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ABSTRACT 
 

      For subways, ground settlement may occur in the upper part of the subway due to the influence 
of construction and the surrounding environment during the construction and maintenance period. 
Since the point of occurrence of the ground settlement in the upper part of the subway cannot be 
predicted, monitoring technology for wide-area sections is required, but it is impossible to monitor 
the wide area at once with existing measurement techniques. However, monitoring the ground 
change in the upper part of the subway using Interferometric Synthetic Aperture Radar (InSAR) data 
over several years was collected to monitor the ground settlement of the Bundang Line of Seoul 
Metro, South Korea. In this study, the section of 16 km (Suseo Station-Cheongnyangni Station) on 
the Bundang Line from February 2018 to January 2025 was analyzed through InSAR. The Small 
Baseline Subset (SBAS) InSAR technique was used in this study due to the influence of the 
surrounding buildings and vegetation in the monitored areas. In this study, it was confirmed through 
InSAR analysis that settlement occurred in the area around the ventilation shaft, and the optimal 
parameters of the SBAS technique for detecting surface settlement along the Bundang Line of Seoul 
Metro. 
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     The ongoing development of underground spaces in urban environments has led to an increased 
frequency of ground settlement phenomena, significantly impacting urban stability and public safety. 
In densely populated city centers, ground settlement is regarded as a significant geotechnical risk 
that threatens infrastructure stability. Urban deformation can lead to tunnel settlement, and uneven 
deformation within tunnels may cause various issues such as joint loosening, leakage, and segment 
cracking (Chai et al., 2024). Therefore, it is crucial to measure such settlement accurately. One of 
the conventional methods is high-precision horizontal geodetic surveying; however, the results 
obtained using this method often lack consistency between measurements (Bitelli et al., 2000). 
Another method for measuring ground settlement, such as Ground Penetrating Radar (GPR), may 
also produce inconsistent results due to differences in electrical properties due to variations in 
subsurface electrical properties, even under seemingly uniform ground conditions. Furthermore, 
GPR surveys beneath concrete pavements are generally inefficient and limited in their applicability 
and are thus performed only in limited cases (Rhee et al., 2021). Another technique based on 
electrical properties, Electrical Resistivity Tomography (ERT), suffers from low resolution (Zhang et 
al., 2025) and its resolution is often compromised in complex urban settings due to interference from 
underground structures and utilities. Although ERT is commonly used for detecting cracks and 
ground settlement, its application in densely populated urban areas can be extremely challenging 
due to these constraints (Andrade et al., 2013). Another method, settlement measurement based on 
Laser Imaging Detection and Ranging (LiDAR), has limited sensitivity in detecting small-scale 
deformations, primarily influenced by surface roughness and insufficient point cloud density (Liu et 
al., 2023; Seo et al., 2022; Zhao et al., 2021; Seo, 2020). Moreover, radar-based LiDAR systems 
experience significant noise and data loss under adverse weather conditions such as precipitation 
and fog. Fog and rain, in particular, pose substantial challenges to LiDAR system performance due 
to signal attenuation and scattering effects (Heinzler et al., 2019; Zhao et al., 2022; Seo, 2021). To 
overcome these limitations, Interferometric Synthetic Aperture Radar (InSAR) technology has been 
employed. This technique compares the interferometric phase differences between SAR images 
acquired at different times and can provide terrain deformation measurements with millimeter-level 
accuracy (Ferretti et al., 2002, Zhao et al., 2019, Ramirez et al., 2020, Zhang et al., 2018). The 
Sentinel-1 satellite data used in this study offers wide spatial coverage, regular acquisition intervals, 
and free accessibility, enabling precise displacement measurements at the millimeter scale (Hussain 
et al., 2022, Novellino et al., 2017, Strozzi et al., 2018). Moreover, it is weather-independent, cost-
effective, and capable of generating high-precision digital elevation models (DEMs), making it a 
unique tool for monitoring large-scale surface deformation (Ferretti et al., 2002). Interferograms 
generated based on SAR data, which possess these advantages, have been utilized to monitor 
ground settlement along tunnel excavation routes and to assess long-term stability (Karunathilake 
et al., 2024). Compared to traditional surveying techniques, InSAR provides high-precision time-
series data over wide areas, and its application for tunnel monitoring has been increasingly adopted 
in both urban and non-urban regions (Barla et al., 2016, Wnuk et al., 2024, Guo et al., 2025). Since 
it is virtually impossible to completely prevent ground deformation during ongoing tunnel excavations 
in urban areas, InSAR-based analysis offers the ability to cover extensive excavation zones (Liu et 
al., 2022; Seo et al., 2022; Zhao et al., 2021; Seo, 2020). Using this technology, the characteristics 
of ground settlement along subway lines have been analyzed (Zhang et al, 2023). In particular, 
underground tunnel spaces may experience or accelerate settlement due to the influence of nearby 
tunnels, and significant settlement has been observed during vertical shaft and shield tunnel 
construction, mainly associated with dewatering operations (Ramirez et al., 2022). Such settlement 
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can cause severe damage to urban infrastructure, including building cracks, road surface damage, 
and sewer pipe failures (Kim et al., 2021). 

