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ABSTRACT 
 

Consolidation settlement is a long-term ground deformation caused by the 
dissipation of excess pore water pressure in clay layers and is a major engineering issue 
in coastal reclaimed areas underlain by thick soft clay deposits. Because such settlement 
can induce differential settlement and affect the stability of structures and facilities, 
analysis of long-term settlement behavior and prediction of future settlement considering 
reclamation history are required. This study applied the SBAS-InSAR technique to 
Masan Marine New Town to analyze consolidation settlement characteristics according 
to reclamation sequence and examined the applicability of a Kolmogorov-Arnold Network 
(KAN) model for settlement prediction. Using 143 Sentinel-1A C band SAR images 
acquired from January 11, 2020 to December 27, 2024, time series surface deformation 
was derived for the study area. The results showed that, within the same zone, areas 
reclaimed later exhibited larger cumulative settlement and steeper time series slopes, 
reflecting differences in consolidation progress according to reclamation timing. The 
maximum cumulative settlement in the study area was estimated to be -82.5 mm, and 
the prediction results confirmed the potential of the KAN model for consolidation 
settlement prediction in coastal reclaimed land. 
 
1. INTRODUCTION 
 

Coastal reclamation provides additional land for ports, transportation facilities, 
industrial complexes, and urban development. However, reclaimed land is often 
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constructed over thick deposits of soft marine clay, where the imposed fill load generates 
excess pore water pressure and initiates long-term consolidation. As this excess pore 
water pressure gradually dissipates, settlement may continue for years or even decades, 
depending on the compressibility and drainage characteristics of the underlying clay 
layers (Zeng et al., 2018; Mishra and Patra, 2019). Because ground conditions and 
loading histories are rarely uniform across a reclaimed site, the resulting deformation is 
generally spatially variable rather than uniform (Indraratna et al., 2019; Takahashi et al., 
2023). Such differential settlement can reduce foundation performance, impair the 
serviceability of roads, railways, and port facilities, and increase long-term maintenance 
requirements (Li 2014). The long-term settlement behavior observed in the Nansha 
reclamation project, for example, was evaluated using field monitoring and laboratory 
consolidation tests, demonstrating the importance of assessing the time-dependent 
response of clayey ground under reclamation loading (Feng et al., 2021). 

Conventional settlement assessment has mainly relied on field instrumentation and 
laboratory testing. Settlement plates, surface settlement gauges, piezometers, and 
multilayer settlement gauges are commonly used to measure deformation and pore 
water pressure, while laboratory consolidation tests provide key parameters such as the 
compression index, coefficient of consolidation, and preconsolidation pressure (Feng et 
al., 2022; Hosseinpour et al., 2019). These methods provide detailed information at 
individual monitoring locations, but their spatial coverage is inherently limited. 
Consequently, they may not fully capture settlement variability across a large reclaimed 
area, particularly where reclamation timing, fill thickness, and subsurface conditions differ 
from one zone to another (Li et al., 2022). For this reason, wide-area and continuous 
monitoring techniques are required to complement conventional measurements and to 
characterize the spatial evolution of long-term settlement more effectively (Zhang et al., 
2023; Zhang et al., 2025). 

Satellite-based Interferometric Synthetic Aperture Radar (InSAR) has become an 
effective tool for addressing this monitoring requirement. By analyzing phase differences 
among repeated SAR acquisitions, InSAR enables noncontact measurement of ground 
deformation over broad areas and extended periods. P-SBAS InSAR has been used for 
wide-area deformation assessment, including coastal ground settlement and other 
geohazard applications (Tian et al., 2025), while InSAR-based monitoring has also been 
applied to coastal cities affected by progressive ground settlement (Sun et al., 2023). 
Among the available multitemporal techniques, Small Baseline Subset InSAR (SBAS-
InSAR) is particularly suitable for detecting gradual deformation because it uses 
interferometric pairs with relatively short temporal and spatial baselines to derive time-
series displacement (Berardino et al., 2003). This approach allows settlement velocity 
and cumulative displacement to be mapped even where ground instruments are 
unavailable and supports quantitative assessment of spatially uneven deformation within 
reclaimed areas (Yang et al., 2024). Its applicability to coastal reclamation has been 
demonstrated in China, where SBAS-InSAR was used to evaluate both the spatial 
distribution and temporal development of settlement in reclaimed land (Xu et al., 2016). 

