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Abstract

Breakwater dams are critical infrastructures that protect the safety of ports. However, these
coastal structures are facing the compounding threats of sea level rise, storm surge, and dam
subsidence. Heterogeneous deformations in these infrastructures arise from differential
construction sequencing, sediment consolidation, and filling materials, yet traditional in
situ monitoring remains spatially limited or even unavailable to trace back and continuously
monitor deformation evolutions. In contrast, Interferometric Synthetic Aperture Radar
(InSAR) offers valuable insights in providing the spatially and temporally covered dam
deformation. In this study, we used two Sentinel-1 tracks from 2016 to 2025, and the
persistent and distributed scatterers INSAR methods to map the long-term deformation of
Xuwei Port, Lianyungang, China. We utilized six sites of leveling measurements to validate
the InSAR-derived vertical deformation and indicate Root Mean Square Errors (RMSEs)
ranging from —0.9-1.2 cm. We find, for the rock-sand filled section, the deformations show
consolidating subsidence ranging from —63.8 cm to —40.6 cm. In contrast, the concrete
tubular structure remains stable, with cumulative deformation ranging from —10.6 cm to
—5.2 cm. The enclosing reclaimed land undergoes a period of accelerated settlement with
subsidence rates of —64.9-—39.3 cm/yr, which are higher than original subsidence rates of
—10.1-—-9.7 cm/yr. Additionally, we integrated the consolidation model and tide gauge
to quantify that the freeboard will decrease to 0.08-0.31 m in the following 100 years with
the continuous sea level rise and dam subsidence. This study benefits our understandings
of coastal dam and reclaimed land. It highlights INSAR as a valuable tool to evaluate the
critical risk between sea level rise and coastal infrastructure subsidence.

Keywords: deformation monitoring; INSAR; breakwater dam; reclaimed land; subsidence;
sea level rise

1. Introduction

The subsidence of port facilities decreases the elevation between sea level and the
foundations of structures, inherently increasing the flooding and storm surge risks [1].
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Global climate change, particularly sea level rise and frequent extreme weather, further
intensifies these risks for low-lying infrastructures worldwide [2]. As the harbor facilities
support global supply chains and international trades, and sustain the coastal industries and
populations, controlling and adapting to land subsidence in harbors is urgently needed [1,3].
The driving factors for harbor subsidence are diverse, including sediment compaction,
building construction, and groundwater extraction [4-7]. Moreover, land reclamation
activities expand seaward development and elevate subsidence risks in areas where most
docks are located [8]. Therefore, considering the external deformation as an important
indicator regarding structural health [9], accurate and continuous deformation monitoring
of port infrastructures is critical for risk control and early hazard warning.

Different from conventional in situ deformation monitoring techniques, Interfero-
metric Synthetic Aperture Radar (InSAR) provides a broader spatial coverage for surface
deformation [10,11]. This technique features weather independence, labor-free, and high-
spatial resolution. It is widely applicable to monitor flood-resilient infrastructures [12-15].
For instance, Hassen and van Leijen (2008) pioneered the monitoring of linear water defense
levee deformation using the European Remote Sensing satellite (ERS) data from 1990s [16].
By assuming that adjacent points along the neighboring one-dimension arc experience lim-
ited differences in atmospheric delay, phase ambiguity, and elevation error, computational
complexity was reduced and full-stack analysis was conducted. Their results indicated
a 5 mm/yr line-of-sight (LOS) deformation in the local site of the Hondsbossche dike,
Netherlands. Pros et al. (2014) applied a persistent scatterers (PS) analysis to monitor the
breakwater dams in Port of Barcelona, Spain, using the TerraSAR-X (TSX) and Radarsat-2
data [17]. The kriging interpolation of the PS points revealed a clear subsidence with veloc-
ities of 8-16 cm/yr at the northeastern end of the southern breakwater, and 8-18 cm/year
at the southern end of the eastern breakwater. This significant subsidence decelerated
between 2009 and 2010, indicating consolidation via pore-water dissipation and soil com-
paction. Similarly, COSMO-SkyMed (CSK) data from 2011-2016 recorded a maximum
LOS displacement rate of 2.7 cm/yr at the arc-shaped offshore dike in Gela port, Italy [18].
Recently, multi-track Sentinel-1 (2016.10-2021.12) and TSX (2016.4-2017.4) observations
during overlapping periods revealed high correlation (>0.8) in a 9.6 km-length embank-
ment in Shandong, China [19]. Compared with the medium resolution Sentinel-1 data
(~5 x 20 m), these high resolution TSX data (~3 x 3 m) provide the denser and completed
spatial coverage to reveal fine dam structure, such as outlet, spillway, and abutment [9]. At
the riverbed section of the Upper Atbara dam, Sudan, InNSAR-derived deformation matched
well with leveling data with a 2 mm/yr discrepancy in the vertical direction. The pattern
of deformation was linked to the impoundment of the reservoir and the embankment
filling heights [20]. InNSAR-based measurement has further predicted coastal embankment
subsidence exceeding 100 cm due to the compaction of the foundation and dam itself [21].
The InSAR derived deformation in the long-linear dike can also be employed for the hazard
warning and causality analysis. For example, the uneven settlement with more than 5 cm
in a 200 m breach section was detected by Sentinel-1 at a 28-km U-shaped dam, Uzbek-
istan, before the final dam failure in May 2020 [22,23]. Additionally, INSAR-measured
coastal levee subsidence enables long-term inundation risk assessment, exemplified by
Gudong Dam, China, which could submerge by the 2100s at current subsidence and sea
level rise [24].

