deformation in the Rome
metropolitan area, achieving millimeter-level precision. Extending to coastal urban envi-
ronments, Aziz Zanjani et al. [3] used PSInSAR to analyze subsidence along Miami's barrier
islands (2016-2023), identifying localized settlement driven by construction activities and
interbedded sand layers in the subsurface geology. Table 1 summarizes recent applications
of InNSAR to monitor urban infrastructure worldwide, highlighting the breadth of contexts
and methodological advancements.
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Table 1. Recent past INSAR studies monitoring linear infrastructure integrity.

Linear Infrastructures SAR Data Methods References
. Time-series Sentinel-1 SLC, DInSAR, SBAS, PSInSAR,
Highway/Road TerraSAR-X DSINSAR, TSS-InSAR [38,40,41,43-47]
Rail (intercity /high Time-series Sentinel-1 SLC,
artway {Iniercity/ g TerraSAR-X, ENVISAT PSInSAR, SBAS [48-52]

speed)/Metro Line

ASAR, Radarsat-2

Tunnel/Subway (urban
underground corridors)

Time-series Sentinel-1 SLC,
TerraSAR-X, ENVISAT PSINSAR, SBAS [42,53-57]
ASAR, Cosmo-SkyMed

Airport

Envisat ASAR, Sentinel-1A,

COSMO-SkyMed PSInSAR, SBAS [58-62]

In South Korea, Ramirez et al. [54] applied the PSInSAR to Sentinel-1 data for tunneling-
induced ground deformation monitoring, achieving high consistency with field-based
displacement measurements. Kim et al. [63] used PSINSAR in the Seoul metropolitan area
to evaluate long-term infrastructure stability and its relationship to subsurface geology.
Further, several domestic studies (e.g., [2,25,26,30]) highlighted that the urbanization devel-
oped on reclaimed land is particularly vulnerable to long-term settlement and infrastructure
instability due to anthropogenic drivers like groundwater extraction or rapid construction
loading that persist. The comprehensive literature review highlights the effectiveness of
InSAR-based methods for detecting differential settlement, characterizing spatio-temporal
ground deformation, and quantifying subsidence-related risks to the stability of linear
infrastructure. Despite this global recognition, investigations of infrastructure vulnerabil-
ity in South Korea have primarily relied on in situ testing, borehole instrumentation, or
GIS-based risk models [64—67], with comparatively fewer applications of advanced InNSAR
time-series techniques [49,54,68,69]. Moreover, earlier work in Mokpo (e.g., [26,31,70,71])
documented extensive subsidence across reclaimed districts such as Dongmyung, Hadang,
and Wonsan since the early 1990s, raising concerns about the long-term stability of civil
structures. However, it remains uncertain whether these decades-old reclamation fills have
since stabilized or whether ongoing settlement continues to compromise infrastructure
integrity, such as roadbeds, railways, and underground utilities. Therefore, a systematic PS-
InSAR-based monitoring framework is urgently required to ensure the structural integrity
and sustainability of urban development for the Mokpo region.

The present study aims to utilize the advanced PSINSAR technique and time-series
Sentinel-1 SLC SAR data to analyze ground displacement and assess the integrity of linear
infrastructure stability in Mokpo City, a prominent coastal city characterized by extensive
land reclamation projects. We applied the PSINSAR technique to process 79 Sentinel-1A SLC
images acquired between 2017 and 2023 and quantified high-resolution long-term VLM
trends affecting critical urban linear infrastructure. The PSINSAR-derived deformation
results were integrated with the geometry of the linear infrastructure (i.e., major roads
and railways) and subsequently, clustering analysis was performed using Anselin Local
Moran’s I approach to identify potential failure linear infrastructure segments. Additionally,
a hyperbolic model was utilized to predict the nonlinear progression of subsidence and fore-
cast future settlement behavior of linear infrastructure constructed on reclaimed land. To
further validate and interpret the PSINSAR-derived VLM, the results were correlated with
geotechnical and hydrogeological properties, including borehole lithology, geomorphology,
groundwater trends, and effective shear-wave velocity (Vs>°). This integrated framework
provides critical insights into the vulnerability of major roadbeds and railways in reclaimed
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coastal environments and contributes to developing proactive monitoring strategies and
risk-informed mitigation policies for sustainable urban development in South Korea.

2. Study Area

Mokpo, a historic port city situated at the mouth of the Yeongsan River in southwestern
Jeollanam-do, South Korea, represents one of the largest reclaimed coastal regions in the
country [26,72]. The city covers 51.67 km? with a population of approximately 210,000,
and nearly 70% of its landmass is derived from tidal flats and shallow marine areas
through reclamation (Figure 1). This reclamation, initiated during the Japanese colonial
period and expanded over the past century, has facilitated large-scale urbanization but
also introduced persistent geotechnical challenges [26,70]. Before reclamation, Mokpo
was predominantly mountainous; however, modern residential districts and infrastructure
corridors have primarily been constructed on soft marine clays and highly compressible
estuarine sediments, prone to consolidation-induced subsidence [71]. Figure 1b(i-iii)
depicts the land reclamation and phased urban development. Numerous studies have
reported frequent infrastructure damage due to rapid settlement, particularly during the
1990s and 2000s when building deformation and road subsidence were widespread in
reclaimed areas [26,70]. Consequently, ground settlement in Mokpo directly affects the
urban structures by progressively deforming roadbeds, utilities, and housing stock in
reclaimed zones where unconsolidated soils continue to compact over time [70,71]. In
addition, the city’s low elevation (<5 m MSL in most urbanized areas (Figure 1c)) amplifies
vulnerability to inundation hazards during storm surges and high tides, especially under
the combined influence of subsidence and sea-level rise [72,73].

Geologically, the city is underlain by unconsolidated marine sediments, rendering it
highly susceptible to long-term settlement and differential subsidence [26]. The geomor-
phology of the region is characterized by extensive tidal flats, interspersed with valleys,
upper slopes, open slopes, and ridges (Figure 1d). From a geotechnical perspective, the
subsurface geotechnical properties, e.g., effective shear-wave velocity (V) as reported
by Kim and Hong [74], indicates that the most of Mapko region exhibits Vs* < 760 m/sec
(Figure 1b), corresponding to NEHRP site classes C, D and E, which characterize soft soil
and weathered rock conditions highly susceptible to amplification of ground deforma-
tion. Additionally, groundwater fluctuations and tidal cycles impose cyclic loading, alter
pore-water pressures, and weaken soil structure, thereby intensifying subsidence risks.