Despite these advances, most previous InSAR studies on reclaimed land have 
emphasized deformation mapping and time-series observation, whereas the influence of 
reclamation sequence has received comparatively limited attention. Reclamation is 
typically completed in stages rather than at a single time, meaning that different zones 
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experience loading at different dates and therefore undergo different durations of 
consolidation. As a result, even within one reclaimed area, zones constructed later may 
retain larger residual settlement and higher settlement rates than zones constructed 
earlier (Pu et al., 2022). Moreover, because consolidation is a continuing time-dependent 
process, retrospective monitoring alone is not sufficient for long-term management. 
Future settlement prediction is also necessary for maintenance planning and risk 
assessment (Xiong et al., 2022). 

Recent studies have therefore combined InSAR-derived deformation histories with 
data-driven prediction methods. ANN, LSTM, and GRU models have been applied to 
settlement and ground deformation forecasting in soft ground and large-scale land 
development areas (Bi et al., 2025; Chang et al., 2025). Nevertheless, the performance 
of these models may depend on how effectively they capture nonlinear and localized 
temporal variations in the displacement sequence. Kolmogorov-Arnold Networks (KANs) 
provide an alternative framework by assigning learnable activation functions to network 
connections, thereby offering a flexible means of representing nonlinear input-output 
relationships (Liu et al., 2024). Their potential for time-series analysis has also been 
investigated in recent studies. 

Accordingly, this study integrates SBAS-InSAR monitoring with a KAN-based 
forecasting framework to investigate consolidation settlement in Masan Marine New 
Town. The reclamation history was first reconstructed from multitemporal satellite 
imagery, and the study area was divided according to reclamation sequence. SBAS-
InSAR was then used to evaluate the spatial and temporal characteristics of settlement 
in each zone. Finally, the resulting time-series deformation data were used to train the 
KAN model and predict subsequent settlement behavior. Through this approach, the 
study aims to clarify how reclamation sequence affects residual consolidation settlement 
and to assess the feasibility of extending InSAR-based monitoring data to future 
settlement prediction. 
 
2. METHODOLOGY 
 

2.1 InSAR-Based Deformation Analysis 
 
SBAS-InSAR was applied to estimate the long-term surface deformation of Masan 

Marine New Town. The method constructs a network of interferograms from SAR image 
pairs with relatively short temporal and spatial baselines and reconstructs displacement 
at successive acquisition dates (Berardino et al., 2002). Compared with conventional 
two-image interferometry, this approach is more suitable for identifying gradual 
deformation that continues over several years after reclamation. 

Sentinel-1A Single Look Complex images were processed through precise orbit 
correction, image coregistration, interferogram generation, topographic phase removal, 
phase filtering, phase unwrapping, and time-series inversion. A digital elevation model 
was used to remove the topographic phase, while the connected interferometric network 
was used to reduce residual phase errors and estimate cumulative displacement along 
the satellite line-of-sight direction. 

In this study, negative LOS displacement was interpreted as movement in the 
settlement direction. The derived results were expressed as deformation rate maps and 
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cumulative displacement time series. Because long observation periods can reduce 
coherence in reclaimed coastal environments, several analysis periods were additionally 
examined to evaluate whether the main settlement patterns remained consistent despite 
local data gaps. 

The reclamation history was reconstructed using multitemporal satellite images. 
Based on the internal seawall configuration, reclamation direction, and relative 
construction sequence, the study area was divided into Area 1, Area 2, and Area 3. 
Representative points were selected within each zone according to the direction of 
reclamation. The extracted time series were then used to compare settlement behavior 
between earlier and later reclaimed locations. 
 

2.2 KAN-Based Settlement Prediction 
A KAN-based prediction framework was constructed using the cumulative 

displacement time series obtained from SBAS-InSAR. In this framework, SBAS-InSAR 
provides the historical deformation records, while the Kolmogorov-Arnold Network learns 
the temporal pattern of settlement and predicts displacement during the subsequent 
period. 

Unlike a conventional multilayer perceptron that uses fixed activation functions at 
network nodes, KAN assigns learnable nonlinear functions to the connections between 
nodes (Liu et al., 2024). This structure allows the model to represent gradual trends and 
localized variations in nonlinear displacement sequences. Therefore, KAN was adopted 
to evaluate whether the continuing settlement of reclaimed ground could be predicted 
directly from historical InSAR observations. 

For each analysis point, the cumulative displacement values from a fixed number 
of preceding observation dates were organized as the input sequence, as expressed in 
Eq. (1). 
 

