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Abstract: The loss of life and property in economically developed areas due to geological hazards
caused by intense ground subsidence is incalculable. As one of the fastest growing areas in the
Guangdong-Hong Kong-Macao Greater Bay Area, the study of ground subsidence in Nansha will
help to provide a scientific basis for urban planning and improve the capacity of monitoring and
prevention of ground subsidence. The combination of coastal soft soil foundation and urbanization
conditions creates a certain risk of land subsidence. We chose Nansha District, the geographical center
of the Greater Bay Area, as the study area to analyze its surface subsidence characteristics in recent
years. The 20-view Sentinel-1A data and SBAS-InSAR technique were used to monitor the ground
subsidence in Nansha from 2017 to 2023. The main rate of ground subsidence in Nansha ranges from
—19.4 to 7.7 mm/yr and is distributed in the urban area, along the rivers, in the construction area, and
in the reclamation area. As of 4 May 2023, the average ground settlement in Nansha is 10.05 mm and
the maximum settlement can be up to 142.45 mm. The 6-year total settlement at all four settlement
intensities is greater than 60 mm, with the highest value exceeding 110 mm. The cumulative settlement
increases with time, but inverse settlement and no settlement also occur at points where settlement
is severe. For settlement caused by soft soil consolidation, it is recommended that drainage pipes
be installed to accelerate drainage as a means of stabilizing settlement. For settlement caused by
groundwater extraction and additional loads on the road surface, it is recommended to rationally
extract groundwater and reinforce the foundation of the road surface with severe settlement.

Keywords: Nansha District; SARScape; SBAS-InNSAR; urbanization; soft soil consolidation drainage;
human activity; dynamic load

1. Introduction

Ground subsidence is a slow and continuous process that occurs all the time in every
corner of the earth [1]. Severe ground subsidence can bring disasters to human beings, such
as road collapse, building cracks and damage, and seawater inundation in coastal cities [2,3].
Therefore, investigating the phenomenon and mechanism of urban subsidence can help us
to better cope with the disasters caused by ground subsidence. The Guangdong-Hong Kong-
Macao Greater Bay Area is one of the most highly developed urban agglomerations in China
and even in the world. The problem of land subsidence in this area is of great significance
for research. Located in the southern part of Guangzhou right at the geometric center of
the Greater Bay Area and situated at the supporting position of the “A” shape formed by
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Guangzhou, Hong Kong, and Macao, Nansha District is the hub connecting the city groups
on the banks of the Pearl River Estuary. In this paper, Nansha is taken as the study area
to investigate the ground subsidence and the causes of subsidence from 2017 to 2023. The
coastal cities in the Greater Bay Area are highly economically developed and are in the
Pearl River Delta region, which is affected by ground subsidence. Its ground subsidence
characteristics have not been adequately studied, so we chose Nansha District, the center
of the Greater Bay Area, for the ground subsidence study. Ground subsidence in coastal
cities consists of two main difficulties. On the one hand, the causes of ground subsidence
are complex and are influenced by multiple factors, such as sea level rise, groundwater
extraction, and geological formations. On the other hand, the monitoring technology is
limited, and the monitoring of ground subsidence in coastal cities requires high-precision
monitoring equipment and technology. In this paper, the effects of geological structure,
groundwater exploitation, and human engineering activities on ground subsidence were
deeply analyzed in terms of the causes of subsidence. In terms of monitoring technology,
SBAS-InSAR technology can realize large-area, high-precision, and continuous ground
subsidence monitoring work. It solved the problem that traditional ground subsidence
monitoring cannot realize large-area, high-resolution, and high-repeatability monitoring.
These research results can provide a geological basis for the planning and construction of
this city, and ultimately improve the level of ground subsidence prevention and control in
Nansha District. This study will help Nansha to better prevent disasters caused by ground
subsidence, protect people’s safety and property, and help Nansha to better develop into
the new core area of Guangzhou city.