In this study, wide-area monitoring and time-series analysis were performed using the Small Baseline 
Subset Interferometric Synthetic Aperture Radar (SBAS-InSAR) technique along the upper section 
of the Bundang Line of the Seoul Metro. Four ventilation shafts exhibiting concentrated ground 
settlement were selected for detailed investigation. Structural inspections revealed cracks and water 
leakage in the ceilings and columns of basement levels located beneath these shafts, demonstrating 
a strong correlation between SBAS-InSAR-derived deformation patterns and observed structural 
damage. These results highlight the potential of SBAS-InSAR as a practical tool for urban settlement 
prediction and infrastructure maintenance planning. Additionally, this study suggests the feasibility 
of proposing optimal SBAS-InSAR processing parameters tailored to the complex urban 
environment of Seoul. 

 

2. Methodology 
 

     SBAS-InSAR technology combines a number of small baseline data to produce a number of pairs 
of highly coherent interferograms. Based on the principle of the least squares, the differential 
interferograms are used for surface deformation estimation by using phase unwrapping, spatial 
filtering, etc. The singular value decomposition method is used to decompose the set of small 
baselines and obtain the time series of ground deformation. SBAS-InSAR technology is based on 
the method of time and space thresholding, which generates a number of pairs of small baseline 
combinations, improves the time resolution of ground deformation monitoring, and obtains the time 
series of ground deformation in a large area and for a long time (Berardino et al., 2002). The basic 
flow of the inversion calculation of SBAS-InSAR image data is shown in Figure 1. 
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Figure 1. SBAS-InSAR processing workflow 

 
 

According to the data processing flow chart, the data processing in this study was conducted through 
the following sequence: First, Sentinel-1A raw image data were pre-processed through alignment, 
mosaicking, and cropping based on the selected study area. Next, combinations of image pairs were 
screened between the master super-image and the slave images to generate a connection graph 
that minimizes spatial and temporal incoherence. Differential interferograms were then generated 
for each selected image pair using external DEM data to assist in phase calculations, followed by 
spatial filtering to remove flat, elevation, and noise phases. A phase unwrapping method was applied 
to extract the real phase component from the interferograms. Subsequently, coherence analysis was 
performed to identify highly coherent points, and error phases from the unwrapped results were 
eliminated accordingly. Based on the principle of least squares, the coefficient matrices in the 
observation equations were decomposed using the Singular Value Decomposition (SVD) method, 
and the equations were solved to obtain the initial ground deformation rate and residual topographic 
phase. Appropriate atmospheric delay filtering parameters were then selected to estimate and 
correct atmospheric noise, and geocoding was applied to convert the results into geographic 
coordinates. Finally, the time series of ground deformation across the study area was calculated. 

 

3. Study Area and Data 
 

3.1 Study Area  
 

     Seoul is geographically characterized by the Han River, which runs east to west through the city 
and divides it into two distinct regions: the mountainous northern area and the relatively flat southern 
plains. Numerous tributaries—such as the Jungnangcheon, Tancheon, and Anyangcheon—
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converge into the Han River, contributing to Seoul’s status as one of the most topographically 
complex capital cities in the world (Figure 2).  