𝑿𝒕 = [𝒅𝒕−𝒘+𝟏, … , 𝒅𝒕] (𝟏) 
 

In Eq. (1), 𝑋𝑡represents the input sequence at time 𝑡, 𝑑𝑡denotes the cumulative 
SBAS-InSAR displacement at time 𝑡, and 𝑤is the window size corresponding to the 
number of previous observations used as model inputs. The sequence therefore consists 
of cumulative displacement values from time 𝑡 − 𝑤 + 1to time 𝑡. Based on this input 
sequence, the KAN model predicts the cumulative displacement at the next observation 
time, 𝑑𝑡+1. 
 

The displacement records were arranged chronologically to prevent information 
from the prediction period from being included in model training. The first 70% of each 
time series was used for training, while the remaining 30% was reserved for prediction 
and validation. The datasets from Area 1, Area 2, and Area 3 were prepared separately 
to reflect differences in reclamation timing and consolidation duration. Points near the 
seawall were excluded because their relatively stable deformation was not representative 
of the continuing consolidation settlement within the reclaimed ground. 

The prediction performance was evaluated by comparing the KAN-predicted 
displacement with the corresponding SBAS-InSAR displacement. The root mean square 
error was calculated using Eq. (2). 
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In Eq. (2), RMSE denotes the root mean square error, 𝑁 is the number of 

observations included in the prediction period, 𝑑𝑖
InSAR is the cumulative displacement 

estimated from SBAS-InSAR at the 𝑖 th observation, and 𝑑𝑖
KAN is the corresponding 

displacement predicted by the KAN model. A lower RMSE indicates a smaller difference 
between the predicted and InSAR-derived displacement values and therefore represents 
better prediction performance. 
 
3. STUDY AREA 
 

Masan Marine New Town, situated in Masan Bay, Masanhappo-gu, Changwon-si, 
Gyeongsangnam-do, South Korea, was selected as the study site. The area was 
developed offshore using dredged material generated during channel deepening works 
for Masan Port. Because the reclaimed ground was formed over marine sediments and 
is likely underlain by soft clay deposits, long-term consolidation may continue after 
completion of the reclamation. 

The study area is connected to the existing urban district on the western side by 
bridges and includes large undeveloped or partially developed surfaces within the 
reclaimed land. These surface conditions provide relatively favorable coverage for 
satellite-based deformation monitoring and allow spatial differences in settlement to be 
examined across the site. Figure 1 presents a satellite image of Masan Marine New Town. 

The site was considered suitable for this study because reclamation was completed 
progressively rather than simultaneously across the entire area. Consequently, the timing 
of loading and the duration of consolidation differ spatially. SBAS-InSAR was therefore 
applied to estimate surface deformation from 2020 to 2024 and to compare long-term 
settlement behavior according to the reclamation sequence of each zone. 
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Fig. 1. Satellite image of the study area in Masan Marine New Town 

 
The reclamation history of Masan Marine New Town was examined using 

multitemporal satellite imagery, and the site was divided into three zones for settlement 
analysis. As shown in Fig. 2a, Area 1, Area 2, and Area 3 were delineated mainly 
according to the internal seawall configuration, while the observed reclamation direction 
and temporal development of the ground surface were also considered. These zones 
were subsequently used as spatial units for comparing SBAS-InSAR time series 
settlement according to differences in reclamation timing. 

Figs. 2b–2f illustrate the temporal progression of reclamation from November 2015 
to November 2017. In November 2015, reclamation activity was evident in Area 2, with 
the filled ground extending along the indicated direction. The December 2015 image 
shows continued expansion toward the southeastern part of Area 3. By June 2016, a 
relatively distinct reclaimed surface had developed in Area 1, indicating that this zone 
had been formed earlier than the other sections. The October 2016 image shows that 
reclamation in Area 1 and Area 2 had advanced substantially, allowing Area 1 and Area 
2 to be classified as the first and second reclaimed zones, respectively. In November 
2017, active reclamation remained visible in Area 3, confirming that this area was 
developed later than the other two zones. 

