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Abstract: Satellite data have emerged as a widely used tool for global research. In particular, satellite
data aid in overcoming long-term observational challenges caused by seasonal effects, facilitating
comprehensive monitoring of large regions and simplifying infrastructure maintenance. However, in
Korea, the application of satellite SAR (Synthetic Aperture Radar) data within the construction sector
remains relatively limited. This study used satellite SAR data to analyze the effects of infrastructure
(underground roads and subway systems) currently under construction in Korea on the surrounding
ground surface, in order to identify risk zones. This study explored methods for continuously
monitoring extensive areas over long distances and selecting potential risk zones. The results
indicated substantial ground displacements at specific locations and seasonal changes. Furthermore,
past and current satellite SAR data were overlapped to facilitate a time-series analysis. The results
confirmed that satellite SAR can improve the monitoring of construction projects in Korea and provide
valuable information that can contribute to enhancing maintenance efforts, including near-future
ground displacement data. The results are expected to help citizens maintain a safe and sustainable
life in urban areas.

Keywords: construction; ground displacement; infrastructure maintenance; sustainable urban areas
in Korea; risk zone; satellite data; time-series analysis

1. Introduction

Urbanization is rapidly increasing, particularly in developed countries, leading to
various issues due to the saturation of aboveground urban spaces. In particular, traffic
congestion results in long commutes and travel times, and the air pollution generated
during traffic jams is an environmental concern. To address these problems, technologies are
being developed that enable us to use underground spaces rather than aboveground spaces
for transportation infrastructure. Representative projects include the Big Dig in Boston,
U.S.; SR99 in Seattle, U.S.; M30 in Madrid, Spain; and A7 in Hamburg, Germany. In Seoul,
Korea, the Seobu and Sinwol–Yeoui underground roads are currently operational, while
the underground construction of major highways, such as the Gyeongin and Gyeongbu
expressways, is in progress.

To promote the 3-D use of land and systematically advance underground space devel-
opment, both domestic and international policies, laws, and guidelines are being developed.
Examples include Canada’s Underground Pedestrian System Design Guidelines, Japan’s
Special Measures Act on Public Use of Deep Underground, and Singapore’s Basic Policy
on the Use of Underground Space, which are aimed at ensuring the safe development
of urban underground areas. However, a comprehensive legal framework has yet to be
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established in Korea, and there remain unresolved concerns regarding ground subsidence
during urban underground development.

To address these issues, technologies that can monitor wide areas throughout the
design, construction, and operation phases of underground transportation infrastructure
are required. Specifically, InSAR technology, which uses satellite SAR data, is being
investigated as a tool for observing displacements in various structures, such as railways
and bridges. Koohmishi et al. [1] proposed a method for monitoring the condition of a
large-scale railway infrastructure that combines non-destructive testing techniques, such
as GPR, with InSAR, a satellite analysis method. Tonelli et al. [2] used InSAR technology
to monitor bridges in Italy and were able to consider the characteristics of the bridges’
foundations. InSAR technology has also been used to analyze the deformation zones
and processes caused by underground mining, providing data for the maintenance and
restoration of mines [3].

In Korea, Kim et al. [4] analyzed the Honam KTX line over 6 months using D-InSAR
technology and TerraSAR-X satellite data and successfully derived relatively accurate
ground displacement data for the railway area. However, additional research is required to
confirm the reliability of long-term behavior due to insufficient data. Kim et al. [5] also ana-
lyzed the Osong railway infrastructure using D-InSAR technology with 25 images obtained
from the TerraSAR-X satellite data. The results confirmed the potential of this method
for monitoring long, linear, and extensive railway infrastructure. They also analyzed a
PSC BOX railway bridge using MT-InSAR technology and confirmed that even minute
displacements could be observed [6]. However, despite similarities between structures,
variations in behavior were observed between bridges. Thus, further research is required
to understand complex factors such as the concrete mix, sunlight exposure, and creep.

InSAR technology has also been used to detect ground subsidence. An analysis of
the Ardabil plain in northwest Iran, using Sentinel-1 satellite SAR data from 2014 to 2021,
observed subsidence phenomena due to reduced rainfall in 2018, demonstrating that the
technology is suitable for monitoring large areas [7]. An analysis of southern, Texas using
PS-InSAR technology with Sentinel-1 satellite SAR data from January 2020 to March 2023,
identified various geological issues, including ground subsidence, flooding, and coastal
erosion. The results matched data from GPS and groundwater level measurements [8].