Although the existing studies demonstrate INSAR'’s capability in monitoring water
defense infrastructures, research gaps remain in applying and evaluating INSAR mea-
surements to coastal dams over decadal timescales, and across diverse dam structures
(e.g., rockfill and concrete). Such long-term, multi-structure analysis is essential to reveal
deformation dynamics throughout port construction and operational phases. In addition,
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considering the 10-20 m width of coastal dams, the monitoring capability and applicabil-
ity of medium resolution SAR data (~10-20 m) deserves to be evaluated. We therefore
focus on Xuwei Port, China, which was constructed between 2012 and 2018. This port
features two major breakwaters (east and west) totaling 21.8 km in length. Prior studies
reported preliminary subsidence rates of 10-20 cm/yr during 2016-2017 (Sentinel-1) [25],
and 2017-2018 (Radarsat-2) [26]. Yet, spatial coverage was limited to breakwater segments
with only 2 years of observation.

The remainder of this paper is organized as follows: Section 2 provides detailed in-
formation regarding Xuwei Port, including its construction timeline and dam structures,
followed by the InNSAR data processing and post time-series deformation analysis. Section 3
reports the result of INSAR-derived deformation, accuracy assessment, and spatiotem-
poral evolution patterns. In Section 4, we discuss deformation mechanisms across dam
structures and implications for sea level rise scenarios. Section 5 summarizes key findings
and conclusions.

2. Materials and Methods
2.1. Study Area

Xuwei Port (34.6°N, 119.6°E) is situated in Lianyungang City, Jiangsu Province, China.
It borders the Yellow Sea and occupies 22 km of the coastline (Figure 1a). According to tidal
gauge records from the last two decades, the mean sea level is 2.96 m with a tidal difference
of 3.65 m [27]. Sediments primarily originate from wave-induced coastal erosion, forming
marine soft soil strata dominated by silt, clay, and mud. These deposits average 13-15 m
in thickness, locally reaching up to 20 m [28]. The port comprises 25 berths supporting
300,000-ton oil industry transportation. Construction commenced in November 2012 and
concluded in July 2018. Two breakwaters, western (9.6 km) and eastern (12.2 km), protect
the harbor against maximum wave heights of 7 m [29]. Both breakwaters incorporate
two structural types: rock-sand fill dams and precast tubular concrete dams (Figure 1c, d).

Rock-sand fill dams span 6.8 km along the western breakwater and 8.0 km along
the eastern breakwater (Figure 1a) [29]. These structures consist of rock-sand composite
embankments with a standard profile height of 8 m and cross-section length of 75 m
(Figure 1c). The width of the dam crest is 10 m, with both the harbor-side and seaward
slope ratio at 1:1.5. Foundations extend through 20 m thick clay-silt-sand strata, while
operational water levels range from 0.5 to 5.4 m above a basal clay layer at —4.2 m. Tubular
concrete dams employ prefabricated installation with 2.8 km and 4.2 km in western and
eastern sides, respectively (Figure 1a). Each unit comprises a lower tier of rectangular
concrete tubes (30 x 20 x 10 m) surmounted by parallel upper tubes (13 m in height)
(Figure 1d) [30]. This design enables rapid assembly independent of wind conditions. It
also reduces sand material consumption and accommodates deep-water deployment with
larger than 4.5 m in depth.