The sequence derived from the satellite images indicates that the study area was 
constructed progressively rather than through simultaneous reclamation. Therefore, 
Area 1, Area 2, and Area 3 were interpreted as having different loading times and 
consolidation durations. This zoning scheme was used to investigate whether the spatial 
variation in long-term settlement was related to the reclamation sequence. 
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(a) Study area zoning        (b) 2015.11      (c) 2015.12 

 

   
(d) 2016.06   (e) 2016.10       (f) 2017.11 

Fig. 2. Zoning and temporal progression of reclamation in Masan Marine New Town 
 
4. RESULTS 
 
     4.1 Deformation rate 
 

Figure 3 compares the deformation rate distribution derived for the full observation 
period with that obtained from the most recent one-year interval. The initial SBAS-InSAR 
analysis covered 2020–2024. Because the study site is a coastal reclaimed area, 
however, reduced coherence occurred locally over the longer observation period. This 
loss of coherence was associated with changes in surface conditions, ongoing 
construction activity, and the proximity of several sections to water bodies. To check 
whether the principal settlement pattern depended on the selected observation period, 
additional analyses were also conducted using 2021–2024, 2022–2024, and 2023–2024. 
Although these intermediate results are not presented in Fig. 3, they were used to 
examine the temporal consistency of the identified deformation zones. 
Figure 3a presents the deformation rate map for 2020–2024. The calculated rates range 
from 2.06 to −31.64 mm/year, with negative values prevailing over most of the reclaimed 
area. This spatial pattern indicates that settlement remained active during the 
observation period. Some internal sections contain discontinuous or missing estimates, 
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reflecting the reduced coherence encountered in the long-term analysis. Nevertheless, 
zones of relatively large negative deformation are visible in the central and southern parts 
of the site. 

Figure 3b shows the deformation rate distribution for 2024, with values ranging from 
5.54 to −32.46 mm/year. Compared with the full-period result, the one-year analysis 
provides more continuous spatial coverage and more clearly defines the concentration 
of negative deformation in the southern section. The persistence of this settlement zone 
in both the long-term and short-term analyses indicates that it is not solely an artifact of 
the selected analysis period. 

The analyses conducted using the additional starting years also showed a similar 
overall pattern, with relatively large negative deformation repeatedly concentrated in the 
southern and southeastern parts of the reclaimed area. These locations mainly 
correspond to Area 3, which was identified from the reclamation history as the zone 
formed later than Area 1 and Area 2. Its shorter consolidation period may therefore have 
left a larger amount of residual settlement. The results demonstrate that the deformation 
of Masan Marine New Town is spatially nonuniform and is broadly associated with 
differences in reclamation sequence and consolidation duration. 

  
(a) 2020-2024        (b) 2024 

Fig. 3. Deformation rate maps 
4.2 Consistency of Time-Series Deformation Across Analysis Periods 

 
To assess whether the temporal deformation trends were affected by the selection 

of the analysis period, time-series displacement was extracted from three representative 
locations within the reclaimed area. Figure 4a shows the locations of A1, A2, and A3, 
which were selected to represent different sections of the site. At each point, the 
displacement series obtained from the full 2020–2024 analysis was compared with the 
results derived by shifting the starting year to 2021, 2022, 2023, and 2024. 

Figure 4b presents the results for A1. Although the time series were generated 
using different starting dates, they generally follow a similar downward trajectory. By the 
end of 2024, the cumulative deformation values are approximately −70 to −80 mm. The 
comparable slopes observed among the different analyses indicate that the long-term 
settlement tendency at A1 was consistently reproduced. 

A similar pattern is observed at A2, as shown in Fig. 4c. The displacement series 
obtained from the different analysis periods exhibit broadly consistent temporal changes, 
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with cumulative deformation reaching approximately −60 to −75 mm by the end of 2024. 
Minor differences are visible during some intervals, but the overall direction and 
magnitude of settlement remain comparable. 

Figure 4d shows the time-series deformation at A3. Continuous negative 
displacement is observed throughout the monitoring period, and the cumulative 
deformation at the end of 2024 ranges from approximately −65 to −80 mm. The 
persistence of a similar settlement trend across the shortened and full-period analyses 
suggests that the deformation at A3 reflects an ongoing ground response rather than a 
result produced by a specific temporal subset. 

Overall, the comparison confirms that the principal time-series settlement trends at 
the selected points were maintained despite differences in analysis duration. Therefore, 
the local data gaps observed in the long-term deformation rate map did not substantially 
alter the temporal interpretation of settlement at the representative locations. 

 
(a) locations of the selected points 

  
(b) A1     (c) A2 
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(d) A3 

Fig. 4. Comparison of time-series deformation obtained using different analysis periods 
 

4.3 Selection of Analysis Points Based on Reclamation Sequence 
 
Figure 5 shows the analysis points selected to examine settlement variation 

associated with the reclamation sequence. Based on the reclamation history derived 
from the multitemporal satellite images, the study area was divided into Area 1, Area 2, 
and Area 3. Because the three zones were reclaimed at different times, they were 
expected to have different loading histories and consolidation durations. 