 

 

Figure 2. Bundang Line, Seoul Metro 

 

The Seoul Metropolitan Subway is among the largest and most intricate urban rail systems globally, 
comprising 23 lines—including both conventional subway and light rail systems—with a total length 
exceeding 1,200 kilometers. This extensive network spans the entire metropolitan region and 
continues to expand, resulting in a densely developed and highly interconnected underground space. 
In this study, a section of the Bundang Line was selected for ground settlement monitoring, 
specifically between Suseo Station (opened in 1994) and Cheongnyangni Station (opened in 2018). 
The Bundang Line includes several major transfer stations connecting with Lines 3, 7, and 9, and 
partially overlaps with planned sections of the GTX (Great Train Express) lines, designating it as a 
high-risk zone for potential ground settlement. Notably, the Suwon area along the Bundang Line has 
experienced multiple settlement incidents in the past. With the ongoing expansion of underground 
infrastructure in central Seoul, large-scale settlement continues to pose risks to urban safety, 
underscoring the necessity for continuous and systematic monitoring of ground deformation. 

 

3.2 Data 
 

     In this study, C-band Synthetic Aperture Radar (SAR) imagery from the Sentinel-1A satellite—
operating since 2014 with a 12-day revisit cycle—was employed. Data were acquired in 
Interferometric Wide (IW) swath mode, offering a spatial resolution of 20 m × 20 m. A total of 168 
SAR images, collected between July 13, 2018, and January 1, 2025, were utilized. To construct 
interferometric pairs for time-series analysis, small baseline thresholds were applied to ensure 
spatial and temporal coherence among the image pairs. 
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Figure 3. SBAS processing 

  

Figure 3 presents the connection graph generated using the defined baseline criteria, confirming 
that all 168 images were successfully linked without disconnections. This indicates that valid 
interferometric pairs were formed across the entire dataset, enabling consistent and comprehensive 
time-series analysis. Accordingly, all subsequent data processing and deformation analyses were 
conducted based on the defined baseline parameters. 

4. Result 
 

     Figure 4 presents the ground deformation results derived from a pairwise comparison of two 
Sentinel-1 SAR images acquired in July 2018 and January 2025. Both uplift and settlement were 
detected along the section between Suseo Station and Cheongnyangni Station. Cheongnyangni 
Station is located at the northern end of the line, while Suseo Station is situated at the southern end. 
The entire section exhibits a general trend of ground subsidence, with settlement being more 
pronounced in the areas north of the Han River. 
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Figure 4. Wide-Area Monitoring Result of Bundang Line 
 

The maximum subsidence rate was measured at 4.5 mm/year, while the maximum uplift rate reached 
1.5 mm/year. Ground deformation along the 16 km segment above the Bundang Line was effectively 
visualized and continuously monitored over a wide area, enabling long-term observation of ground 
movement. Notably, pronounced subsidence was observed in the vicinity of ventilation shafts located 
within this section. Figures 5(a), (b), and (c) present the results of wide-area monitoring. Blue regions 
indicate ground settlement, whereas red regions correspond to areas of relatively higher elevation 
compared to the blue zones. The red boxes in each figure denote the locations of ventilation shafts, 
where visually significant settlement is observed relative to the surrounding areas. Subsidence rates 
of 1.2 mm/year at Ventilation Shaft 1, 1.6 mm/year at Ventilation Shaft 3,4 and 0.28 mm/year at 
Ventilation Shaft 8 were observed. These values were derived from a comparison between two 
images taken in 2018 and 2025, making them suitable for roughly assessing the general subsidence 
trends. Based on the wide-area monitoring results along the Bundang Line, this study identified a 
tendency for greater settlement around the ventilation shafts. Consequently, time-series data 
analysis was performed to more precisely estimate ground settlement in these areas. 