Further, we compiled 120 borehole geotechnical datasets from the reclaimed areas of
Mokpo City to characterize subsurface lithology and mechanical behavior. Representative
borehole lithology and SPT-N profiles reveal a stratigraphic sequence of reclaimed fill
materials (0-5 m) overlying soft, fine-grained marine clays extending to depths of 9-17 m
(Figure 2a,b). The lithology and SPT-N profiles illustrate the typical stratigraphy of soft ma-
rine clays overlain by reclamation fill, while the plasticity charts classify the soils according
to the Unified Soil Classification System (USCS). To investigate depth-dependent varia-
tions in soil behavior (i.e., soil’s plasticity and compressibility characteristics), Casagrande
plasticity charts were constructed for samples shallower and deeper than 5 m (Figure 2c,d).
The liquid limit (LL) and plasticity index (PI) data were used to distinguish between low-
and high-plasticity materials using the A-line (PI = 0.73 (LL-20)) and the vertical boundary
at LL = 50%, which separates low-compressibility (L) from high-compressibility (H) soils.
Deeper samples (>5 m) predominantly exhibit CH-type clays of high plasticity, indicating
substantial potential for long-term consolidation and settlement. This geotechnical dataset
provides a foundational understanding of the mechanical properties of the reclaimed soil
and PSInSAR-derived ongoing VLM.
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Figure 1. (a) Location of Mokpo city on the southwestern coast of South Korea, (b) the exten-
sive port and urban infrastructure built on reclaimed land with spatial distribution of SPT-based
effective shear wave velocity (Vs3°) reported by Kim and Hong [74] (shadow zones represent
land reclamation since 1920s (modified after [26,70,71]), and ‘stars’ represent reported sinkholes
(https:/ /sciencesay.shinyapps.io/sinkhole/, accessed on 28 September 2025)), (c) elevation from MSL
of the city exhibiting most of the urbanized area spread over < 5 m, and (d) broad geomorphology of
the region derived through TPI-based landform classes. The rectangle in images (i-iii) highlights
extensive urban infrastructure development on reclaimed coastal land from 1969 to 2025. The high-
resolution image for 2025, 2007 and 1985 was obtained from Google Earth, while the aerial images for
1969 were sourced from NGII. [Note: the groundwater monitoring station is represented in a green
circle in (b)].

Numerous studies have documented persistent subsidence across Mokpo's reclaimed
districts, particularly Dongmyung, Hadang, and Wonsan region, since the early 1990s,
indicating that soil consolidation continues decades after reclamation [26,70,71]. Table 2
presents documented sinkhole occurrences in Mokpo city compiled from the ScienceSay
sinkhole database (https:/ /sciencesay.shinyapps.io/sinkhole/, accessed on 28 September
2025), and various news reports, highlighting direct on-ground impacts of subsidence. The
major sinkholes identified in the Mokpo region are also depicted in Figure 1b. Most of
these sinkholes are associated with aging sewer infrastructure and inadequately compacted
reclamation fill, highlighting the tangible consequences of ongoing ground deformation.
Such ground deformation often results in differential settlement affecting linear urban
infrastructure, leading to pavement cracking and distortion, and damage to buried utilities.
This raises significant concerns regarding urban infrastructure stability, particularly in
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(a)

reclaimed areas where soil composition and foundation conditions deviate substantially
from natural ground. Further, geologically and geotechnically, Mokpo represents a high-risk
subsurface environment, underscoring the necessity of integrated monitoring frameworks

to accurately characterize settlement patterns and safeguard transportation networks and

utilities constructed on reclaimed coastal terrain.
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Figure 2. (a,b) Representative borehole lithology and Standard Penetration Test (SPT-N) profiles of the
reclaimed land in Mokpo City, and (c,d) Casagrande plasticity charts derived from 120 boreholes for
soils shallower (<5 m) and deeper (>5 m) than the reclamation fill interface [Note: The geotechnical
laboratory test data were obtained from the Korea National Land and Geotechnical Information
Portal (https:/ /www.geoinfo.or.kr/, accessed on 21 July 2025)].
Table 2. Summary of documented sinkhole occurrences in Mokpo City.
Date Location Approx. Scale Reported Cause Sources
Ground subsidence https:/ /imnews.imbc.com/
Four-story residential in mid-1980s landfill replay/1997/nwdesk/
1 March 1997 Sanjeong-dong . . article/1764218_30717 .html,
complex tilted ~5 and poor foundation
construction accessed on 28
September 2025
Poor safety https:/ /www.anjunj.com/
. . Road collapse 80 m long management at news/articleView.html?
2 April 2014 Sanjeong-dong x 7 m wide nearby construction idxno=10127, accessed on 28

sites, sewer relocation

September 2025
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Table 2. Cont.

Date Location Approx. Scale Reported Cause Sources
Corrosion and https:/ /www.seoul.co.kr/
. . Sinkhole ~2 m wide X . news/society /2016/04/27
26 April 2016 Shinheung-dong 4 m deep on the road bresa:;%f Oif aegsmg /20160427500128, accessed
pip on 28 September 2025
25 March 2018 Y d Surface opening 1.2 m
arc eonsan-dong wide x 1.5 m deep JIS Underground Safety
. . Information System
16 June 2021 Wonsan-dong Smkhcile; 1—2dm wide x Defective soil refill (https:/ /www.jis.go.kr/)
=~ deep https:/ /sciencesay.
Surface opening 1.5 m Soil runoff from shinyapps.io/sinkhole/,
13 April 2022 Dongmyeong-dong  wide x 0.8 m deep (15m unde.rground accessed on 28
lateral expansion) excavation for new September 2025
construction
https:/ /www.mpmbc.co.kr/
Sinkhole ~1 mwide x  Damageand leakage G 6023
6 August 2025 Yeonsan-dong of >20-year-old !
4 m deep sewers accessed on 28
September 2025
. https:/ /www.mpmbc.co.kr/
. . Soil loss due to the .
22 September 2025 Sanjeong-don: Sinkhole ~0.5 m diameter failure of old sewer NewsArticle/1484071,
p jeong &

accessed on 28

x 0.7 m dee .
; pipes September 2025

3. Data and Methods

Reclaimed land is generally formed by infilling marine or estuarine environments
with dredged materials such as sand, silt, or construction debris [17,25]. The underlying
seabed soil, often soft, saturated marine clay or silt, is highly compressible. The weight of
the new roadbed, railway, or building acts as a large surcharge that causes the underlying
soil to consolidate and compress over time, gradually expelling pore water and result-
ing in long-term settlement [3]. This process occurs slowly and may persist for decades,
leading to long-term deformation. Figure 3a illustrates the schematic representation of
the primary mechanisms of uneven settlement along linear infrastructure on reclaimed
land. Consequently, the rapid urban expansion of coastal cities through reclamation in-
troduces significant geotechnical and structural challenges, including risks to buildings,
bridges, and transportation networks, owing to the heightened susceptibility of reclaimed
terrain to subsidence. Thus, the primary objectives of the present investigation are to
integrate advanced geospatial analysis, SAR remote sensing, and statistical modeling to
systematically assess uneven settlement and stability risks along linear urban infrastructure
constructed on reclaimed coastal land. First, the PSInNSAR technique is used to process
time series Sentinel-1 SLC data and extract high-resolution, temporally continuous ground
deformation patterns, enabling the identification of localized settlement hotspots. Second,
we performed proxy-based validation through correlation analysis of PSINSAR-derived
VLM patterns with hydrogeological and subsurface properties (Vs*, lithology, groundwa-
ter, elevation, and geomorphology) to better understand the underlying causes of ongoing
land subsidence. Third, the derived VLM fields are spatially integrated with the road and
railway network to delineate critical segments prone to instability. Fourth, cluster and
outlier analysis, based on Anselin’s Local Moran’s I, is utilized to statistically assess spatial
patterns of vulnerability. Finally, a hyperbolic settlement model is fitted to representative PS
time series to predict the nonlinear progression of subsidence in vulnerable infrastructure
segments. Figure 3 illustrates the comprehensive PSINSAR and GIS-based workflow for
monitoring linear infrastructure settlement in the reclaimed coastal environments.
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Figure 3. An integrated methodological framework for uneven settlement monitoring along the linear
infrastructure: (a) primary mechanisms of uneven settlement along linear infrastructure on reclaimed
land and space-based monitoring, (b) PSINSAR processing workflow, and (c) geospatial-based linear
infrastructure integrity monitoring and vulnerability assessment.