Three representative points were selected within each zone. Area 1 includes P1-1, 
P1-2, and P1-3; Area 2 includes P2-1, P2-2, and P2-3; and Area 3 includes P3-1, P3-2, 
and P3-3. The points were arranged along the identified reclamation direction so that 
increasing point numbers generally represent locations developed later within each zone. 
The SBAS-InSAR time-series deformation extracted from these nine points was used to 
compare settlement behavior between earlier and later reclaimed locations. The same 
displacement records were subsequently used to construct the input datasets for the 
KAN-based settlement prediction. 

 
Fig. 5. Locations of analysis points selected according to reclamation sequence 
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Figure 6 compares the SBAS-InSAR time-series displacement at the selected 
points in each reclamation zone. The results were examined to determine whether 
settlement behavior changes systematically with the reclamation sequence within the 
same area. 

Figure 6a shows the time-series displacement in Area 1. The cumulative settlement 
at the end of the observation period was estimated to be 24.8 mm at P1-1, 75.7 mm at 
P1-2, and 79.6 mm at P1-3. Among these points, P1-1 exhibited noticeably smaller 
settlement, whereas P1-2 and P1-3, which correspond to locations reclaimed later within 
the same zone, showed substantially larger cumulative deformation. This trend indicates 
that settlement magnitude within Area 1 varied according to the local reclamation 
sequence. 

Figure 6b presents the results for Area 2. Because some missing areas were 
identified in the longer-period analysis for this zone, the comparison was based on the 
2024 time-series data. The cumulative settlement was 10.2 mm at P2-1, 12.3 mm at P2-
2, and 19.3 mm at P2-3. Although the overall settlement magnitude in Area 2 was smaller 
than that in the other zones, a gradual increase in cumulative deformation is still observed 
from the earlier to the later reclaimed points. This suggests that the effect of reclamation 
order is also present within Area 2. 

The displacement series for Area 3 are shown in Fig. 6c. The cumulative settlement 
was estimated to be 33.4 mm at P3-1, 75.1 mm at P3-2, and 82.5 mm at P3-3. Similar 
to Area 1, the earliest point showed relatively limited settlement, whereas the later points 
experienced much larger deformation. Since Area 3 was identified from the satellite-
image interpretation as the most recently reclaimed zone among the three major zones, 
the larger settlement observed at P3-2 and P3-3 suggests that a considerable amount of 
residual consolidation may still remain in this area. 

Overall, the time-series comparison demonstrates a common pattern across the 
study area: cumulative settlement generally increases toward points corresponding to 
later stages of reclamation. These results indicate that reclamation timing and the 
resulting difference in consolidation duration are important controls on the spatial 
variability of long-term settlement in Masan Marine New Town. 

  
(a) Area 1        (b) Area 2 
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(C) Area 3 

Fig. 6. Time-series displacement at selected points within each area according to 
reclamation sequence 

 
4.4 KAN-Based Settlement Prediction Results 
 
The KAN-based forecasting results for Area 1, Area 2, and Area 3 are presented 

in Figs. 7–9, respectively. For each analysis point, 101 SBAS-InSAR observations 
acquired between January 11, 2020, and May 31, 2023, were used for model training. 
The displacement records from June 2023 onward were reserved for forecasting and 
performance evaluation. The prediction accuracy at each point was assessed using 
RMSE, and the results are summarized in Table 1. 

Figure 7 presents the forecasting results for the three selected points in Area 1. At 
P1-1, shown in Fig. 7a, the predicted displacement generally follows the continuing 
downward trend of the SBAS-InSAR observations. Although short-term differences are 
observed at several dates, the model reproduces the overall progression of settlement 
during the forecasting period. The RMSE at P1-1 is 1.61 mm. 

Figure 7b shows the result for P1-2. The predicted values capture the gradual 
increase in cumulative settlement after June 2023 and remain close to the temporal 
pattern of the SBAS-InSAR observations. The RMSE is 1.76 mm, indicating that the 
continuing settlement trend was reproduced with relatively small error. 
The prediction result for P1-3 is shown in Fig. 7c. The forecasted values closely follow 
the observed decrease in LOS displacement throughout most of the validation period. 
The RMSE is 1.42 mm, which is the lowest among the three Area 1 points. This indicates 
that the KAN model represented the temporal settlement behavior at P1-3 more 
accurately than at P1-1 and P1-2. 