We used Landsat-7/8 and Sentinel-2 optical imagery (2009-2021) to track the construc-
tion process of the dam and reclamation through three sequential phases (Figure 2). Before
2009, satellite observations show the original coastline and confirm construction activity
has not started (Figure 2a). Construction phase 1 commenced in September 2010 with land
reclamation closure levee construction at Zones R1 and R2, completed by January 2012
(Figure 2b,c). The subsequent phase 2 was initiated in December 2013, executing on eastern
section levees through November 2014 (Figure 2d,e). Concurrently, during November 2014
and October 2015, rock-sand dam segments were progressively filled along both breakwater
flanks (Figure 2e—g). The final construction stage involved installations of prefabricated
concrete tube dam, commencing at the end of 2015 and concluding in September 2016
(Figure 2h,i).
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Figure 1. Study area and the layout of dams. (a) Layout of the dams in Xuwei Port. (b) Location of

the study area and footprints of the Sentinel-1 data; (c,d) are structure profiles for rock-sand filled
dam and concrete tubular dam.



Remote Sens. 2025, 17, 2778

50f18

(@) 20190112

34.65

- RZ enclosed dam for
reclaimation

Figure 2. Time elapses of the construction process in Xuwei Port. (a) The original coastal line.
(b-h) The construction process. (i) The current layout.

2.2. InSAR Data Processing

According to the timeline of construction procedure, Sentinel-1 data from Septem-
ber 2016 onward (post-construction completion) were selected for analysis (Table 1).
We processed TOPS-mode imagery from both ascending (Track 69) and descending
(Track 76) orbits. Given the port’s spatial extent (20 km x 20 km) relative to the full
Sentinel-1 frame (250 km x 250 km), analysis focused exclusively on a single IW-mode
burst (80 km x 25 km). Due to the decommission of descending track 76 in 2022, only
pre-2022 data were utilized. In general, the dataset comprises 307 ascending and
140 descending images, spanning September 2016 to March 2025 and October 2016 to
December 2021, respectively.

Table 1. SAR satellite parameters used in this study.

Satellite  Flight Direction Orbit Path IW No. Burst No. Period Scene No.
Sentinel-1 Ascending 69 3 3 29 September 201622 March 2025 307
entinel- Descending 76 1 2 5 October 2016-14 December 2021 140

We processed SAR Single-Look Complex (SLC) data using the InNSAR Scientific Com-
puting Environment (ISCE2) [31], with primary images designated as 5 April 2020 (as-
cending) and 23 May 2020 (descending). Since a single burst can fully cover the study
area, range-direction co-registration was conducted by geometry-based method using pre-
cise orbits and a 30 m resolution SRTM-DEM. No azimuth direction offsets are estimated.
Following co-registration, PS were identified using an amplitude dispersion threshold
D 4 of <0.30:

gA
Djy=—*= 1)
4 Ha
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in which o4 and u 4 are the standard deviation and average of the amplitude over time. The
distributed scatterers (DS), as statistically homogeneous pixels (SHPs), were determined via
the conventional Kolmogorov—Smirnov test with a 95% confidence level. The covariance
matrix C of the identified DS can be estimated by the following Equation (2) [32]:

Cj=E [xxH} = ﬁ Y xaxH )

where x denotes the set of centered pixels, E[] is the expectation operator, H represents
the Hermitian conjugate (i.e., conjugate transpose), M is the number of homogeneous
points, and () defines the set of SHPs. The wrapped phase history of the identified
distributed scatterers is reconstructed via eigenvalue decomposition-based maximum
likelihood estimation following the method of [33]. This identifies the dominant scatterer
through the principal eigenvector of the coherence matrix, as follows:

A—1 N N

(Fij ° C)@ = AminG (©)

in which [" is normalization of covariance matrix C, as
(&7

) i2
\/ZXEM A?erM Agc

ITyi| = (4)

where Al is the amplitude of pixel x at time epoch i. Here, C is sample covariance matrix,
Aumin corresponds to the minimum eigenvalue whose eigenvector { yields the optimal phase
solution, and o denotes the Hadamard product.