Three methods, D-INSAR, SBAS-INSAR, and PS-InSAR, are available within the
SARScape for generating maps of the rate of average ground subsidence and subsidence
time series. Table 1 provides the advantages and disadvantages of these three methods
in terms of the application range, accuracy, and data processing. Since this paper studies
urban ground settlement, which is a moderate range of deformation monitoring, the SBAS-
InSAR method is chosen. The D-InSAR dual-track method is based on SAR imagery and
DEM data from two time periods in the study area to analyze the ground subsidence at
the latter time. D-INSAR calculates the phase difference between images taken at different
times before and after the event [4,5]. The D-InSAR technique and its GNSS-optimized
D-InSAR technique are often used to monitor ground subsidence caused by mining [6-8].
Fan et al. [9] proposed a new algorithm for extracting large deformation mining subsidence
using the D-INSAR technique and the probabilistic integration method, with a relative
error of 8.3% for the maximum subsidence point, which is much better than the traditional
D-InSAR (the relative error is 68.0%). PS-InSAR and SBAS-InSAR require multiple images
compared to D-InSAR, and the more images there are the higher the accuracy of the output
results. PS-InSAR technology has a wider coverage and more intensive measurements than
traditional geodetic methods [10]. The PS method analyzes the interferograms generated
from public images to find target points that remain stable over time, generating signals
that remain coherent from one acquisition to the next. Whereas PS results are more suscep-
tible to noise, SBAS is able to mitigate noise by imposing spatial and temporal constraints
on the choice of the interferogram. The SBAS method relies on small baseline interfero-
grams that maximize spatial and temporal coherence. SBAS analysis is more suitable for
geological studies as it maximizes consistency and mitigates noise over large areas [1].
The SBAS-based decomposition method can significantly reduce the positional offset of
single-track SBAS and improve monitoring accuracy [11]. Differential settlement maps
obtained by the SBAS method describe localized features related to urban construction and
infrastructure, while the PS method quantitatively describes the movement of individual
targets [12]. For deformation monitoring along oil and gas pipelines, SBAS outperforms
PS-InSAR in terms of complete coverage of measurement points, reduced dispersion of
results, and ground deformation rates that are closer to historical GPS measurements [13].
In terms of deformation mapping displacement, the DS-INSAR method fusing PS points has
an advantage over PS-InSAR and SBAS-InSAR methods because of the higher density of
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MPs [14]. Zhang et al. proposed a combined PS-InSAR and SBAS-InSAR method by fusing
data from different interferometric measurements in different radar reflection regions [15].
Most of the studies compare the performance of PS-InSAR and SBAS-InSAR on ground
subsidence results in the same area and validate each other [16-20].

Table 1. Advantages and disadvantages of INSAR methods in terms of application range, accuracy,
and data processing.

Method Name Advantages Disadvantages
Simple and intuitive, with relatively easy . . . .
data handling Requires two or more high-quality SAR images
D-InSAR Suitable for deformation monitoring in Low sensitivity, not §uitable for Wide range of
small areas deformation monitoring
Not applicable to non-linearly varying
surface deformation
. oo Requires large amounts of SAR data and
Higher monitoring accuracy .
complex data processing
SBAS-InSAR i i i
Sultab.Ie f.o r medium range deformation Sensitive to the choice of baseline and needs to
monitoring, such as urban settlement, .
be handled with care
crustal movement, etc.
. e Data processing is complex and requires a
High accuracy and sensitivity large number of SAR images
PS-InSAR Suitable for complex terrain and non-linear Higher requirements for feature stability

deformation monitoring
Stable surface targets such as buildings,
telecom towers, etc. can be detected

Ground settlement can be caused by a variety of factors, including the extraction
of groundwater, natural gas, and mineral resources, as well as the consolidation of soft
subsurface soils, and highway loading, to name a few. Table 2 shows the literature statistics
on data, methods, and causes of ground settlement in some countries. Our research area is
located in Nansha District, Guangzhou City, Guangdong Province, China. Due to frequent
groundwater extraction and underground excavation, the average ground displacement
ranged from —35 mm/yr (subsidence) to 10 mm/yr (uplift) in Guangzhou and Foshan
City from 2011-2017 [21]. Using the IPTA (Interferometric Point Target Analysis) technique
to analyze the ASAR (Advanced Synthetic Aperture Radar) imagery from 2007-2008, the
maximum subsidence rate in Guangzhou city ranges from —26 mm/yr to —20 mm/yr,
with three main spatially distributed subsidence zones in the central-western, eastern, and
south-western parts of the city [22]. According to PSI (persistent scatterer interferometry)
measurements, the fastest settlement rate in Nansha District during the period of February
2012—August 2013 was over 20 mm/yr for industrial areas, between —15 mm/yr and
—10 mm/yr for new traffic roads, and very serious settlement in and around illegal self-
built houses in rural areas due to the lack of soft foundation treatment [23]. Widely
distributed sediments and rapid urbanization in the Greater Bay Area have led to the
simultaneous occurrence of large- and small-scale subsidence [24]. Nansha District is a
region with very significant soft ground characteristics along the delta coast, and various
settlement effects and factors can make a good case for the region. Settlement in other
coastal areas may be spotty and not as pronounced. Therefore, we finally chose Nansha
District as our study case.