In Korea, as the undergrounding of transportation infrastructure has recently been
prioritized, studies have been conducted to monitor the resulting ground displacement. An
analysis of ground subsidence due to groundwater level depletion, using InSAR technology,
confirmed a correlation between lowering groundwater levels and ground subsidence [9].
In Busan, ground subsidence was observed around underground road construction, with
subsidence occurring near rivers due to excavation [10]. Another study on the same
underground road route found that 40–60 mm of displacement occurred in the northern
part of the middle-lower reaches of the Oncheon Stream and the confluence area, indicating
the need for continuous monitoring [11].

Various studies using satellite SAR data have been conducted both domestically and
internationally, and a majority of these studies have demonstrated the effectiveness of using
time-series analysis to observe changes in large areas; however, the impact of infrastructure
being constructed underground on the surface has not been clearly identified yet. Addi-
tionally, a method for selecting risk areas after analyzing long stretches of infrastructure
has not been proposed. In this study, two analytical tools were used to assess the impact
of underground infrastructure construction, such as underground roads or subways in
urban areas, as well as on the ground surface, in order to identify risk zones. The analysis
results were further examined as tools for continuously monitoring extensive areas over
long distances and selecting potential risk zones.
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2. Materials and Methods
2.1. Study Areas

This study focused on the Seoul Metropolitan Area, encompassing Seoul, South Korea,
and the Busan region. Two locations near ongoing underground transportation infras-
tructure projects were analyzed: an underground road and a subway system (Figure 1a).
The first area is the construction site of the Busan Mandeok–Centum underground road
(hereafter referred to as Study Area A), with the planned route shown in Figure 1b. The
total route length is approximately 9.3 km, and it is adjacent to existing subway lines.
The western starting point was Mandeok-dong, Buk-gu, which includes mountainous
terrain composed of granodiorite and andesitic rocks, which are expected to exhibit min-
imal ground movement. However, most of the remaining areas, such as those around
the Oncheon Stream and Suyeong River, contain soft ground formed by alluvial deposits,
increasing the likelihood of ground subsidence. The second area is a part of the GTX-A
metropolitan express railway line (hereafter referred to as Study Area B; Figure 1c), with a
total planned route length of 38.9 km. It is currently under construction. The area is in the
southern part of Goyang City, in the lower reaches of the Han River, which has widespread
unconsolidated sedimentary layers formed by alluvial deposits and reclamation, making
the area vulnerable to ground subsidence.
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Figure 1. Overview of the two study areas—an underground road and a subway system—included
in this study. (a) A indicates the Busan area; B indicates the Seoul metropolitan area. (b) Route of
the Busan Mandeok–Centum underground road (modified from [11]). (c) Construction route of the
GTX-A metropolitan express railway.

2.2. Satellite SAR Data

SAR images from the European Space Agency’s (ESA) Sentinel-1 satellite were used
in this study. Sentinel-1 is equipped with a C-band SAR with a central frequency of
5.4 GHz and captures the same area every 12 days. The Sentinel-1 system comprises two
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satellites; however, since 23 December 2021, Sentinel-1B has experienced issues with data
transmission and, consequently, it has discontinued its data supply. Therefore, only data
from the Sentinel-1A satellite were used for the analysis.

For Study Area A, 172 images, collected between 14 January 2017 and 24 June 2023,
were used. For Study Area B, 163 images, collected between 25 February 2017 and 30
June 2023, were used. The SAR data used in the analysis were Sentinel-1 SAR Single Look
Complex (SLC) images in Interferometric Wide (IW) swath mode collected from the Alaska
Satellite Facility (ASF) Data Search website (https://search.asf.alaska.edu/#/, accessed on
30 October 2024). All SAR images were captured under VV polarization from the ascending
orbit of Sentinel-1.

2.3. DSM (Digital Surface Model) Construction

To use InSAR techniques to calculate ground displacement from multiple satellite SAR
images, precise co-registration of SAR data and removal of interference phases caused by
terrain elevation are necessary. In this study, the Copernicus GLO-30 digital surface model
(DSM) was used for the co-registration of SAR data and the removal of interference phases
caused by terrain elevation. The Copernicus GLO-30 DSMs of Study Areas A and B are
shown in Figures 2 and 3.
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2.4. Analysis Methods and Software Used

This study employed the Persistent Scatterer InSAR (PSInSAR) technique, a time-series
InSAR method that uses persistent scatterers to analyze ground displacement in both study
areas [12]. PSInSAR is a technique that detects displacements at the millimeter level using
persistent scatterers, which are points within an SAR data pixel that consistently exhibit
strong and stable signals. PSInSAR tracks changes in the same scatterer, using SAR images
from multiple time periods. By comparing the phase differences between SAR images
acquired at different times, it is possible to measure minute displacements on the surface,
such as ground deformation. This approach follows the principle of detecting changes
based on the phase differences between multiple images. Using phase difference analysis,
displacement data are obtained, which are then used to estimate the displacement patterns
(such as planar and vertical displacements). PSInSAR is highly effective for monitoring
precise surface changes as it can track displacements with millimeter-level accuracy.