Following the scatterer identification and phase optimization, we established a short-
baseline network with temporal and spatial thresholds of 75 days and 200 m, generating
1253 ascending and 599 descending interferograms (Figure 3). To capture long-term defor-
mation at breakwater dams and adjacent infrastructure, we incorporated annual winter
baselines (November to February). This approach mitigates systematic biases from soil
moisture variations that affect velocity estimates derived from short baselines [34]. By inte-
grating these long temporal baselines, the final stacks contain 1343 and 632 interferograms,
respectively. Then, we used the SNAPHU method to unwrap the interferograms [34],
and corrected the unwrap errors by phase closure triplets. Time-series deformation was
estimated by the interferogram stacks combining both short and long baselines through
weighted least squares inversion using covariance matrix. The ERA-5 reanalysis product
with a spatial resolution of 0.25° was interpolated to the radar coordinate for mitigating
the tropospheric delay [35]. The dem residual errors were subsequently estimated with
perpendicular baselines [36]. As the primary deformation of the dam is in the vertical
direction, LOS deformations from both tracks were geocoded to a common reference frame
and decomposed pixel-wise using Equation (5):

—8inBascc08¢,,. 08045 dew _ dZL%S 5)
—51104escCOSP o5, O0gsc | | du 4165

in which 6 and ¢ are the incidence angle and azimuth angle, respectively. For the data after
2021, only one ascending track of data is available, and we projected the LOS deformation
by the pixel-wise incident angle only.
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Figure 3. The spatial-temporal baseline configurations for ascending and descending tracks.
(a) Ascending track (path 69). (b) Descending track (path 76).

In the ascending track, there are 3514 PS points, predominantly clustered along roads
near the shoreline and buildings on reclaimed lands (Figure 4a). PS coverage on the
eastern breakwater dam spanned only ~3.2 km. Similarly, the descending track identified
4397 PS points, with detectable scatterers on the south section of the eastern breakwater
dam (Figure 4b). In contrast, DS provided significantly broader coverage: 6224 points
(ascending) and 4761 points (descending). Crucially, DS points achieved spatial continuous
monitoring coverages, exhibiting linear densities of 3.7 and 3.4 points per 100 m along the
western and eastern dam axes, respectively.

34.65 34.65

34.55 34.55

119.55 119 119.65 119.55  119.60  119.65

Figure 4. Distributions of detected scatterers: (a) Ascending track (2016-2025). (b) Descending track
(2016-2021). PS and DS points are depicted in sky-blue dots and yellow dots, respectively.
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3. Results
3.1. InSAR Deformation and Validation

The deformation obtained from both InSAR tracks shows the significant away-motion
deformation across breakwater dams and reclaimed lands (Figures 5 and 6). Along the
western breakwater, ascending track data (2016-2025) show a 1.8-km section with cumula-
tive LOS deformation reaching —35.4 cm. Comparatively, the descending track recorded
—24.9 cm LOS deformation during 2016-2021. The eastern breakwater exhibited more
extensive deformation, with a 2.7-km section showing cumulative LOS displacements
of —49.0 cm (ascending) and —32.2 cm (descending) (Figure 6). Beyond the dam itself,
reclaimed zones R2 and R3 experienced pronounced deformation, particularly R2 with
cumulative LOS deformation of —85.2 cm (ascending) and —59.4 cm (descending).

34.65

34.55

34.65

34.55

34.65

SV
119.55 119.60 119.65

&%

119.55 119.60 119.65 119.55 19.60 119.65

Figure 5. Cumulative LOS deformation in ascending track (2016-2025). Note, the blue-ward color
indicates the away motion in satellite LOS direction.