The Area 1 results demonstrate that the KAN model reproduced both the direction 
and general magnitude of settlement after June 2023. The RMSE values range from 1.42 
to 1.76 mm, suggesting that the SBAS-InSAR time series provide suitable input data for 
forecasting the continuing deformation of the reclaimed ground. 
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(a)      (b) 

 
(c) 

Fig. 7. KAN-based settlement prediction results for Area 1 
 

Figure 8 presents the forecasting performance at the three selected points in Area 
2. The model was trained using the SBAS-InSAR time-series records extracted from this 
area, and the observations after June 2023 were used for independent prediction 
assessment. 

At P2-1, shown in Fig. 8a, both the observed and predicted displacement series 
indicate continued settlement during the forecasting period. The SBAS-InSAR 
observations exhibit relatively large short-term variability, particularly compared with the 
smoother model estimates. Nevertheless, the KAN prediction follows the general 
decrease in displacement, with an RMSE of 1.96 mm. 

Figure 8b presents the result for P2-2. The observed displacement gradually 
decreases after the beginning of the forecasting period, and the predicted values 
reproduce this overall tendency. Although the model does not capture every short-term 
fluctuation in the SBAS-InSAR measurements, it represents the longer-term settlement 
pattern with an RMSE of 1.82 mm. This is the lowest error among the three selected 
points in Area 2. 

The result for P2-3 is shown in Fig. 8c. The KAN estimates follow the progressive 
increase in cumulative settlement after June 2023, while some differences remain 
between the predicted and observed values at individual acquisition dates. The RMSE is 
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2.09 mm, which is slightly higher than those obtained at P2-1 and P2-2. However, the 
model still reproduces the overall temporal direction of settlement. 

Taken together, the Area 2 results show that the KAN model captured the 
continuing settlement trend despite the relatively irregular temporal variations in the 
SBAS-InSAR series. The RMSE values range from 1.82 to 2.09 mm. Compared with 
Area 1, the displacement variation in Area 2 is smaller and more fluctuating, which may 
make local deviations more noticeable even when the overall prediction error remains 
limited. 

 
(a)      (b) 

 
(c) 

Fig. 8. KAN-based settlement prediction results for Area 2 
 

Figure 9 presents the forecasting results for the three analysis points in Area 3. 
This zone was identified as the most recently reclaimed part of the study area, and the 
corresponding SBAS-InSAR time series were therefore used to evaluate model 
performance where residual consolidation is expected to remain relatively active. 

Figure 9a shows the result for P3-1. During the prediction period, the KAN 
estimates closely follow the observed decrease in LOS displacement and reproduce the 
gradual progression of settlement. The RMSE is 1.26 mm, which is the lowest among 
the Area 3 points, indicating comparatively stable forecasting performance at this location. 

The prediction result for P3-2 is shown in Fig. 9b. The model captures the 
continuing increase in cumulative settlement after June 2023 and preserves the overall 
downward direction of the SBAS-InSAR series. Some differences are visible at individual 
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acquisition dates, particularly during periods of short-term fluctuation. The RMSE is 2.68 
mm, which is the highest value in Area 3, although the long-term settlement tendency is 
still reproduced. 

Figure 9c presents the result for P3-3. Both the observed and predicted 
displacement values show pronounced settlement throughout the forecasting interval. 
The model follows the overall temporal pattern and reproduces the continued decrease 
in displacement, with an RMSE of 2.61 mm. Although this error is larger than that at P3-
1, the predicted series remains consistent with the general magnitude and direction of 
the observed deformation. 

Overall, the Area 3 results indicate that the KAN model was able to forecast 
continuing settlement in the most recently reclaimed zone. The RMSE values range from 
1.26 to 2.68 mm. The higher errors at P3-2 and P3-3 may be associated with the larger 
settlement magnitude and stronger temporal variation at these locations, while the overall 
long-term deformation pattern was still maintained. 

Considering the results from all three areas, the KAN model generally reproduced 
the direction and magnitude of post-training settlement derived from SBAS-InSAR. The 
prediction accuracy varied by point, but the results demonstrate that historical InSAR 
deformation records can be used to forecast continuing settlement across zones with 
different reclamation histories. 