3.1. Data

In the present study, we utilized a multi-source dataset that integrates satellite-based
SAR observations with ancillary topographic, hydrological, and geotechnical information
to characterize ground deformation processes in Mokpo’s reclaimed coastal zones. A
total of 79 Sentinel-1A SLC scenes acquired in ascending orbits between March 2017
and December 2023 were downloaded from the ESA Copernicus Open Access Data Hub
(https://dataspace.copernicus.eu/, accessed on 21 September 2023). All scenes were
collected in VV polarization under the Interferometric Wide (IW) swath mode, which
provides a nominal ground resolution of ~2.3 m in the range direction and ~13.9 m in
the azimuth direction [75]. The IW configuration utilizes the Terrain Observation with
Progressive Scans (TOPS) acquisition strategy, which enhances azimuth phase stability
and reduces scalloping artifacts relative to traditional ScanSAR imaging [76,77]. The high
temporal resolution of Sentinel-1 reduces temporal decorrelation and enables the extraction
of a large number of coherent scatterers across urbanized and semi-urban settings [78].
We selected interferometric pairs using thresholds of perpendicular baselines (<150 m)
(Figure 3b, star graph).

Several auxiliary datasets were integrated to investigate potential correlations between
deformation signals and hydrogeological and geotechnical factors. Linear infrastructure
data, including major road and railway alignments, was obtained from OpenStreetMap
(https:/ /www.openstreetmap.org/, accessed on 25 July 2025) to assess the settlement
susceptibility of transport networks. Hydrogeological datasets, comprising time series
groundwater level and borehole lithological logs, were sourced from the Korean National
Groundwater Information Center (https://www.gims.go.kr, accessed on 21 July 2025) and
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the Korean Geotechnical Information Database (https://www.geoinfo.or.kr/, accessed
on 21 July 2025), respectively. High-resolution digital elevation data (5 x 5 m) collected
from the National Geographic Information Institute (NGII) were used to derive terrain
characteristics, including elevation and geomorphological features, to contextualize defor-
mation patterns. Geotechnical laboratory test data (i.e., Atterberg limits) from 120 boreholes
distributed across the reclaimed region, were utilized to investigate depth-dependent varia-
tions in soil mechanical behavior. Additionally, effective shear-wave velocity (Vs30), derived
from in situ Standard Penetration Tests (SPTs) reported by Kim and Hong [74], were incor-
porated to quantify soil stiffness variations and evaluate their influence on deformation
rates. A detailed summary of all datasets and their respective sources is provided in Table 3.

Table 3. Summary of the used Datasets.

Data Source Remarks
Time Series Data, March
Sentinel-1SLC ascending https: / /dataspace. 2017—Decgmber 2023; .
orbit data copernicus.eu/, accessed number of images = 79;
on 21 September 2023 Incident angle~33.80°,

Heading Angle~ —169.295°

https:/ /www.

Linear Infrastructures openstreetmap.org/ Major Road and
Geometry accessed on 25 July 2025 Railway Network
National Geographic
Information
Institute (NGII)
Digital Elevation Model ~ ({PS//WWwingilgo.l/, o o 14D AR DEM; 90 m
(DEM) accessed on 21 July 2023); SRTM DEM
SRTM (https:/ /srtm.csi.
cgiar.org/srtmdata/,
accessed on 21
September 2023)
https://www.gims.go.kr, =~ Groundwater fluctuations
Groundwater records accessed on 21 July 2025 (2017-2023)
Subsurface soil /rock . Effective shear wave
properties Kim and Hong [74] velocity (V30 (1 = 326)
Korea National Land and
Geotechnical laboratory Geotechnical Inforr.natlon L1qu'1(.i Limit (LL),
test data Portal (https: Plasticity Index (PI)
/ /www.geoinfo.or.kr/, (n =120)
accessed on 21 July 2025)
National Geographic I;Ielcgl}; lrlriga}}cii laa;l(f
High-resolution Imageries Information Institute urbanization from
(NGII); Google Earth
1969 to 2025
3.2. Methods

3.2.1. Time Series Sentinel-1 SLC Data Processing Using the PSINSAR Technique

The PSINSAR technique is a widely adopted approach for detecting and quantifying
millimeter-scale ground deformation over time by exploiting the phase stability of coher-
ent radar targets known as Persistent Scatterers (PSs) [79,80]. These scatterers, typically
associated with man-made structures (e.g., buildings, road network, railways, bridges) or
naturally stable features (e.g., exposed rocks), exhibit consistent backscattering properties,
thereby allowing long-term displacement monitoring [79]. Although multiple variants of
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the PSINSAR methodology have been proposed in recent years, all share the fundamental
principle of analyzing interferometric phase histories at each pixel across a stack of SAR
acquisitions [43]. In PSInSAR, a reference (master) image is selected, and all auxiliary (slave)
images are co-registered and paired with the master to generate a network of differential
interferograms [40]. The interferometric phase ¢(x,y,t) at a given PS location (x,y) and
time t can be expressed as [81-83],

(X, Y, 1) = Pacfo + Propo + Priat + Patm + Paec 1)

where @1, represents the phase component associated with surface displacement along
the satellite Line of Sight (LOS), ¢1opo is the residual topographic phase, ¢y, corresponds to
the flat-Earth phase induced by orbital geometry, @4, is the atmospheric delay phase, and
@dec accounts for decorrelation and noise effects. The principal goal of PSInSAR analysis is
to isolate @y, as it directly reflects ground displacement dynamics [83]. To accomplish
this, external DEMs are incorporated to remove the topographic phase component, thereby
enabling the construction of a time series of differential interferograms from which localized
deformation patterns can be extracted with millimeter-level accuracy.