 

 

 

(a) shaft 1   (b) shaft 3,4   (c) shaft 8 
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Figure 5. Wide-Area Monitoring Result Around Ventilation Shafts 

 

4.1 Long-Term Settlement 
 

     Figure 6(a) shows the location of Ventilation Shaft 1, situated along the Bundang Line north of 
the Han River, where time-series analysis was conducted for both the shaft and its surrounding area 
within a 30-meter radius. Figure 6(b) presents the time-series analysis for the point marked in Figure 
6(a), corresponding to Ventilation Shaft 1. The results indicate that long-term ground settlement 
occurred between July 2018 and January 2025. A seasonal pattern was observed, characterized by 
a downward trend during winter months and a slight rebound in summer, likely due to thermal 
expansion effects common in urban environments. After accounting for these seasonal variations, a 
long-term subsidence trend was confirmed, with a maximum settlement rate of 12 mm/year based 
on the 2018 baseline. To compare the settlement trend at Ventilation Shaft 1 with those in its 
immediate vicinity, additional monitoring points were established at 30-meter intervals centered 
around the shaft, as shown in Figure 6(a). The time-series analysis results for these surrounding 
points, shown in Figures 6(c) and 6(d), reveal that the settlement patterns closely mirrored those 
observed at the shaft itself. 

 

 
  

(a) Location of Shaft1  and Points Around Shaft1 
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(b) Settlement at Shaft1    (c) Settlement Around Shaft1 

 

(d) Settlement Around Shaft1 

Figure 6. Location Point and Time-Series Analysis Results for Ventilation Shaft1 

 

Furthermore, to compare these trends with areas unaffected by the shaft, reference points were 
selected at distances of 300 meters to the north, south, and east of Ventilation Shaft 1. These 
reference points, labeled as Normal Road 1 (north), Normal Road 2 (south), and Normal Road 3 
(east), are illustrated in Figures 7(a) and 7(b). Unlike Figures 6(c) and 6(d), which show nearly 
identical settlement trends between Ventilation Shaft 1 and the surrounding points within a 30-meter 
radius, Figures 7(c) and 7(d) reveal that the maximum surface settlement at locations 300 meters 
away from the shaft ranged from approximately 6 to 8 mm/year—lower than the 12 mm/year 
observed directly at the shaft. This indicates that ground deformation is influenced by the presence 
of Ventilation Shaft 1 within a limited spatial range, and the influence diminishes with increasing 
distance. A similar pattern was observed at the location 300 meters east of the shaft, where 
settlement progressively decreased as the distance from the shaft increased. Figures 7(e) and 7(f) 
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present annual settlement trends derived from the previously analyzed time-series data, 
emphasizing yearly variations rather than monthly fluctuations. These figures confirm that the 
magnitude of settlement was greater at Ventilation Shaft 1 compared to locations 300 meters away. 
While the overall trends in Figures 7(e) and 7(f) are similar across the observed points, the 2025 
data show a slightly lower settlement rate at Normal Road 1 (Nr1) and Normal Road 2 (Nr2) 
compared to the shaft location. However, the difference was marginal, likely because Nr1 and Nr2 
are also situated along the Bundang Line, where consistent settlement patterns were observed. In 
contrast, Normal Road 3 (Nr3), which is not located along the Bundang Line, exhibited a settlement 
rate in 2025 that was nearly half that of the shaft location. These findings suggest that although 
ground settlement along the Bundang Line occurs relatively uniformly, the area surrounding 
Ventilation Shaft 1 experiences more pronounced and localized deformation. 

 

 

(a) Points in North-South Direction    (b) Points in East Direction 

 

(c) Settlement at North-South points   (d) Settlement at East point 
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(e) Annual Settlement at North-South points   (f) Annual Settlement at East point 

Figure 7. Points Located 300m from Ventilation Shaft1 and Time-Series Result 

 

Among the four selected ventilation shafts, one is located below Ventilation Shaft 1, that is, to its 
south, as shown in Figure 8(a). This shaft was selected for comparative analysis due to its position 
along the same subway line, allowing for the evaluation of potential similarities in settlement behavior. 
Figure 8(b) presents the time-series analysis results for the point located at Ventilation Shaft 3, as 
marked in Figure 8(a). The analysis revealed a consistent pattern of long-term ground settlement 
from July 2018 to January 2025, accompanied by seasonal fluctuations likely caused by 
temperature-induced expansion and contraction. This trend closely aligns with the time-series results 
previously observed at Ventilation Shaft 1. Using July 2018 as the baseline, continuous settlement 
was recorded, with the maximum rate reaching 18 mm/year as of January 2025. Figure 8(a) displays 
the monitoring points established at 30-meter intervals surrounding Ventilation Shaft 3. Time-series 
analysis was performed to assess the surface settlement trends both at the shaft and in its immediate 
vicinity. The results, shown in Figures 8(c) and 8(d), indicate that despite minor variations in 
magnitude, the overall settlement trends were consistent across all monitoring locations. 
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(a) Location of Shaft3 and Points Around Shaft3 