We validated the accuracy of INSAR deformation through two approaches. First,
cross-validation of vertical deformation projections from ascending and descending tracks
showed a high correlation of 0.93 (Figure 7c). It indicates the vertical motions dominate
surface displacement in both the breakwater dam and reclaimed land. Although horizontal
deformation may occur on the dam, the medium resolution of Sentinel-1 data cannot
fully resolve horizontal displacements at the dam slope. The difference in the projected
vertical deformation velocity is 3 mm/yr, revealing the reliability of the estimated velocity.
Second, we utilized six leveling sites along the eastern breakwater dam crest (August
2016-June 2017), positioned at profiles DK4+500 (CJ 1-2), DK5+285 (CJ 2-2), DK5+750 (CJ
3-2), DK6+500 (CJ 4-2), DK7+500 (CJ 5-2), and DK7+700 (C]J 6-2) (Figure 7a) [25]. For the
central profiles at CJ3-2 and CJ4-2, the monitoring frequency is 15 days, and the RMSE for
InSAR vertical deformation and leveling is 1.21 cm, and 1.11 cm, respectively (Figure 8c,d).
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For other profiles, the average RMSE is 0.57 cm (Figure 8), confirming the high accuracy of
InSAR measurements.

34.65

119.60 119.65

34.65

34.60

!3’:; L

34.55 > <
119.55 119.60 119.65 119.55 119.60

119.65

Figure 6. Similar to Figure 5 but for cumulative LOS deformation in descending track (2016-2021).
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34.54 : e L
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Figure 7. Cross-validation of LOS velocity correlation. (a) Ascending track. (b) Descending track.
(c) Density scatter for the correlation analysis. (d) Histogram of differences in LOS velocity.
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Figure 8. Comparison of InNSAR and leveling at the eastern breakwater dam. InSAR period-1
refers to 2016-2021, in which the vertical displacement is decomposed by two-track observations.
InSAR period-2 refers to 2022-2025, in which the vertical deformation is projected according to the
ascending track.

3.2. Time-Series Deformation on Breakwater Dams
3.2.1. Eastern Breakwater Dam

In the eastern breakwater dam, the rock-sand filled dam shows extensive subsidence
ranging from —15.0 cm to —63.8 cm. The maximum subsidence is located at the points of
CJ4-2 (60.6 cm) and CJ5-2 (63.7 cm) between the profiles DK6+500 and DK7+750 (Figure 9).
In contrast, dam terminals show limited settlement, as 15.0 cm at E1, 20.3 cm at E2, and
30.6 cm at CJ06 (Figures 8f and 10a,b). This spatial pattern of deformation correlates with
staged construction: terminal sections (E1 and E2) were filled between November 2014
and June 2015, achieving 2-year consolidation before INSAR monitoring commenced in
2016. The central dam section near CJ6-2 site, filled in September 2015, had only 1-year
consolidation before the INSAR observation.

In contrast, the concrete tubular dam has minimal linear subsidence: —0.76 cm/yr
at E3 and —0.62 cm/yr at E4, with cumulative displacement of —6.5 cm and —5.2 cm
(Figure 10c,d). Conversely, the central rock-sand fill section exhibits decelerating sub-
sidence, exemplified by CJ05’s decreasing rates: —22.3 cm/yr (2016-2017), —6.5 cm/yr
(2018-2020), and —4.8 cm/yr (2020-2025). This contrast confirms precast concrete units do
not experience the consolidation behavior characteristic of filled materials.
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Figure 9. Cumulative subsidences in Xuwei Port from 2016 to 2025. Note, the blue triangles, pink
points, and yellow points denote the leveling site, selected points on the breakwater dam, and selected
points on reclaimed land respectively.
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Figure 10. Time-series of selected points on the eastern breakwater dam: (a,b) rock-sand filled dam;
(c,d) concrete dam.

3.2.2. Western Breakwater Dam

Consistent with the eastern breakwater dam, the western breakwater dam manifests
significant post-construction subsidence driven by material consolidation. However, its
unidirectional construction procedure from north to south (Figure 2e—g) rather than the
central enclosure, results in distinct spatiotemporal deformation patterns compared to the
eastern breakwater. The rock-sand fill section displays progressively decaying settlement
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rates, as in 20162017 the subsidence rate of —10.0 cm/yr (W1), —13.8 cm/yr (W2), and
—15.4 cm/yr (W3), decreasing to —3.0 cm/yr (W1), —=3.5 cm/yr (W2), and —3.0 cm/yr (W3)
during 2018-2025 (Figure 11a—c). Conversely, precast concrete segments exhibit near-linear
subsidence at rates of —1.1 cm/yr (W3) and —1.3 cm/yr (W4), reflecting elastic deformation

characteristics (Figure 11d,e).
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Figure 11. Time-series of selected points on the western breakwater dam: (a—c) rock-sand filled dam;

(d,e) concrete dam.