In the present study, 79 Sentinel-1A Single Look Complex (SLC) images were processed
using the SARPROZ software (https://www.sarproz.com/, accessed on 20 September 2023)
for ground deformation analysis based on the PSINSAR techniques [80]. The processing
workflow followed the standard PSINSAR procedure (Figure 3b), consisting of baseline
estimation, master image selection, co-registration of slave image, sparse point selection
using the local maxima algorithm, interferogram processing, multi-image InNSAR process-
ing, atmospheric phase screen (APS) estimation and removal, sparse point processing,
and time series displacement analysis [32,54,80,84,85]. The master image (21 April 2020)
was selected based on the perpendicular and temporal baseline configurations to ensure
optimal coherence and accurate co-registration of slave images. All auxiliary (slave) images
were subsequently aligned to this master, creating a stack of co-registered SLCs. Differ-
ential interferograms were then generated using the Shuttle Radar Topography Mission
(SRTM) DEM (90 m resolution) to remove orbital errors, flat-Earth, and topographic phase
contributions [32]. Thereafter, potential PSs were initially identified based on the threshold
of amplitude stability index (ASI > 0.75) [79]. Based on these PS candidates, a spatial
network was constructed using Delaunay triangulation, and unknown parameters such
as velocity and residual elevation were estimated using the periodogram technique, con-
strained within 100 mm/year for displacement and £100 m for elevation [54]. Absolute
displacement values were then determined by integrating all estimations relative to a stable
reference point located in a geodetically non-deforming area [54,79,86]. Subsequently, to
reduce atmospheric effects, an APS correction was applied using spatial-temporal filtering
(low-pass in space, high-pass in time), improving phase coherence through graph inver-
sion [32,54]. A second iteration was then performed with a relaxed ASI threshold (>0.6) to
increase PS density [87,88]. Subsequently, based on the same reference point and the same
parameters that were used during APS estimation, the final procedure with APS removal
was carried out [84], and a temporal coherence filter (>0.7) was applied to extract the most
reliable deformation points. Subsequently, the DEM error, the LOS displacement velocity,
and the time series displacement were estimated for the filtered PS points using a linear
trend assumption. The processed PS data were geocoded and exported for subsequent
analysis. Moreover, since vertical subsidence is the dominant deformation mechanism
in reclaimed coastal settings due to sediment consolidation and anthropogenic factors,
the LOS displacement measurements were converted to vertical displacement based on
the local incidence angle [26,27,30,89,90]. This is also supported by the geological context
of the Korean Peninsula, which is characterized by relatively low seismic activity and
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minimal horizontal deformation [32]. Subsequently, the LOS displacements were projected
to vertical ground motion using Equation (2) [9,32],

dros
VLM = 2
cos 0 @)
where VLM is the vertical displacement, d;ps represents the LOS displacement, and 6
is the incidence angle. The derived VLM dataset was then used to assess the integrity
and vulnerability of Mokpo’s linear infrastructure network, including major roadways
and railways.

3.2.2. Proxy-Based Validation: Correlation Analysis

The absence of continuous GNSS, GPS, or leveling benchmarks in the study region
posed limitations for the direct validation of PSInNSAR-derived velocity and displacement
estimates. Nevertheless, PSINSAR has been widely demonstrated as a robust and reliable re-
mote sensing technique capable of delivering millimeter-scale deformation measurements
in diverse geotechnical and geomorphic environments [9,26,89,90]. Numerous studies
(e.g., [2,3,11,13,26,27,30,70]) have also shown that surface deformation in reclaimed coastal
settings is strongly influenced by subsurface properties, including groundwater fluctua-
tions, sediment thickness, soil permeability, and the consolidation of highly compressible
marine and estuarine deposits. Subsequently, in the present study, we adopted a proxy-
based validation framework, in which PSInNSAR-derived VLM results were systematically
compared against hydrogeological, geomorphological, and geotechnical parameters of the
Mokpo region. These factors frequently result in spatially heterogeneous and temporally
prolonged subsidence across reclaimed districts. A statistical correlation analysis was
performed to investigate the underlying deformation mechanisms and assess the reliability
of PSInSAR outputs. Consequently, the PSINSAR-derived VLM rates and displacement
time series were compared against lithological profiles, groundwater level variations,
geomorphic and topographic landforms, and reported SPT-based Vs data.

3.2.3. Hotspot Analysis and Hyperbolic Model-Based Nonlinear Ground
Subsidence Prediction

VLM data were integrated with the geometries of major linear infrastructure (roads,
railways) in a GIS environment to delineate infrastructure segments exhibiting anomalous
VLM, enabling dynamic stability assessment and hazard mitigation in reclaimed coastal
land (Figure 3c). Numerous researchers have used clustering approaches to address the
problem of VLM heterogeneity and to classify regions with similar VLM patterns [68,91-93].
Given that subsidence and uplift over reclaimed or heterogeneous fill can vary sharply over
short distances, spatial clustering methods offer a robust tool to manage VLM heterogeneity
by classifying infrastructure stretches according to similar deformation regimes. In the
present study, we used Anselin Local Moran’s I ‘Cluster and Outlier Analysis” approach
to detect infrastructure segments that are statistical outliers or are part of clusters with
high rates of deformation. This approach identifies four key spatial clustered types: High
clusters, Low clusters, Low outliers, and High outliers. We adopted this clustering method,
particularly due to linear infrastructure in reclaimed areas often traversing zones where
compressible fill, variable groundwater extraction, and differential compaction produce
abrupt deformation gradients. Therefore, by isolating both local clusters and outliers,
the selected approach makes it possible to pinpoint vulnerable infrastructure sections
that may act as nucleation points for cascading failure, particularly in cascading hazard
scenarios (e.g., foundation settlement leading to track misalignment, road cracking, or
differential tilting).
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The prior subsidence reported in the Mokpo region (e.g., [70]) is primarily attributed
to large-scale land reclamation activities and is governed by consolidation processes. There-
fore, predicting consolidation settlement in practice is challenging due to the heterogeneity
of soil properties, layered deposits, and variable loading histories. The hyperbolic method
provides a simplified yet robust analytical framework by fitting settlement observations
to a hyperbolic curve, thereby enabling estimation of both ongoing and future subsi-
dence [94,95]. This approach has successfully been applied to infinitesimal and finite strain
consolidation, producing reliable settlement estimates for diverse ground conditions. For
reclamation sites in particular, the nonlinear subsidence driven by self-weight loading
of compressible fill is effectively described using hyperbolic functions [25,70,96]. Numer-
ous studies have validated the use of the hyperbolic model in reclamation environments
and demonstrated its utility for linking multi-temporal InNSAR time series to long-term
settlement trends (e.g., [2,25,70,97]). Consequently, we applied the hyperbolic model for
analyzing consolidation-induced subsidence to characterize the nonlinear behavior of set-
tlement and forecast future displacements at vulnerable linear infrastructure sites. In soft
and heterogeneous clay deposits, settlement behavior typically conforms to the hyperbolic
rule [25]. The settlement at time ¢, denoted as d(t), is expressed as

. t
o+ Bt

d(t) @3)
where « and f are the PS-point specific empirical constants determined from linear re-
gression of observed displacement data. Model performance was evaluated using the
coefficient of determination (R?) and root mean square error (RMSE) to ensure the best fit
for the chosen PS point.