 

(b) Settlement at Shaft3    (c) Settlement Around Shaft3 
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(d) Settlement Around Shaft3 

Figure 8. Location Point and Time-Series Analysis Results for Ventilation Shaft3 

 

To compare the settlement trends at Ventilation Shaft 3 with those in the surrounding area, 
monitoring points were established 300 meters to the north and south of the shaft, as shown in Figure 
9(a). The northern point was designated as Normal Road 4 (Nr4), and the southern point as Normal 
Road 5 (Nr5). Time-series analysis revealed that the settlement at Ventilation Shaft 3 was nearly 
three times greater than that observed at Nr4 and Nr5. Overall, ground settlement was detected 
along the Bundang Line; among the monitored locations, Ventilation Shaft 3 exhibited the highest 
settlement rate, reaching 18 mm/year, as illustrated in Figure 9(b).  Annual settlement values, derived 
from the time-series data and presented in Figure 9(c), further illustrate this trend. By 2025, 
settlement rates at Nr4 and Nr5 ranged between 6 and 8 mm/year, whereas Ventilation Shaft 3 
reached 18 mm/year. These figures, relative to the July 2018 baseline, correspond to a cumulative 
settlement of 18 mm at the shaft site by January 2025. 

 

 

(a) Points in North-South Direction 
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(b) Settlement at North-South points  (c) Annual Settlement at North-South points 

Figure 9. Points Located 300m from Ventilation Shaft3 and Time-Series Result 

 

As shown in Figure 10(a), the location of Ventilation Shaft 4 and its surrounding monitoring points 
are indicated. The points were selected primarily along road surfaces to minimize the influence of 
nearby buildings as much as possible. Given the close spatial proximity between Ventilation Shaft 4 
and Ventilation Shaft 3, it is reasonable to expect that the two locations would exhibit similar ground 
settlement behavior. Since both shafts are located along the same subway corridor and are subject 
to comparable geological and environmental conditions, their deformation patterns are likely 
influenced by similar factors. As shown in Figure 10(b), Ventilation Shaft 4 exhibited long-term 
settlement relative to the July 2018 baseline. The data reveal a slight uplift trend during summer 
months, followed by subsidence in winter. This seasonal pattern was consistently observed across 
all monitored points and is attributed to the combined effects of surrounding building activities and 
temperature-induced expansion and contraction, considering that the data were acquired via satellite 
observations over central Seoul. Despite the presence of minor thermal uplift, long-term monitoring 
from 2018 onwards confirms the occurrence of continuous settlement. Additional analysis was 
performed on points located within a 30-meter radius of Ventilation Shaft 4, as illustrated in Figure 
10(a). The results presented in Figures 10(c) and 10(d) demonstrate that both settlement magnitudes 
and seasonal variations closely corresponded to those observed directly at the shaft. 
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(a) Location of Shaft4 and Points Around Shaft4 

 

(b) Settlement at Shaft4    (c) Settlement Around Shaft4 
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(d) Settlement Around Shaft4 

Figure 10. Location Point and Time-Series Analysis Results for Ventilation Shaft4 

 

Monitoring points labeled Nr6, Nr7, and Nr8 were placed 300 meters to the north, west, and east of 
Ventilation Shaft 4, respectively, for the purpose of evaluating settlement trends, as shown in Figure 
11(a). The southern direction was excluded from the analysis due to the presence of the Han River, 
where satellite data were unavailable. At the location of Ventilation Shaft 4, the maximum observed 
settlement rate reached 12 mm/year. In contrast, the maximum settlement rates at Nr6, Nr7, and 
Nr8 ranged from 8 to 10 mm/year. These results indicate that the greatest settlement occurred 
directly above the shaft, with settlement magnitude decreasing as the distance from the shaft 
increased (Figure 11(b)). Figure 11(c) presents the annual settlement values at each monitoring point, 
further illustrating the trend of decreasing settlement with increasing distance from the ventilation 
shaft. 