PSInSAR involves selecting one image from the time-series SAR dataset as the ref-
erence image; the remaining images are secondary images used for InSAR analysis to
generate interferograms. The reference image is typically selected by considering the per-
pendicular baseline distances between the reference and secondary images to minimize
distance variance. LOS displacement distribution refers to Line of Sight displacement, rep-
resenting surface displacement measurements observed by a specific sensor (e.g., InSAR)
in the direction of the sensor’s line of sight. This approach projects actual 3-D deformation
onto a 1-D scale, enabling the analysis of surface movement along a specified direction.

This study utilized three programs: Stanford Method for Persistent Scatterers (StaMPS,
Ver 4.1b), GAMMA Software (Ver. 20230620), and ENVI SARscape(Ver. 5.6). StaMPS,
developed at Stanford University, specializes in analyzing ground deformation using
persistent scatterers. GAMMA software is a widely adopted Linux-based software package
for processing and analyzing InSAR data, offering a range of algorithms for differential
InSAR (DInSAR) and time-series analysis. SARscape, a module within the ENVI software
platform, provides a user-friendly interface and a variety of features for processing and
analyzing SAR data.

Data from 17 January 2021 were selected as the reference image for Study Area
A; data from 17 December 2020 were selected as the reference image for Study Area B.
For Study Area A, analysis was conducted using three programs: Stanford Method for
Persistent Scatterers (StaMPS) [13], GAMMA Software, and ENVI SARscape, and the results
were compared. For Study Area B, ground displacements were analyzed using GAMMA
Software and ENVI SARscape.

3. Results
3.1. LOS Direction Displacement Velocity Analysis

The LOS displacement velocities for Study Area A, within a 250 m radius of the Bu-
san Mandeok–Centum underground road route, were calculated using ENVI SARscape,
GAMMA software, and StaMPS (Figure 4). The numbers of persistent scatterers identi-
fied within the buffer zone were 1869, 4519, and 19,832, obtained using ENVI SARscape,
GAMMA software, and StaMPS, respectively. The LOS displacement velocities for Study
Area B, within a 250-m radius of the GTX-A metropolitan express railway route, were
calculated using ENVI SARscape and GAMMA software (Figure 5). The numbers of persis-
tent scatterers identified within the buffer zone were 5493 and 9023, obtained using ENVI
SARscape and GAMMA software, respectively. The difference in the numbers of persistent
scatterers identified by each software application can be attributed to differences in the
criteria and thresholds for selecting persistent scatterers, as well as the filtering techniques
used for the time-series interferometric phases.
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3.2. Ground Displacement Analysis Results for Study Area A

To compare the time-series ground displacement results along the Busan Mandeok–
Centum underground road, the route was divided into eight sections, and one representa-
tive persistent scatterer was selected for each section close to the route, as shown in Figure 6.
The time-series ground displacements for each representative persistent scatterer in each
section are shown in Figure 7, where ENVI SARscape is represented in black, StaMPS in
red, and GAMMA software in blue.
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Except for P4, the ENVI SARscape and GAMMA software applications produced very
similar ground displacement results. The temporal variation in displacement calculated
by StaMPS was similar to that of the other two software programs, but the displacement
variability was greater.

The persistent scatterers P1 and P2, located in Mandeok-dong, Buk-gu, and Busan, had
near-zero vertical displacement velocities, indicating that ground movement in this area
was minimal and stable. The persistent scatterers P3 and P4 in Oncheon-dong, Dongnae-gu,
and Busan also showed near-zero vertical displacement velocities during the observation
period. Seasonal variations were observed for P3, with subsidence in summer and uplift in
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winter; however, the magnitudes of subsidence and uplift were approximately 1 cm, which
is relatively small.