3.3. Time-Series Deformation on Reclamation Lands

For the four reclamation zones R1-R4 (Figure 1a), maximum deformation points P1-
P4 were selected to characterize settlement patterns (Figure 12). At Zone R2 (Point P2),
three distinct deformation phases occurred (Figure 12b): (1) a linear trend of —10.0 cm/yr
(September 2016 to May 2019); (2) accelerated subsidence at —64.9 cm/yr (June 2019 to
early October 2019); (3) post-acceleration stabilization at —10.6 cm/yr from late October
2019 to March 2025. Similar behavior occurred at Zone R3 (Figure 12c), exhibiting accel-
eration to —39.3 cm/yr (April 2018 to December 2018) with stable rates of —9.7 cm/yr
(pre-acceleration) and —8.0 cm/yr (post-acceleration). This acceleration period may cor-
relate with groundwater decline and soil desiccation [5], where reduced pore pressure
elevates effective stress in estuarine sediments. Consequently, the soil skeleton undergoes
enhanced compression through particle rearrangement and void reduction [37], explaining
the observed acceleration in P2 and P3. We further applied the Normalized Multi-band
Drought Index (NMDI) to demonstrate this progressive desiccation process [38]. The NMDI
exploits differential water absorption characteristics between the shortwave infrared (SWIR)
and near-infrared (NIR) spectral bands to soil and vegetation, as defined by Equation (6):

NIR — (SWIR1 — SWIR2)

NIR + (SWIR1 — SWIR2) ©)

NMDI =
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in which the NIR, SWIR1, and SWIR2 correspond to Sentinel-2 Band 8A, Band 11, and
Band 12. In reclaimed zone R2, the pre- and post-acceleration deformation periods show
an average NMDI of 0.45 (Figure 13a,b,f), while drier soil conditions between June and
September 2019 yielded an NMDI of 0.57 (Figure 13c—e). A similar trend occurred in zone
R3, where average NMDI increased from 0.56 to 0.67, indicating progressive drying in
April to December, 2018 (Figure 14b—e). Conversely, selected points P1 and P4 exhibit linear
subsidence at —4.50 cm/yr and —4.37 cm/yr, respectively, indicating stable consolidation
conditions. Building loads in these zones likely drives the consolidation during static
external rates [4].
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Figure 12. Time-series of selected points P1-P4 on reclaimed zones R1-R4. The pink-shaded areas
indicate the accelerating periods in P2 and P3.
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Figure 13. The drought conditions quantified by NMDI during the accelerating deformation period
in reclaimed zone R2.
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Figure 14. The drought conditions quantified by NMDI during the accelerating deformation period
in reclaimed zone R3.

4. Discussion
4.1. The Mechanism of Dam Deformation

To better understand the process and mechanism in breakwater dams, we im-
plemented an analytical model derived from centrifuge experiments, simulating time-
dependent self-weight consolidation [39], as follows:

S(t) = Ry ()

in which S(t) and S, represent the subsidence in the time epoch t relative to the start-
ing time, and the ultimate subsidence at the infinity time period, respectively. k and A
are the dimensionless parameters that define the curvature of the time-dependent con-
solidation process, which need to be calibrated by the observation data. To calibrate the
consolidation model with INSAR data, the initial setup of maximum settlement was set to
1.25 times of the 2016-2025 observed maximum deformation with convergence achieved
within 10,000 iterations. Model parameters were calibrated using the first 200 epochs
(October 2016-March 2024), with the remaining 30 epochs (April 2024-March 2025) re-
served for validation. The RMSEs for the observation and consolidation model are 1.55 cm
(eastern dam) and 1.78 cm (western dam) (Figure 15). It indicates that the secondary
consolidation primarily contributes to the observed deformation [40]. This process occurs
under constant effective stress when: (1) primary consolidation completes (i.e., excess pore
pressure dissipates); (2) soil skeleton creep initiates time-dependent deformation.
Conversely, precast concrete dams lack consolidation behavior due to their rigid
composite structure. Their deformation arises from three mechanisms: elastic response to
hydrostatic pressure, thermal effects (internal hydration/external cycles), and foundation
compression under dam weight [41,42]. Therefore, as no clear seasonal deformation has
been detected from InSAR, the observed linear deformation may have a combination effect
for the elastic deformation due to the hydrostatic stress and the compression of foundation.
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Figure 15. Consolidation model calibrated by InSAR vertical deformation at the rock-sand fill section
of breakwater dams. Note, the data from October 2016 to March 2024 are used for the model fitting,
and the April 2024 to March 2025 are used for the validation.