 
(a)     (b) 

 
(c) 

Fig. 9. KAN-based settlement prediction results for Area 3 
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Table 1. RMSE values for the KAN-based settlement prediction model 

 
P 1-1 P 1-2 P 1-3 P 2-1 P 2-2 P 2-3 P3-1 P3-2 P3-3 

RMSE 

(mm) 
1.61 1.76 1.42 1.96 1.82 2.09 1.26 2.68 2.61 

 
5. CONCLUSION 
 

This study investigated the long-term settlement of Masan Marine New Town by 
combining reclamation-history interpretation, SBAS-InSAR monitoring, and KAN-based 
time-series forecasting. A total of 143 Sentinel-1A C-band SAR images acquired 
between January 2020 and December 2024 were processed, and the reclaimed area 
was divided into Area 1, Area 2, and Area 3 according to the sequence and direction of 
reclamation identified from multitemporal satellite images. 

The deformation rate results showed that negative LOS deformation was dominant 
across the study area, indicating that settlement remained active during the observation 
period. Although the 2020–2024 analysis contained local gaps caused by reduced 
coherence, analyses performed using different starting years produced similar spatial 
patterns and time-series trends. Relatively large negative deformation was repeatedly 
concentrated in the southern part of the site, corresponding mainly to Area 3. Since Area 
3 was reclaimed later than Areas 1 and 2, this pattern is consistent with a shorter elapsed 
consolidation period and a greater amount of remaining settlement. However, differences 
in fill thickness, subsurface conditions, drainage, and subsequent construction loading 
may also have contributed to the observed spatial variation. 

The point-based results further demonstrated that settlement was not uniform 
within individual reclamation zones. In Area 1, cumulative settlement increased from 24.8 
mm at P1-1 to 75.7 mm at P1-2 and 79.6 mm at P1-3. Area 2 showed cumulative 
settlement of 10.2, 12.3, and 19.3 mm at P2-1, P2-2, and P2-3, respectively. In Area 3, 
the corresponding values were 33.4, 75.1, and 82.5 mm. In all three zones, points located 
later along the interpreted reclamation direction generally exhibited greater cumulative 
deformation. These findings show that reclamation timing and consolidation duration 
should be considered when evaluating long-term settlement, rather than relying only on 
an average deformation value for the entire reclaimed area. 

The KAN model was trained using the SBAS-InSAR observations acquired up to 
May 2023 and was used to forecast settlement from June 2023 onward. For the nine 
selected points, RMSE values ranged from 1.26 to 2.68 mm. The predicted series 
generally reproduced the direction and long-term progression of the observed 
deformation, although larger deviations occurred at locations showing stronger temporal 
variability. The results therefore demonstrate that historical SBAS-InSAR displacement 
can be used not only for retrospective monitoring but also as input for forecasting 
continuing settlement. 

Prediction accuracy should nevertheless be interpreted together with the 
magnitude and variability of settlement. A similar absolute RMSE may have different 
engineering significance in zones with small and large deformation ranges. In addition, 
the present model relied only on univariate InSAR displacement data. Future work should 
incorporate groundwater level, sea level or local water level, precipitation, temperature, 
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loading history, and geotechnical information, together with independent field 
measurements, to improve both predictive performance and physical interpretation. 

Overall, the proposed approach provides a practical framework for identifying 
spatially nonuniform settlement associated with reclamation history and estimating its 
subsequent development. The findings can support long-term monitoring and 
maintenance planning for coastal reclaimed land.  
 
ACKNOWLEDGEMENTS 
 
     This work was supported by the National Research Foundation of Korea (NRF) 
grant funded by the Korea government (MSIT) (No. RS-2021-NR060085). 
 
REFERENCES 
 
Zeng, L.L., Hong, Z.S. and Han, J. (2018), “Experimental investigations on discrepancy in consolidation 

degrees with deformation and pore pressure variations of natural clays,” Appl. Clay 
Sci., 152, 38-43. 

Mishra, A. and Patra, N.R. (2019), “Long-term response of consolidating soft clays 
around a pile considering non-Darcian flow,” Int. J. Geomech., 19(6), 04019040. 

Indraratna, B., Rujikiatkamjorn, C., Baral, P. and Ameratunga, J. (2019), “Performance 
of marine clay stabilised with vacuum pressure: Based on Queensland experience,” 
J. Rock Mech. Geotech. Eng., 11(3), 598-611. 

Takahashi, M. and Kanayama, M. (2023), “Consolidation deformation characteristics of 
Hachirogata clay with salt leaching,” Environ. Earth Sci., 82(13), 338. 

Li, C. (2014), “A simplified method for prediction of embankment settlement in clays,” J. 
Rock Mech. Geotech. Eng., 6(1), 61-66. 

Feng, W.Q., Zheng, X.C., Yin, J.H., Chen, W.B. and Tan, D.Y. (2021), “Case study on 
long-term ground settlement of reclamation project on clay deposits in Nansha of 
China,” Mar. Georesour. Geotechnol., 39(3), 372-387. 