P5 is in Suan-dong, Dongnae-gu, Busan, near the Oncheon Stream and the under-
ground road route. P5 showed rapid subsidence starting in December 2022, with an
estimated subsidence of 2.5 cm over 6 months. P6 showed 1.5 cm of subsidence from 2017
to June 2022, followed by rapid subsidence of 2 cm over the next year.

The time-series vertical displacement for P7, located near the confluence of the On-
cheon Stream and Suyeong River, clearly indicated subsidence, and the rate accelerated
after July 2022. Before July 2022, P7 had subsided by 3 cm over approximately 5 years,
but the subsidence subsequently increased by 2 cm in just 1 year, indicating rapid ground
subsidence. P8, located in Jaesong-dong, Haeundae-gu, showed subsidence of around
5 mm each summer, and the displacement velocity remained close to zero during the
observation period, indicating that this area is relatively stable.

3.3. Ground Displacement Analysis Results for Study Area B

To compare the time-series ground displacements calculated by ENVI SARscape and
GAMMA software near the GTX-A route in the Seoul metropolitan area, 20 representative
persistent scatterers were selected for each section of the route, as shown in Figure 8. The
time series showing ground displacement for each representative persistent scatterer in
each section are presented in Figures 9 and 10, where the ENVI SARscape and GAMMA
software applications are indicated in red and blue, respectively.
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P1, P5–P6, P8, P12–15, P17–18, and P20 showed similar ground displacement rates
with both ENVI SARscape and GAMMA software applications, whereas other scatterers
exhibited different time-series displacement patterns. For P2–3, P7, P9–11, P16, and P19,
the time-series displacements calculated using the GAMMA software application indicated
a gradual uplift of the ground, whereas, with SARscape, little to no change in displacement
was observed. Although P5 exhibited the same displacement pattern in both software
programs, the final subsidence amount was calculated differently. For P11, ENVI SARscape
exhibited large variability in time-series displacement during the observation period, likely
due to phase unwrapping errors. P19 showed the opposite seasonal displacement patterns
for the two software programs. Given that the seasonal displacement patterns for the other
scatterers were consistent between both programs, it is suspected that SARscape introduced
errors in its time-series displacement for P19.
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The time-series displacement calculated by ENVI SARscape generally showed less
variability than that calculated by GAMMA software, which can be interpreted as the result
of stronger spatiotemporal filtering in SARscape, leading to an underestimation of seasonal



Sustainability 2024, 16, 10627 12 of 15

displacement. In contrast, the final displacements from the GAMMA software reflected
seasonal variations as well as increases and decreases in displacement.

The vertical displacement velocities for P1–P4, located between Unjeong Station and
Kintex Station, were close to 0 mm/year. P1–P3 showed very little variation in time-series
displacement, indicating stable ground conditions. P4 exhibited seasonal displacements of
approximately 1 cm, with uplift in summer and subsidence in winter, but the long-term
displacement velocity was minimal.

P5–P8 are persistent scatterers located in Ilsandong. During the observation period,
subsidence rates of 20 and 15 mm were observed at P5 and P8, respectively. Continuous
ground subsidence was reported around Ilsandong for 4 years starting in 2018, and P5 and
P8 are likely to be included in the affected area. P6 showed repeated uplift and subsidence
of up to 15 mm, depending on the season. P7 initially exhibited approximately 10 mm
of uplift but, after the summer of 2017, there was continuous subsidence, although the
magnitude was not significant. P9 and P10, located in Hwajeong-dong, were persistent
scatterers, and both showed a subsidence rate of approximately 0.1 mm/year.

P11, in Yongdu-dong, Deogyang-gu, showed a near-zero vertical displacement ve-
locity, indicating stable ground conditions. P12–P17, along the route from Yongdu-dong,
Goyang City, to Hannam-dong, Seoul, showed little to no displacement. P18 was extracted
from Yongsan-dong and exhibited seasonal displacement patterns, with the magnitude
of seasonal displacement decreasing over time. P19, a persistent scatterer observed near
Dongho Bridge, showed seasonal displacement patterns with a final uplift of approxi-
mately 20 mm. P20 and its surrounding area in Apgujeong-dong exhibited almost no
ground movement.

4. Risk Area Review

The time-series ground displacements in the two study areas exhibited varying local
displacement characteristics, with instances of subsidence and uplift observed in some cases;
however, overall, the displacements were minimal. Therefore, displacement velocity and
cumulative displacement alone are considered insufficient to identify the risk areas within
the study regions. Accordingly, this study created displacement grading maps based on
the final vertical displacement and deviation between the minimum and maximum vertical
displacements, and the potential for using these maps to identify risk areas was reviewed.