This paper is organized as below. Section 2 consists of four subsections; Section 2.1
is an overview of the study area; Section 2.2 is data and software; Section 2.3 is the
principles of SBAS-INSAR; and Section 2.4 is the operational procedures of SBAS-InSAR.
Section 3 also consists of four subsections; Section 3.1 is the analysis of the rate of ground
settlement; Section 3.2 is the analysis of the cumulative ground settlement; Section 3.3 is
the characterization of the temporal variations of the regional settlement; and Section 3.4
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is the investigation of the accuracy of the ground settlement. The analysis of the causes
of ground settlement in Section 4 mainly includes the effects of geological conditions in
Section 4.1 and the effects of human engineering activities in Section 4.2.

Table 2. Literature statistics on data, methods, and causes of ground settlement abroad.

Region SAR Data Method Main Cause of Subsidence Reference
. . . Sentinel-1 D-InSAR; Compaction of weakly
Mexico City, Mexico 2014-2020 SBAS-InSAR permeable layers 31
. . Sentinel-1 Groundwater extraction;
Karachi, Pakistan 2019-2020 PS-InSAR geological consideration [25]
. . . EnviSAT Coal mine fire; underground
Jharia Coalfield, India 9007-2010 PS-InSAR mining activities [26]
ERS; EnviSAT;

Alsace, France Sentinel-1 PS-InSAR Mining activity [27]

1995-2018
TerraSAR-X;

Ha Noi, Vietnam Cosmo-SkyMed PS/DS-InSAR Groundwater exploitation [28]

2011-2014
. Sentinel-1; L .

ssastsar Do duinge

2018-2019
. Sentinel-1 .
Konya Plain, Turkey 2016-2019 D-InSAR Groundwater extraction [30]
. Sentinel-1 Underground tunnel

Dangjin, Korea 2016-2019 PS-InSAR construction [31]
ALOS-1;

Arizona, USA Sentinel-1 SBAS-InSAR Groundwater exploitation [32]
2006-2020

RadarSAT-2 D-InSAR;
Mayo, Canada 2015-2016 SBAS-INSAR Permafrost [33]

2. Materials and Methods
2.1. Overview of the Study Area

Nansha was originally an ancient bay with continuous seawater and scattered islands.
After several changes in the ocean plane, sand and silt are deposited and gradually become
flat land. Nansha District is a municipal district of Guangzhou City, Guangdong Province.
It is located in the river network area of the Pearl River Delta and is the outlet of the Xijiang,
Beijiang, and Dongjiang rivers. Its location borders the Lion Ocean to the east and flows
south into the South China Sea. The whole area is mainly plain and densely covered with
rivers and ponds. Nansha District covers a total area of 803 km?, of which the land area
and the outer river waterway area are 580 km? and 223 km?, respectively. Nansha District
belongs to a subtropical monsoon Marine climate. Due to the back of the mountains facing
the sea, the oceanic climate is mild and humid, with warm and rainy and hot and sunny
conditions, small temperature differences, long summers, and other climatic characteristics.
Nansha District consists of three streets and six towns, namely Nansha Street, Zhujiang
Street, Longxue Street, Dongchong Town, Lanhe Town, Dagang Town, Huangge Town,
Hengli Town, and Wangingsha Town [34]. By the end of 2021, the resident population of
Nansha District was 900,400, the household population was 517,500, and the GDP was
RMB 2883.9 billion, with the population and GDP accounting for 4.8% and 7.8% of the
city of Guangzhou, respectively. Figure 1 shows the location distribution and land use of
Nansha District.