4. Results
4.1. PSInSAR-Based Ground Displacement Monitoring in Mokpo City

This study used 79 Sentinel-1 SLC images (2017-2023) and the PSINSAR technique to
monitor ground settlement, delineate high-risk linear infrastructure segments, and pro-
vide recommendations for sustainable urban development. A total of 12,076 PSs were
identified, all with temporal coherence > 0.70, confirming the high reliability of the mea-
surements. The PSs are spatially distributed across the Mokpo region, with the highest
densities located in highly urbanized zones where radar backscatter is enhanced by built
infrastructure such as railways, highways, and dense building clusters. Figure 4a depicts
the spatial distribution of settlement rates, ranging from —12.36 mm/year to 5.65 mm/year,
with a regional mean of —0.39 mm/year. The distribution of cumulative vertical displace-
ment is shown in Figure 4c, exhibiting subsidence reaching —83.6 mm. Approximately
50.72% of the PSs exhibited significant subsidence. The deformation patterns show strong
spatial correspondence with historically reclaimed areas, such as Wonsan, Dongmyung
and Hadang (Figure 1b), highlighting the direct influence of reclamation on ground in-
stability. The observed subsidence is spatially heterogeneous and strongly influenced
by subsurface lithological variability, particularly within reclaimed areas. A quantita-
tive summary of PSInSAR-derived subsidence in the major reclaimed districts of Mokpo
City (i.e., Dongmyung, Hadang, and Wonsan), including the maximum, mean, standard
deviation, and cumulative displacement, is illustrated in Table S1 (Supplementary Mate-
rials). Average settlement rates range from —1.26 to —1.95 mm/year, with local maxima
exceeding —12 mm/year and cumulative displacements reaching —83 mm, confirming
the pronounced vulnerability of Dongmyung, Hadang, and Wonsan to differential settle-
ment and highlighting zones of heightened infrastructure risk. Further, the displacement
time-series analysis at selected sites, i.e., Wonsan (P-1), Dongmyung (P-2), and Hadang
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(P-3), reveals persistent consolidation-driven settlement across reclaimed land (Figure 4,
subplots P-1 to P-3). The linear regression fits yield differential deformation rates: Hadang
(—5.64 mm/year), Dongmyung (—4.08 mm/year), and Wonsan (—2.34 mm/year). These
findings are consistent with prior studies (e.g., [26,31,70,71]), which documented extensive
subsidence in Mokpo’s reclaimed zones between 1992 and 2012. Therefore, the updated
InSAR time series (2017-2023) confirms that these decades-old reclaimed zones continue to
exhibit consolidation-induced settlement, underscoring concerns for the long-term stability
of linear infrastructure in Mokpo.
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Figure 4. (a) Spatial distribution of VLM rate of the Mokpo City derived from seven years (2017-2023)
of Sentinel-1 SLC SAR data; (b) error in LOS velocity; (c) cumulative vertical displacement over the
period of 2017 to 2023; (P-1-P-3) represent the time series of concentrated ground settlement sites on
the reclaimed land with overall trend, mean, and +1 Std.

Furthermore, we have performed an extensive review of in situ records and news
archives, which revealed a series of sinkhole incidents across the reclaimed region of
Mokpo city, including roadway collapses and tilting of residential structures, as presented
in Table 2 and marked in Figure 1b. These events are primarily associated with aging sewer
networks, inadequate soil compaction, and the disturbance of unconsolidated reclamation
fill conditions, consistent with the geotechnical patterns inferred from PSINSAR-derived
VLM data. The convergence between satellite-derived deformation patterns and observed
ground failures provides compelling evidence that continued PSINSAR monitoring and



Buildings 2025, 15, 3865

15 of 28

field inspections are critical for safeguarding urban infrastructure and early detection of
hazardous void formation in Mokpo’s reclaimed coastal zones.

4.2. Correlation of PSInSAR-Derived VLM with Hydrogeological, Geotechnical and
Geomorphic Attributions

The absence of in situ GNSS/GPS or leveling data limits direct validation of PSInNSAR-
derived displacements; however, error uncertainty estimations demonstrate robust reliabil-
ity, with LOS velocity errors ranging from 0.34 to 1.14 mm/year and a regional mean of
0.38 mm/year (Figure 4b). These low uncertainties indicate a high level of confidence in the
PSInSAR-derived settlement rates. To further interpret the drivers of VLM, we conducted
proxy-based correlation analyses between PSINSAR-derived VLM rates and hydrogeologi-
cal, geotechnical, and geomorphic attributes, including groundwater trends, lithological
strata, landforms, elevation, and V30, For this purpose, we obtained borehole lithological
strata at two sites, one located on reclaimed land and the other on natural terrain (marked
in Figure 4a). It was observed that the borehole in reclaimed land (BH-1) reveals thick
sequences of unconsolidated fill and clay, which correspond with significant subsidence
signals (Figure 5a). This behavior reflects settlement induced by soil compaction and
primary consolidation. In contrast, the borehole (BH-2) located in natural land, underlain
by more competent lithified strata (soft rock, weathered soil, and medium rock), shows an
uplift trend. These observations confirm that lithostratigraphy exerts a first-order control
on settlement patterns in Mokpo. We further compared PSInNSAR-derived VLM rates with
corresponding V¢ values, which serve as a proxy for near-surface stiffness (Figure 5b). It
was observed that the subsiding PSs were predominantly associated with low V* zones,
reflecting the reduced shear strength and higher compressibility of unconsolidated sedi-
ments. This correlation underscores the dominant role of soil stiffness and stratigraphy in
driving differential settlement across reclaimed areas.

Additionally, to evaluate hydrological effects, we analyzed the correlation between
PSINSAR-derived time-series displacements and measured groundwater levels (Figure 5c).
The mean groundwater fluctuation rate between 2017 and 2023 was 0.06 m/year, suggesting
negligible long-term variations during the study period. This indicates that historical
reclamation processes, rather than contemporary groundwater level changes, are the
primary driver of ongoing settlement in Mokpo. These findings are consistent with previous
reports highlighting the susceptibility of soft soils and reclaimed deposits to large-scale
deformations in coastal settings [3,17,25-27,96].

The influence of geomorphology and elevation was also assessed by integrating
PSInSAR-derived VLM with topographic landform classes extracted from a high-resolution
(5m x 5 m) DEM using SAGA GIS. Boxplot analysis (Figure 6a) demonstrates that subsi-
dence outliers are concentrated in low-lying coastal zones (MSL < 5 m), particularly over
reclaimed land (Figure 1b,c). These areas are characterized by sediment accumulation,
loose soil deposits, and potential water saturation, which collectively enhance settlement
susceptibility. A violin plot analysis of geomorphic classes (Figure 6b) further reveals that
plain and open-slope regions exhibit the highest settlement rates, reflecting the presence of
thicker unconsolidated strata that amplify ground instability. These proxy-based correla-
tion analyses indicate that reclamation-induced lithological and geotechnical conditions
dominantly control differential settlement in Mokpo, while groundwater and geomorphic
factors exert secondary but reinforcing influences.
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Figure 5. (a) Correlation between time-series displacement and subsurface lithology at selected
borehole sites (marked in Figure 4a); (b) relationship between VLM rates and V30 exhibits greater
subsidence mostly occurring in low V;3’; (c) regional groundwater level fluctuations.
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Figure 6. Relationship between subsidence patterns with (a) elevation and (b) geomorphology classes.