Feng, S., Lei, H. and Lin, C. (2022), “Analysis of ground deformation development and 
settlement prediction by air-boosted vacuum preloading,” J. Rock Mech. Geotech. 
Eng., 14(1), 272-288. 

Hosseinpour, I., Soriano, C. and Almeida, M.S. (2019), “A comparative study for the 
performance of encased granular columns,” J. Rock Mech. Geotech. Eng., 11(2), 379-
388. 

Li, D., Li, B., Zhang, Y., Fan, C., Xu, H. and Hou, X. (2022), “Spatial and temporal 
characteristics analysis for land subsidence in Shanghai coastal reclamation area 
using PS-InSAR method,” Front. Mar. Sci., 9, 1000523. 

Zhang, Z., Hu, C., Wu, Z., Zhang, Z., Yang, S. and Yang, W. (2023), “Monitoring and 
analysis of ground subsidence in Shanghai based on PS-InSAR and SBAS-InSAR 
technologies,” Sci. Rep., 13(1), 8031. 

Zhang, R., Liu, A., Wang, T., Yang, Y., Lv, J., Jiang, H. et al. (2025), “Reclaimed-land 
subsidence mechanism analysis and evolution prediction of Tianjin Binhai New Area, 
China based on time-series InSAR observations,” Adv. Space Res., 76(3), 1368-1383. 



The 2026 World Congress on
The 2026 Structures Congress (Structures26)
23-25, August, 2026, Convensia, Incheon, Korea

Tian, F., Zhang, W., Zhu, H.H., Wang, C., Chang, F.N., Li, H.Z. and Tan, D.Y. (2025), 
“Multi-temporal InSAR-based landslide dynamic susceptibility mapping of Fengjie 
County, Three Gorges Reservoir Area, China,” J. Rock Mech. Geotech. Eng. 

Sun, H., Peng, H., Zeng, M., Wang, S., Pan, Y., Pi, P. et al. (2023), “Land subsidence in 
a coastal city based on SBAS-InSAR monitoring: A case study of Zhuhai, China,” 
Remote Sens., 15(9), 2424. 

Berardino, P., Fornaro, G., Lanari, R. and Sansosti, E. (2003), “A new algorithm for 
surface deformation monitoring based on small baseline differential SAR 
interferograms,” IEEE Trans. Geosci. Remote Sens., 40(11), 2375-2383. 

Yang, H., Qu, L., Chen, L., Song, K., Yang, Y. and Liang, Z. (2024), “Potential sliding 
zone recognition method for the slow-moving landslide based on the Hurst exponent,” 
J. Rock Mech. Geotech. Eng., 16(10), 4105-4124. 

Xu, B., Feng, G., Li, Z., Wang, Q., Wang, C. and Xie, R. (2016), “Coastal subsidence 
monitoring associated with land reclamation using the point target based SBAS-InSAR 
method: A case study of Shenzhen, China,” Remote Sens., 8(8), 652. 

Pu, C., Xu, Q., Zhao, K., Chen, W., Wang, X., Li, H. et al. (2022), “Spatiotemporal 
evolution and surface response of land subsidence over a large-scale land creation 
area on the Chinese Loess Plateau,” Int. J. Appl. Earth Obs. Geoinf., 111, 102835. 

Xiong, Z., Deng, K., Feng, G., Miao, L., Li, K., He, C. and He, Y. (2022), “Settlement 
prediction of reclaimed coastal airports with InSAR observation: A case study of the 
Xiamen Xiang’an International Airport, China,” Remote Sens., 14(13), 3081. 

Bi, L., Sun, C., Wu, X., Qiao, S., Li, Z. and Li, H. (2025), “Settlement monitoring and 
prediction using network model and time-series InSAR in large-scale land creation 
areas: A case study of Yan’an New Area, China,” Adv. Space Res., 75(10), 7150-
7167. 

Chang, F., Dong, S., Yin, H., Ye, X., Wu, Z., Zhang, W. and Zhu, H. (2025), “3D 
displacement time series prediction of a north-facing reservoir landslide powered by 
InSAR and machine learning,” J. Rock Mech. Geotech. Eng., 17(7), 4445-4461. 

Liu, Z., Wang, Y., Vaidya, S., Ruehle, F., Halverson, J., Soljačić, M. et al. (2024), “KAN: 
Kolmogorov-Arnold networks,” arXiv Preprint, arXiv:2404.19756. 