Remote Sens. 2024, 16, 55 5o0f21

113°20'E 113°30'E 113°40'E
Nansha District

z Z
(] -
or N
N [@\|
(@\]

Land Utilization

Unutilized land z
Z . S
<L I Impervious surface 15
& 8 Dry land S
g}iangzhou B Forest-grassland
K Paddy field

Bl Water area

0 ) 10
Z KM %
=4 19
gq ] 1 ] N
(@\] (@\]
N 113°20'E 113°30'E 113°40'E

Figure 1. Location distribution and land use in Nansha District. The land use was obtained by
interpreting the GF-1 PMS data for the year 2022 with a spatial accuracy of 2 m. The remote-sensing
interpretation method used was the support vector machine algorithm with supervised classification.
The decoded land use was corrected by visual decoding and field visit correction. The overall
accuracy of the sampling validation was greater than 90%, with a Kappa coefficient greater than
0.85 [35].

2.2. Data and Software

Synthetic aperture radar (SAR) data were derived from the European Space Agency
(ESA) 20-scene Sentinel-1 interferometric wide-area IW mode imagery. The pixel resolution
of the interferometric wide mode imagery was 5 m (azimuthal) x 20 m (distance) with
a width of 250 km and a revisit period of 12 days [36]. Compared with other SAR data,
Sentinel-1 is used more because it is free and open source and can be analyzed with the
help of SARScape. Shorter-period open SAR data with global coverage have been launched
continuously in recent years, notably the free and open-source Sentinel-1 satellite, which
was launched by the ESA in 2014. It carries a C-band synthetic aperture radar (SAR) and
has an interferometric baseline well below the critical limit. As a result, it is no longer
subject to strong spatial de-correlation images and provides a large source of continuously
archived data for ground subsidence monitoring. It not only meets the needs of regional
subsidence monitoring but also enables the monitoring of small deformations at fine scales.

Sentinel-1 has an average incidence angle of approximately 42° in the Nansha District,
and the isotropic VV polarization provides better reception of radar waves reflected from
ground objects [37]. And with the increase in sensor wavelength, the radar signal penetrates
deeper. The microwave remote sensing imaging modality, which works almost all day, can
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also penetrate some degree of cloud cover, vegetation, and topsoil. Since Sentinel-1 is a
C-band radar, its shorter wavelength and high sensitivity enable high-precision monitoring
of small deformations during the revisit cycle. In addition, the strict orbit control is also
conducive to SAR image alignment. Orbital positioning adopts POD precision orbiting
ephemeris. This is the most accurate orbit data for Sentinel-1, and the positioning accuracy
is better than 5 cm, which is used to remove the systematic errors caused by orbit errors.
The reference Digital Elevation Model (DEM) uses SRTM 30 m spatial resolution data,
which is used to remove errors caused by terrain on the interferometric phase. Table 3
shows the description of the research data and Table 4 shows the parameters related to
the SAR data in the experimental area. The SBAS-INSAR model was run using SARScape
5.2.1 [38]. The results were presented and plotted using QGIS 3.34.

Table 3. Description of research data.

Data Type Name Source Parameter Description
Orbital direction Ascending rail
Data type Single Look Complex (SLC)
. o Vertical Transmit Vertical Receive (VV)
SAR dataset Sentinel-1A ESA Polarization mode Vertical Transmit Horizontal Receive (VH)
Imaging method Interference Wide Mode (IW)
Resolution Azimuth 20 m; Distance 5 m
Relative horizontal
15m
DEM SRTM USGS aeeuracy
Relative elevation
10 m
accuracy
Orbital Resolution 30m x 30 m
positioning data POD ESA Position accuracy Better than 5 cm
Table 4. Parameters related to SAR data in the experimental area.
Imaging Spatial Imaging Spatial
Number Time Baselines (m) Number Time Baselines (m)

1 2017/3/12 —60 11 2020/5/31 —65
2 2017/6/4 —109 12 2020/9/16 —43
3 2017/10/2 —83 13 2021/1/14 —41
4 2018/1/30 0 14 2021/5/14 —57
5 2018/5/30 -23 15 2021/9/11 -97
6 2018/9/27 —53 16 2022/1/9 —104
7 2019/1/25 —101 17 2022/5/9 —56
8 2019/6/6 —43 18 2022/9/6 —283