 

 

(a) Points in North-West-East Direction 
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(b) Settlement at North-West-East points (c) Annual Settlement at North-West-East points 

Figure 11. Points Located 300m from Ventilation Shaft4 and Time-Series Result 

 

4.2 Short-term Settlement 
 

     Ventilation Shaft 8 is located south of the Han River and exhibits a different settlement pattern 
compared to the three previously discussed shafts (Figure 12(a) and (b)). Unlike the other ventilation 
shafts, which exhibited steady long-term settlement, Ventilation Shaft 8 showed negligible settlement 
from the 2018 baseline until July 2024. After this period, settlement rapidly increased, reaching a 
rate of 13 mm/year by January 2025 (Figure 12(b)). Before the July 2024, the maximum settlement 
had never exceeded 8 mm/year. However, after August 2024, the settlement rate reached 13 
mm/year, indicating that a rapid settlement occurred within a six-month period. This abrupt 
deformation over a short duration is referred to as a short-term settlement event.  Monitoring points 
were established at 30-meter intervals around the shaft (Figure 12(a)), and the settlement trends at 
these points closely mirrored those observed at Ventilation Shaft 8 (Figures 12(c) and 12(d)). The 
settlement data exhibited a fluctuating pattern likely attributable to seasonal effects. Overall, the 
results indicate that the ground remained stable without significant deformation for an extended 
duration, followed by a short-term settlement event characterized by rapid deformation occurring 
over approximately six months. Such short-term settlements occur rapidly within a short period of 
time and can have a greater impact on ground stability. Therefore, identifying these short-term 
settlements during the monitoring process is crucial, and this study’s methodology demonstrates the 
capability to accurately monitor even short-term settlement events. 
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(a) Location of Shaft8 and Points Around Shaft8 

(b)Settlement at Shaft8    (c) Settlement Around Shaft8 
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(d) Settlement Around Shaft8 

Figure 12. Location Point and Time-Series Analysis Results for Ventilation Shaft8 

 

Figure 13(a) shows a monitoring point labeled Nr9, located 300 meters north of Ventilation Shaft 8. 
Time-series analysis conducted at this location is presented in Figure 13(b). Although Nr9 is situated 
along the Bundang Line and exhibits a settlement trend similar to that of the shaft, the data clearly 
indicate that settlement values at Nr9 are consistently lower than those at Ventilation Shaft 8, 
suggesting greater settlement at the shaft compared to the general road section represented by Nr9. 
Furthermore, the annual settlement analysis in Figure 13(c) confirms that, as of 2025, the settlement 
rate at Nr9 was approximately 7 mm/year—about 1.5 times lower than that observed at Ventilation 
Shaft 8. 

 

 

(a) Points in the North Direction 
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(b) Settlement at North point  (c) Annual Settlement at North point 

Figure 13. Points Located 300m from Ventilation Shaft8 and Time-Series Result 

 

5. Analysis 
 

     Surface settlement above subway tunnels is influenced by ongoing underground development 
and tunnel construction, and may persist during the post-construction maintenance period due to 
factors such as soil consolidation and fluctuations in groundwater levels. In particular, areas such as 
Seongsu and Gangnam, through which the Bundang Line passes, exhibit a high density of 
underground infrastructure and a large proportion of impervious surfaces. Consequently, these 
regions experience recurrent flooding during the monsoon season in July and August each year. 
Sudden increases in groundwater levels, combined with infiltration through construction joints 
around open structures such as ventilation shafts, can adversely affect ground stability. 
In central Seoul, settlement poses a significant threat to surrounding buildings, roads, and water and 
sewage infrastructure, underscoring the critical need for long-term monitoring of ground deformation 
in urban areas. The SBAS-InSAR time-series settlement analysis conducted in this study revealed 
relatively higher settlement rates near ventilation shafts along the Bundang Line. Field investigations 
in the affected areas corroborated these findings, with multiple cracks observed in the basement 
ceilings located directly beneath the ventilation shafts. These locations were connected to 
construction joints, allowing groundwater to seep into the structure and likely causing microcracks 
within the concrete. Furthermore, substantial groundwater accumulation was observed on the 
basement floors at these sites. Such infiltration can exacerbate existing cracks and degrade 
construction materials, ultimately compromising both structural integrity and ground stability, thereby 
contributing to settlement in urban environments. 
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(a) Ceiling Cracks (b) Repaired Cracks 