4.1. Risk Area Review for Study Area A

The final vertical displacement and the deviation between the minimum and max-
imum vertical displacements were divided into six displacement grades over the entire
observation period in the Busan Mandeok–Centum section (Figure 11). Blue and red
indicate very stable and highly unstable areas, respectively.
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The displacement grading map based on the final vertical displacement over the
entire observation period shows that most areas, except for the banks of the Oncheon
Stream and Suyeong River, experienced subsidence of <10 mm (Figure 11a). However, the
displacement grading map, based on the deviation between the minimum and maximum
vertical displacements, indicates that significant subsidence occurred in most sections
near the route in the transverse direction, with subsidence exceeding the allowable limit
(25 mm) [14], designating these areas as high-risk zones (Figure 11b). However, as persistent
scatterers in areas with noticeable subsidence exhibited relatively small subsidence before
the summer of 2022, then showed rapid subsidence thereafter, conducting separate analyses
based on the period before and after the summer of 2022 may provide a clearer distinction
for identifying risk areas.

4.2. Risk Area Review for Study Area B

In Study Area B, the Woonjeong–Suseo section of the GTX-A metropolitan express
railway did not exhibit significant long-term displacement changes, unlike in Study Area A.
Therefore, in this study, the risk areas were identified by dividing the final vertical displace-
ments and the deviation between the minimum and maximum vertical displacements over
the entire observation period into six displacement grades, as shown in Figure 12. Except
for some sections in Ilsandong, the final vertical displacement was <1 cm, indicating stable
ground conditions.
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Figure 12. Displacement grading map for Study Area B based on final vertical displacement and
deviation between minimum and maximum vertical displacements. (a) Final vertical displacement.
(b) Deviation between minimum and maximum vertical displacements.

The displacement grading map, based on the deviation between the minimum and
maximum vertical displacements, showed that subsidence occurred in most areas. In
certain parts of Ilsandong, subsidence of >40 mm was observed, indicating unstable ground
in the area. In most of the other areas, subsidence of 10–20 mm was observed, which likely
reflects the seasonal variation in displacement. It is necessary to carefully interpret these
data in conjunction with the final subsidence results and displacement velocity.

5. Conclusions

This study used satellite SAR data to analyze ground displacement associated with the
construction and maintenance of infrastructure. Based on the results, the risk areas were
reviewed. The findings are as follows: The PSInSAR method, using satellite SAR images,
can effectively assess ground stability throughout the lifecycle of urban infrastructure
construction projects. There were some differences in the results depending on the software
used for PSInSAR; however, these differences can be addressed by user experience. Even
when different software is used, if similar PSInSAR execution conditions (e.g., filtering
conditions, phase unwrapping conditions) are applied, the discrepancies in the calculated
displacements are expected to be small.

The Busan Mandeok–Centum underground road section experienced relatively little
displacement. Significant ground displacement was observed in the riverbank area between
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the Oncheon Stream and the Suyeong River, indicating notable subsidence. In particular,
ground subsidence in this area rapidly increased after the summer of 2022. For the GTX-A
metropolitan express railway, seasonal variations in displacement were observed, but
long-term significant displacement did not occur, except for some areas in Ilsandong.

PSInSAR can derive indicators to identify areas of risk, such as displacement velocity,
final displacement, cumulative displacement, and deviation between minimum and maxi-
mum displacements. Based on the characteristics of the time-series ground displacement, it
was necessary to select appropriate indicators and define the analysis period. The threshold
values for determining the risk areas for each indicator should be set separately by experts,
depending on the characteristics of the ground. The method for identifying risk zones from
the analysis results was investigated. When only vertical displacement was considered,
it was difficult to clearly identify the risk areas. However, by analyzing the deviation be-
tween minimum and maximum vertical displacements over the analysis period, it became
possible to more definitively identify the risk zones. Nonetheless, the analysis results are
limited to certain areas; thus, additional verification studies are required.

Ultimately, by overlapping past and current satellite SAR data for time-series analysis,
it was confirmed that this approach could provide sustainable information for maintenance,
including near-future ground displacement. For satellites, it takes more than a week to
capture the same area again. To apply this for maintenance, it is necessary to address the
gaps in time wherein images are not captured. Additionally, the techniques used to clearly
identify risk areas from the interpretation results need to be validated and improved. If
these aspects are addressed through further research, this approach could be applied across
the broader field of sustainable maintenance.
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