9 2019/6/22 —154 19 2023/1/4 19
10 2020/1/20 —43 20 2023/5/4 —86

2.3. SBAS-InSAR Principle

InSAR obtains the distance from the satellite to the ground target (i.e., slant distance) by
observing the phase difference between two electromagnetic wave echo signals at different
times in the same area on the ground, and then calculates the elevation or deformation
information of the ground target. In Figure 2, S1 and S2 are the positions of the satellite at
the two imaging times before and after, and P is the ground observation point. The slant
distance difference is an important observation in SAR interferometry, reflecting the sum
of contributions from many factors such as interferometric geometry, reference ellipsoid,
terrain relief, and ground displacement during the two imaging times. Especially when the
meteorological conditions at the two imaging moments are different, the electromagnetic
wave will be deflected to different degrees during the propagation process between the
radar and the ground, so that the contribution of atmospheric delay is included in the
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slant distance difference. Therefore, the phase contribution of the interferometric phase
¢ comes mainly from the reference ellipsoid trend, terrain undulation variations, surface
deformation during the two imaging times, atmospheric delays, and other noises.

Figure 2. InSAR technology principles [39].

In 2002, Berardino et al. [40,41] proposed the small baseline subset INSAR (SBAS-
INSAR) method. The basic idea is to follow the principle of a small baseline distance
within the subset and a large baseline distance between the subsets. All images are paired
according to a certain spatial-temporal baseline threshold to obtain a number of subsets,
and the singular value decomposition (SVD) method is used to solve several small baseline
subsets together.

SAR image maps of N + 1 spokes covering the same area are combined with interfero-
metric pairs according to the conditions of the spatial baseline and the temporal baseline
to obtain M differential interferograms. To simplify the model, the decoherence factor,
elevation error, atmospheric error, and other factors are neglected, and then the phase value
of the image element in the j differential interferogram is:

54)1(1’, x) = (p(tA/ 7, x) - Q"(tBr 7, x) ~ 477-[[‘1(1-A/ r, x) - d(tBr r, x)] (1)

where A is the wavelength of the radar; d(t4,r, x) and d(tg,r, x) are the deformations of
the image element along the radar line-of-sight direction at times ¢4 and tg, respectively.
The phase of the differential interferogram is deconvolved and d¢;(i = 1,--- , M) is the
phase value relative to the deconvolved reference point. The corresponding time series of
the major and secondary images are:

IM = [IMy, -, IMy)],

IS = [ISy,- -+, 1Sy] @)

If the major and secondary images are arranged in a time series, i.e., IM; > IS;
(j=1,---,M), the set of equations contains M equations with N unknowns, and the phase
in the differential interferogram is expressed as follows:

dp = Ag 3)

AT A is a singular matrix if the baseline set contains multiple subsets. If there are N
distinct subsets of the baseline set, then the rank of the matrix A is N — L + 1. For matrix A,
singular value decomposition is obtained:
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A=UuzvT (4)

where U is an M*N orthogonal matrix; the diagonal elements of X are singular values
oi(i=1,---,N). The least-squares paradigm solution of Equation (4) is:

R =1 o

9= V{ 0 o] uts 5)

Upon converting the phase solution into a phase change velocity solution, the parame-
ter vector to be solved is denoted as:

t1—ty ’
Vi = ONTPN-1
N EN—EN-1

yT = (6)

V1 — P1=90 . ,‘|

Based on singular value decomposition, removing the DEM error and the atmospheric
phase, the average velocity V during each time period can be solved, and integrating it into
the time domain yields the time-series shape variable.

2.4. SBAS-InSAR Operation Procedure

The SBAS-InSAR processing steps mainly include data preprocessing, interferomet-
ric workflow, deformation inversion of the SBAS method, and ground settlement analy-
sis [42,43]. Figure 3 shows the flow chart of SBAS-InSAR technology.