4.2. The Implications of Port Subsidence and Sea Level Rise

This study demonstrates INSAR capability to monitor long-term heterogeneous de-
formation across port infrastructure. It also highlights the critical need for subsidence
control in harbors, facing accelerated global sea level rise. At Lianyungang, relative sea
level rise reached +0.30 cm/yr (2003-2018) [43], exceeding the mean uplift of the Yellow
Sea (0.231 £ 0.109 cm/yr). For rock-sand fill breakwater dams, structural elevations for
low and high-water levels are +0.47 and +5.41 m, respectively. The base elevation for the
bottom mud layer is —4.22 m, the height of the dam crest is +8.00 m, and wave wall is
+10.50 m. Thus, this configuration provided +2.6 m freeboard from high water to dam
crest and 5.1 m to the top of wave wall. However, the existing subsidence starting from
the completion of dam construction may have already exceeded 1.0 m. Therefore, the
effective freeboard is reduced to less than 1.6 m. According to the constant rate for the
gauge measurement in the last 15 years, the sea level rise should be +0.30 m in the 100-year
projection to 2125 (Figure 16). Correspondingly, the consolidation model indicates the
subsidence of eastern dam will reach —0.98 m (CJ4-2) to —1.22 m (CJ5-2). The subsidence
of western breakwater is —0.64 m (W2) to —0.71 m (W3). Consequently, dam crest to
water freeboard will diminish to 0.08-0.31 m. Considering storm surges in Lianyungang
may be higher than 1.0 m, although concrete wave wall clearance remains 2.58-2.81 m,
this margin presents a threat when combined with projected sea level rise acceleration
(2-3 mm/yr) [44,45], and increased extreme event frequency (annual occurrences by 2050),
creating substantial flooding risks with continuous deformation on the breakwater dam.
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Figure 16. Observations and predictions of relative sea level rise and dam subsidence during the
period of 2000-2125.

5. Conclusions

In this study, we investigated decadal-scale surface deformation at Xuwei Port, China
in the period 2016-2025 using continuous INSAR observations. Combining both the PS-
InSAR and DS-InSAR time-series analysis, we resolved heterogeneous deformation patterns
across two breakwaters and four reclaimed zones. Cross-validation with multi-track InNSAR
data and leveling measurements validate the high accuracy of derived deformation with
RMSEs of ~0.3 cm and ~1.0 cm, respectively. We found that the rock-sand fill breakwaters
experienced substantial subsidence of 15.0-63.8 cm, driven by pore pressure dissipation
during soil consolidation. Concrete tubular sections exhibited limited displacement of
—5.2 to —10.6 cm, maybe attributable to elastic deformation and foundation compression.
Reclamation zones R2 and R3 showed acceleration deformation with the settlement rate of
—64.9 cm/yr and —39.3 cm/yr, linked to sediment desiccation, groundwater depletion, and
drainage. Consolidation modeling, coupled with sea level projections, indicates that the
dam crest freeboard will decline from 1.6 m by 2025 to 0.08-0.31 m by 2125, reducing safety
margins over 80%. Our findings highlight the capability of INSAR in monitoring the spatial
and temporal deformation patterns for the coastal dams and reclaimed lands in a decadal
scale. It also quantifies the critical risks in the scenario of sea level rise, informing the
essential adaptation to protect flood-resilient infrastructures. Future high-resolution (e.g.,
<5 m resolution) and multi-geometry SAR data will facilitate identification of finer-scale
deformations across structural components, such as horizontal displacements on the slope
and crest. Additionally, tidal effects should be accounted for in assessing both seasonal
deformation and dam submergence risks.
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