4.3. Vulnerability Mapping of Linear Infrastructure

To assess the vulnerability of linear infrastructure (roads and railway tracks) to ground

deformation, PSs located within a 50 m buffer around major transportation alignments were

extracted using OpenStreetMap data in a GIS environment. A total of 1869 PSs were identi-

fied along road and railway corridors, with a mean deformation rate of —0.53 mm/year,
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of which 54.3% exhibited subsidence at an average rate of —1.50 mm/year, indicating
significant settlement along transportation networks (Figure 7a and Figure S1). Spatial
patterns of deformation were further analyzed using Anselin Local Moran’s I cluster and
outlier analysis, which classified the PSs into five categories, such as, not significant, high
clusters, low clusters, high outliers, and low outliers (Figure 7b). It was observed that
non-significant (mean VLM —0.47 mm/year, p-value not statistically significant) zones
represent areas where VLM appears spatially random, yet localized anomalies may still
induce pavement distress, cracking, and drainage misalignment, warranting site-specific
monitoring. Low clusters (mean VLM —3.11 mm/year, p-value < 0.05) denote spatially
coherent subsidence zones, predominantly concentrated in reclaimed areas such as Wonsan,
Dongmyung, and Hadang, where risks of long-term differential settlement, pavement
rutting, and structural deterioration are high. High clusters (mean VLM 0.55 mm/year,
p-value < 0.05), where uplift or minimal settlement dominates, can cause uneven pavement
elevations, impaired drainage gradients, and localized heaving. High outliers (mean VLM
0.45 mm/year, p-value < 0.05) represent uplifted PSs within subsiding regions, creating
abrupt elevation changes that compromise road safety, whereas low outliers (mean VLM
—1.47 mm/year, p-value < 0.05) indicate localized subsidence within stable or uplifted
areas, often manifesting as depressions, potholes, or weak spots prone to further deteriora-
tion. The low clusters and low outlier regions should be designated as high-priority zones
requiring stabilization, targeted maintenance, and geotechnical reinforcement, whereas
high clusters and high outliers demand localized adjustments to prevent abrupt settlement
contrasts and ensure traffic safety.

Cluster/outlier type

Not Significant
Cluster: High
High Outlier
Low Outlier
Cluster: Low

—— Major Roads

o —————= Railway

Figure 7. (a) Settlement rates of linear infrastructures within a 50 m buffer zone along major road and
railway networks, and (b) vulnerability classification of linear infrastructures based on Anselin Local
Moran’s I cluster and outlier analysis.

Box plot analysis (Figure 8a) highlights distinct deformation patterns across vulner-
ability classes, while time-series displacement trends at representative sites within the
vulnerability classes (A01-A04; Figure 8b,c) demonstrate continuous ground settlement
within low-cluster zones. This clustered typology provides a diagnostic framework of vul-
nerability classes for prioritizing infrastructure monitoring and engineering interventions.
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Figure 8. (a) Box plot illustrating displacement rate variability across different vulnerability classes,
and (b,c) displacement time-series of representative clustered sites (A01-A04, marked in Figure 7b).

4.4. The Temporal Evolution of Road and Railway Settlement Along Highly Vulnerable Corridors

To investigate deformation dynamics along critical linear infrastructure within high-
vulnerability corridors, we analyzed a 1600 m-long road section and a 1200 m-long railway
segment in Hadang, where large-scale land reclamation was previously undertaken (lo-
cations shown in Figure 7b, zoomed profiles). The longitudinal profile of VLM rates
along the selected road segment reveals spatially continuous settlement, ranging between
—5.4 mm/year and —1.2 mm/year (Figure 9a). Time-series displacements at representa-
tive sites (b’,c/,d’) demonstrate strong linear subsidence trends between 2017 and 2023,
consistent with secondary compression and consolidation of marine-reclaimed deposits
(Figure 9b—d).
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Figure 9. (a) Longitudinal profile of settlement velocity along the vulnerable roadbed segment XY
(marked in Figure 7b), and (b—d) time-series displacement at selected sites (b'-d’).

The longitudinal settlement velocity profile along the selected railway track segment
(OP, marked in Figure 7b) reveals notable spatial variations in ground settlements. The
middle part of the cross-section exhibits significant subsidence, with a maximum settlement
rate of —10.64 mm/year, as depicted in Figure 10a. This deformation is likely linked to the
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Vertical Displacement Rates

Displacement [mm]

presence of unconsolidated sediments from historical land reclamation (Figure 1b), which
induces differential settlement. Temporal displacement records reveal consistent settlement
trends in the eastern section, while the middle and western sections exhibit substantial
subsidence (Figure 10b—d). Such differential deformation poses significant risks to track

geometry and long-term serviceability.
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Figure 10. (a) Longitudinal profile of settlement velocity along the vulnerable railway segment OP
(marked in Figure 7b), and (b—d) time-series displacement at representative locations (b'-d’).

These findings are consistent with earlier studies (e.g., [26,31,70,71]), which docu-
mented extensive subsidence in Mokpo’s reclaimed zones (Wonsan, Dongmyung, and
Hadang) between 1992 and 2012. The extended InSAR time series (2017-2023) presented
here confirms that decades-old reclamation sites continue to undergo consolidation-driven
settlement, emphasizing the urgent need for continuous monitoring and proactive stabi-
lization measures to safeguard the reliability of transportation infrastructure in Mokpo.

4.5. Hyperbolic Model-Based Nonlinear Settlement Forecasting

To capture the nonlinear settlement behavior associated with consolidation-driven
subsidence, we applied a hyperbolic model to forecast ground displacement at four repre-
sentative infrastructure monitoring sites (PS01-PS04; locations shown in Figure 7a). The
hyperbolic model is widely recognized for characterizing primary and secondary consolida-
tion processes in soft soils, offering improved long-term settlement predictions compared
to linear extrapolation approaches [25,94,98]. Figure 11 presents the nonlinear settlement
forecasting at four representative PS-INSAR monitoring sites (PS01-PS04) along vulnerable
transportation corridors in Mokpo’s reclaimed zones. The observed displacement time
series from 2017 to 2023 exhibits strong subsidence trends, which are well captured by
the hyperbolic model fits. The regression analysis (Figure 11a—d) confirms high model
reliability, with determination coefficients (R?) ranging from 0.94 to 0.98 and low RMSE
values (1.46-2.53 mm), suggesting that the hyperbolic formulation reliably characterizes
the consolidation-induced settlement process. It was observed that PS01 and PS03 exhibit
relatively gradual, continuous settlement trends, reflecting ongoing secondary compression
of underlying marine clays. In contrast, PS02 and PS04 show accelerated subsidence rates
with stronger nonlinear terms, indicating zones of more rapid deformation and higher
risk of localized failure. These spatial variations underscore the heterogeneity of consoli-
dation behavior across reclaimed lands, influenced by differences in reclamation history,
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fill material, and drainage conditions. The forward projections to 2030 reveal continued
subsidence across reclaimed land in Mokpo, with differential settlement persisting along
critical road and railway corridors. These findings confirm that secondary compression
of unconsolidated marine sediments remains active decades after reclamation, posing
long-term risks for linear infrastructure integrity. Historical studies, such as Kim et al. [70],
which employed hyperbolic modeling of JERS-1 (1992-1998, 22 interferometric pairs) and
ENVISAT (2004-2005, 6 interferometric pairs) SAR datasets, similarly reported widespread
subsidence in Mokpo's reclaimed districts (Wonsan, Dongmyung, and Hadang). The ex-
tended PS-InSAR time series analysis (2017-2023) presented here corroborates those results,
underscoring the persistent consolidation behavior of reclaimed zones and reinforcing the
urgent need for sustained geotechnical monitoring, targeted ground improvement, and
adaptive infrastructure management strategies to mitigate serviceability risks.
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Figure 11. Hyperbolic model-based settlement predictions at vulnerable infrastructure segments
(PS01-PS04, marked in Figure 7a). Subplots (a’-d’) show comparisons between PSInSAR-derived
and model-predicted displacements.