  
(c) Pooled water in under shaft  (d) Water Level in Basement 

Figure 14. Cracks and Water Infiltration Observed in Basement of Ventilation Shaft 
 

Figure 14 presents photographs of the interior of a ventilation shaft located along the Bundang Line 
section analyzed in this study. In Figure 14(a), multiple cracks are visible in the ceiling of the 
basement beneath the ventilation shaft. Figure 14(b) shows that many of these cracks had previously 
formed, with evidence of prior surface repairs observed between them. The presence of such 
microcracks facilitates groundwater infiltration, potentially leading to crack propagation and further 
settlement. As shown in Figure 14(c), water was observed dripping through these fine cracks onto 
the basement floor, where the water level was measured to be nearly 20 cm, as illustrated in Figure 
14(d). In addition to cracking, groundwater was found to infiltrate the structure through the 
construction joint at the ground-level connection of the ventilation shaft. Water was also observed 
seeping along the basement floor toward the main ventilation shaft. Continuous groundwater 
infiltration through cracks in the basement ceiling and walls is believed to contribute to the long-term 
weakening of the structure and to influence the settlement rate. Moreover, repeated cycles of wetting 
and drying likely caused expansion and contraction, resulting in the formation of additional 
microcracks within the concrete. Settlement above subway tunnels is commonly caused by soil 
consolidation following construction or fluctuations in groundwater levels, and can also be 
significantly affected by nearby underground tunneling activities. Therefore, during the maintenance 
phase, the continuous formation and propagation of microcracks beneath ventilation shafts can 
ultimately affect the overlying ground, leading to surface settlement directly above the shaft. These 
findings underscore the importance of early detection of microcracks. To prevent large-scale 
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settlement in urban environments, it is essential to implement long-term, wide-area monitoring. 

 

6. Conclusion 
 

     This study conducted wide-area monitoring of surface settlement along a 16 km section of the 
Bundang Line corridor using the SBAS-InSAR technique in near real-time. The results revealed a 
general trend of settlement along the corridor, with notably greater settlement observed around 
ventilation shafts. Four ventilation shafts exhibiting visually distinct settlement patterns were selected 
for detailed analysis. The detailed conclusions are show below: 

 
1) Time-series analysis performed on these shafts indicated maximum settlement rates of 

12 mm/year at Shaft 1, 18 mm/year at Shaft 3, 19 mm/year at Shaft 4, and 11 mm/year 
at Shaft 8. Consistent long-term settlement was observed at Shafts 1, 3, and 4 
beginning in 2018, whereas Shaft 8 showed minimal settlement until a rapid increase 
occurred starting in July 2024. Thus, this study successfully monitored and 
distinguished both long-term and short-term settlement patterns in and around the 
selected ventilation shafts. 

 
2) Field inspections of the identified ventilation shafts corroborated the time-series 

settlement analysis. Multiple cracks were observed in the basement ceilings directly 
beneath the shafts, and groundwater infiltration through these cracks resulted in 
standing water accumulation on the basement floors. The consistency between field 
observations and analytical results effectively validated the reliability of the settlement 
analysis. 

 
3) The Gangnam area, analyzed in this study, is known to experience recurrent flooding 

during the summer monsoon season, suggesting that ventilation shafts—which 
connect underground tunnels to surface environments—are particularly vulnerable to 
settlement. The settlement was found to decrease with increasing distance from the 
shafts, indicating that while ongoing underground development and tunnel construction 
influence surface settlement, ventilation shafts contribute significantly to localized 
settlement due to their structural characteristics. 

 

Optimal parameters for applying SBAS-InSAR in central Seoul were derived through this study. 
The settlement results obtained from time-series analysis were compared with field investigation 
findings, verifying the accuracy and reliability of the monitoring outcomes. This research is 
expected to make a meaningful contribution to settlement prediction and the development of 
maintenance strategies for underground infrastructure in urban areas such as Seoul. 
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