5. Discussion

The multi-temporal PSInNSAR analysis of Sentinel-1 data from 2017 to 2023 provides
new insights into the long-term consolidation-driven settlement in Mokpo’s reclaimed
coastal zones, confirming both the persistence and spatial variability of VLM. The results
revealed that approximately 50.7% of PSs in reclaimed zones exhibit significant subsidence
with VLM rates ranging between —12.36 and 5.65 mm/year (Figure 4a), corroborating ear-
lier observations (e.g., [26,31,70,71]) that these sediments remain prone to post-reclamation
settlement even after multiple decades. This persistence is primarily attributed to ongoing
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secondary compression of soft marine clays and incomplete pore pressure dissipation, a
mechanism well documented in coastal geotechnical literature [3]. These findings indicate
that the observed deformation is not transient but represents the continuation of slow,
time-dependent consolidation processes within the underlying soft deposits.

To better understand the geotechnical controls on these VLM patterns, PSINSAR-
derived VLM results were integrated with subsurface geotechnical datasets, providing a
mechanistic understanding of the observed settlement processes in Mokpo’s reclaimed
areas. The representative borehole lithology and SPT-N profiles reveal a stratigraphic
sequence of heterogeneous reclamation fill (0-5 m, typically N > 10) overlying thick, soft
marine clay layers (N < 5) extending to depths of 9-17 m (Figure 2a,b). These deeper
deposits exhibit very low strength and high compressibility, consistent with ongoing con-
solidation under sustained surcharge loading. Casagrande plasticity analyses further
corroborate this interpretation: soils at depths greater than 5 m are dominated by CH-type
clays (LL > 50%, PI > 25%), indicating high-plasticity, low-permeability materials with slow
pore pressure dissipation, while shallower soils (<5 m) primarily consist of low- to medium-
plasticity ML-CL materials (LL < 50%), corresponding to compacted fill or desiccated silty
clays with relatively low compressibility (Figure 2c,d). The spatial correspondence between
low SPT-N values, high LL-PI indices, and maximum PSINSAR-detected ground subsidence
zones confirms that plasticity-controlled compressibility governs long-term settlement be-
havior. These CH-type clays undergo gradual primary and secondary consolidation due to
low permeability and delayed pore pressure dissipation, resulting in persistent subsidence
that continues decades after reclamation. Further, the correlation between low V39 values
(<180-360 m/s) and higher subsidence rates (Figure 5b) supports the role of low-stiffness
strata in controlling deformation. These observations indicate that the measured VLM
reflects the soil mechanical response of high-plasticity marine clays undergoing progressive
consolidation and creep under increased effective stress. These conditions imply that long-
term settlement will persist for decades, particularly where surcharge loads from roads
and railways continue to increase. Therefore, the integration of PSInNSAR-derived ground
settlement trends with classical soil mechanics parameters, lithology, Atterberg limits, SPT
resistance, and stiffness demonstrates that persistent subsidence in Mokpo'’s reclaimed
zones is driven by time-dependent consolidation of thick, under-consolidated marine clays.
The findings thus establish a physically consistent linkage between geotechnical behav-
ior and remote-sensing observations, providing a robust, process-based framework for
diagnosing infrastructure vulnerability in reclaimed coastal environments.

We further performed a comparative analysis of Mokpo’s settlement behavior with
other reclaimed and coastal megacities globally to understand the broader international con-
texts. The observed PSInSAR-derived median subsidence rate in Mokpo’s reclaimed zone
(—0.29 mm /year, 16th-84th percentile: —2.04 to +0.53 mm//year) is relatively low compared
to major global hotspots such as Jakarta (—4.43 mm/year), Shanghai (—2.5 mm/year), and
Ho Chi Minh City (—16.23 mm/year), where rapid subsidence is primarily attributed to
excessive groundwater extraction, compression of thick Holocene clays, and intense urban
loading [9]. In contrast, Mokpo’s moderate VLM rates reflect consolidation of soft marine
clays following reclamation rather than active anthropogenic drawdown. Nonetheless,
the persistence of low-magnitude but progressive settlement poses a long-term risk for
infrastructure serviceability, similar to cases reported in other reclaimed coastal cities such
as Singapore, Osaka, and Miami (Table 52, Supplementary Materials). Thus, Mokpo represents
an intermediate case between rapid anthropogenic subsidence and slow natural consolidation,
highlighting valuable insights into long-term post-reclamation settlement dynamics.

To quantify the practical implications of these findings, we conducted an infrastructure
vulnerability assessment focused on transport corridors (i.e., major roads and railways),
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the lifelines most sensitive to differential settlement. The infrastructure vulnerability
assessment confirms that subsidence disproportionately affects critical transport corridors.
Within the 50 m buffer along major roads and railways, 54.3% of PSs showed settlement
at an average of —1.50 mm/year (Figure 7a). The clustering of low values identified
through Anselin Local Moran’s I indicates localized zones of structural fragility where
differential settlement may compromise pavement integrity and track alignment (Figure 7b).
Longitudinal deformation profiles revealed continuous settlement along road and railway
alignments, with peak subsidence rates up to —10.64 mm/year, highlighting serviceability
concerns in transport geotechnics (Figures 9 and 10). Such deformation patterns suggest
that the risk is not limited to isolated hot spots but rather extends across entire reclaimed
corridors, requiring systematic rather than localized mitigation strategies.

To further understand the temporal evolution of these processes, a hyperbolic settle-
ment forecasting model was applied to representative PS time series (PS01-PS04). The
model achieved strong agreement with observed data (R? = 0.94-0.98; RMSE = 1.46-2.53 mm)
(Figure 11), highlighting its reliability in simulating nonlinear consolidation processes.
Projections to 2030 indicate persistent, albeit decelerating, subsidence, with cumulative
displacements expected to exceed —80 mm at vulnerable sites. This finding aligns with the
theoretical expectation that secondary compression follows a hyperbolic decay rather than
abrupt cessation, signifying that settlement hazards will remain relevant for decades. Com-
parable applications of hyperbolic modeling in coastal reclamation zones (e.g., [2,25,70,96])
confirm its predictive suitability. In the present study, we extend these insights by linking
predictive settlement patterns directly to infrastructure risk.

However, a critical methodological challenge of PSINSAR is the lack of in situ bench-
marks for absolute validation. While GNSS or leveling data were unavailable, proxy-based
validation against lithostratigraphy, soil stiffness profiles, and groundwater conditions
indicates strong agreement between expected geotechnical behavior and InNSAR-derived
VLM fields. This multi-proxy validation enhances confidence in the derived VLM fields,
though future monitoring should integrate GNSS-InSAR observations for absolute cross-
verification. Subsequently, we propose the installation of permanent GPS stations and /or
periodic levelling surveys to obtain independent ground-truth data and further strengthen
the robustness of the PSINSAR-derived VLM results. Additionally, integrating geophysical
investigations such as seismic, resistivity, or GPR profiling would enable finer resolution
of subsurface heterogeneity, strengthening the soil-mechanics interpretation of settlement.
Uncertainties also arise from PS density variability in vegetated or newly developed areas,
where decorrelation may obscure localized deformation. Additionally, the assumption of
spatially homogeneous consolidation parameters in hyperbolic modeling may oversimplify
site-specific variations in soil composition and loading history.

The integrated interpretation of geotechnical and InSAR data highlights the systemic
vulnerability of linear infrastructure constructed on decades-old reclaimed land in the
Mokpo region. Subsidence-related risks will likely manifest as differential settlement,
causing pavement cracking, track misalignment, and drainage inefficiencies. Accordingly,
mitigation should combine both pre- and post-construction strategies. Preventive measures
such as prefabricated vertical drains, staged surcharge preloading, vibro-replacement, and
deep soil mixing can accelerate pore pressure dissipation and enhance bearing capacity.
For post-construction mitigation, lightweight embankment materials, ground anchors, and
underpinning of foundations may help offset differential settlement in transport corridors
and built-up areas. For existing linear infrastructure, remedial measures such as underpin-
ning, installation of ground anchors, and periodic re-leveling may be employed to maintain
structural performance. These actions should be prioritized along critical corridors identi-
fied through deformation hotspot mapping. Moreover, continuous monitoring through
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PSINSAR integrated with GNSS, leveling, and piezometric networks is essential for early
detection of secondary consolidation and creep, forming the foundation of proactive infras-
tructure management. In the future study, we will enhance predictive capability and risk
quantification by integrating multi-orbit InNSAR data for 3D velocity decomposition, cou-
pling deformation signals with in situ geotechnical data, and leveraging machine learning
models. Embedding such forecasts into risk-based infrastructure management frameworks
will be critical for safeguarding transportation resilience under both anthropogenic and
climate-driven pressures, thereby advancing sustainable coastal urban development.

Furthermore, the PSINSAR-derived VLM database developed in this study has broader
applications. In future work, we plan to utilized this dataset to support flood inundation
projections under different IPCC SSP scenarios and to explore its integration with ecosystem-
based resilience strategies (as recommended by studies such as [99,100]), thereby linking
geotechnical monitoring with coastal ecosystem protection and sustainable urban planning.
This will enable more comprehensive evaluations of water regulation, flood protection,
shoreline stabilization, habitat preservation and climate-change resilience, alongside urban
infrastructure vulnerability, supporting a dual strategy of infrastructure reinforcement
and ecosystem-based adaptation. Therefore, integrating geotechnical monitoring with
ecosystem-informed urban planning reconceptualizes land subsidence as both a geotech-
nical and sustainability challenge, enhancing the robustness and applicability of urban
adaptation strategies in reclaimed coastal environments.

6. Conclusions

In the present study, we applied multi-temporal Sentinel-1 PSInSAR analysis
(2017-2023) to quantify VLM and associated risks to transportation infrastructure in
Mokpo’s reclaimed coastal zones. The results indicate cumulative subsidence up to
—83.65 mm, with VLM rates ranging from —12.36 mm/year to 5.65 mm/year, affect-
ing approximately 50.7% of PSs, particularly in Hadang, Dongmyung, and Wonsan regions.
These findings are consistent with prior geodetic and geotechnical observations [26,70], con-
firming that even decades-old reclamation fills remain subject to secondary consolidation of
soft marine clays. Integration with borehole lithology, SPT-N profiles, and Atterberg limits
confirms that the ongoing settlement results from consolidation and creep of thick, soft
marine clays (N <5, LL > 50%, CH-type), overlain by compacted fill layers (N > 10). The
correlation between low stiffness (Vs3° < 360 m/s) and high deformation rates demonstrates
that plasticity-controlled compressibility and delayed pore-pressure dissipation govern the
observed VLM. This integrated geotechnical-remote sensing framework therefore provides
a mechanistic explanation linking observed VLM to the consolidation characteristics of the
subsurface strata.

Vulnerability assessment of transportation infrastructure exhibited 54.3% of PSs under-
gone subsidence with an average settlement of —1.50 mm/year along roads and railways
within a 50 m buffer. Spatial clustering patterns derived from Anselin Local Moran’s I
highlight that the low clusters and low outliers correspond to the most critical long-term
infrastructure-stability zones. Longitudinal settlement profiles along selected road and
railway alignments confirmed spatially continuous deformation, with maximum settle-
ment rates reaching —10.64 mm/year, highlighting the persistent consolidation of soft
marine sediments even decades after reclamation. To forecast future settlement behavior, a
hyperbolic model was fitted to representative PS time series (PS01-PS04), showing strong
agreement with observed data, reinforcing its suitability for nonlinear consolidation pro-
cesses. Projections to 2030 indicate persistent yet decelerating subsidence, with cumulative
displacements exceeding —80 mm at critical locations, underscoring the systemic vulner-
ability of Mokpo’s transport networks. Despite the absence of direct GNSS or leveling
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benchmarks, proxy-based validation using lithostratigraphic records, soil stiffness data,
and groundwater conditions supports the robustness of the INSAR-derived results. The
findings underscore that Mokpo's reclaimed zones remain geotechnically unstable, posing
systemic risks to transportation infrastructure due to differential settlement.

To ensure the sustainable management of reclaimed urban areas, a multi-phased strat-
egy is proposed: (a) in the short term, maintain continued PSINSAR monitoring and install
permanent GNSS stations for high-precision ground-truth validation and safeguard long-
term serviceability, (b) in the medium term, implement targeted geotechnical and structural
mitigation, such as reinforcing critical transportation corridors, applying ground improve-
ment techniques (e.g., soil stabilization, structural reinforcement of transport corridors,
deep mixing, preloading, Piled-Raft Systems (PRSs)), and designing flexible pavements
to accommodate residual settlement, and (c) in the long term, adopt ecosystem-based ap-
proaches, including the protection and restoration of coastal wetlands, to enhance natural
resilience against sea-level rise and climate change. This synergistic approach leverages
Hybrid Green—Grey Infrastructure [101] to move beyond temporary engineering fixes,
establishing a sustainable, multidisciplinary framework that maximizes long-term viability
against both geotechnical/geophysical and climate-driven hazards. This prioritization
highlights a practical roadmap for urban planners and engineers, ensuring that the findings
directly support sustainable infrastructure management in Mokpo and other vulnerable
coastal cities.
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