U ——— N re - —_-— = - = = = = = = = = = = = = = = =
1 A . e 2 |
! Data download | SAR dataset Orbital positioning Regional boundary B
i ; | data shp [
Jieieteteieieiaeit Sttt i
/ l \
Sample 3 - Refi 4
Import *b[ X J efinement an |
I { selection Re-Flattening <«<— GCP I
' l
| 4 I
PR S \ | 1 - Connection Graph = anersmn: |
1 A First Step
! Software . |
| processing ] | l l
emmpme- |
| - —
2 - Interferometric Processing «— DEM J LN |
[ Second Step
|
|
: I
| SBAS Edit | ’
Connection Graph | 6 - Geocoding /
N\ L _
N e e e e e e e e e e e e e e e e e e o —

e Yo ——-—-—-——— = = = = = — D ____________
; B |
! Result drawing | I Land subsidence rate Cumulative ground subsidence Time series of subsidence
I‘ --------- 1 I

Figure 3. Flowchart of SBAS-InSAR technology.

The following are the specific processing steps for SBAS-InSAR [44].
1.  Data preprocessing

The raw SAR data are cropped for the study area to reduce the subsequent computa-
tional run time. The cropped inputs are imported into SARscape, and the default software
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input parameters are entered at the Connection Graph step to generate the SAR data pair
connection plot, as seen in Figure 4.
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Figure 4. Interfering image pairs spatial and temporal baseline connectivity maps. Yellow dots are
the super master image and green dots are the slave image. (a) Interferometric image pair spatial
baseline connectivity map; (b) interferometric image pair temporal baseline connectivity map.

This step not only generates the temporal and spatial baseline connectivity maps of the
interferometric image pairs but also produces a text report showing the baseline conditions
of each image pair (e.g., Table 4) and the super-master image selected automatically. As
shown in the figure and report above, the super-master image selected by SBAS-InSAR
from among the 20-spoke images is the 30 January 2018 image.

2.  Interference workflow

This step is used to process the interferometric workflow for each pair of image pairs
according to their connectivity. The workflow includes interferogram generation, interfero-
gram deleveling, adaptive filtering and coherence generation, and phase detangling. The
coherence coefficient, amplitude index, and intensity value were considered together for
high coherence point selection, and the threshold of the coherence coefficient was set to
0.4 and the threshold of amplitude deviation was set to 0.8. The Delaunay MCF method
is chosen for the de-entanglement method, and the image pairs with poor coherence (the
whole image has no coherence) are rejected. The Delaunay MCF considers only the portion
of the Delaunay triangular lattice mesh where the coherence is greater than a threshold
value, and only the portion with high coherence is de-entangled. Since it is not affected by
low-coherence image elements, the effect of phase mutation caused by too-low coherence
is reduced [45].

3.  SBAS method deformation inversion

This step converts phase values to deformation values. The penetration of the mi-
crowave bands is weakened by cloud water vapor, and the C-band also interacts with the
vegetation canopy and does not reach the ground in areas of high vegetation cover. Consid-
ering the seasonal precipitation and dense vegetation in Nansha District, the atmospheric
effect will be one of the main sources of error. The smaller the window size, the stronger
the filter and atmospheric filtering may smooth out important deformation information. In
mountain ranges with few atmospheric modes, the filter size must be adjusted accordingly.
This study area is in the plains, so the default parameters were used. According to the
characteristic that the atmosphere is highly correlated in space and uncorrelated in time,
a large filtering window of 365 days for the atmospheric high pass and 1200 m for the
atmospheric low pass is set to estimate and remove the atmospheric phase.
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4. Ground settlement analysis.

SAR images are based on the oblique distance coordinate system, and in order to better
compare the results of monitoring deformation, it is necessary to convert the SAR images
from the oblique distance geometric projection coordinate system to the geographic coordi-
nate system. The SBAS technique observes generally based on the deformation observed
within the radar line-of-sight (LOS) direction. The INSAR measurement of radar LOS direc-
tion deformation is the projection of the vertical and horizontal motions in the azimuthal
LOS direction. The larger the coherence threshold is set, the more distinct settlements are
obtained, but if it is set too large, some settlements are missed. In contrast, if the threshold
is set too low, a lot of noise is generated. Coherent points with coherence thresholds greater
than 0.20 were geocoded to obtain the annual average ground subsidence rate and the
time-series cumulative ground subsidence at the coherent points in Nansha District.

3. Results
3.1. Ground Subsidence Rate Analysis

The distribution results of the annual mean subsidence rate and cumulative subsi-
dence in Nansha District from March 2017 to May 2023 were obtained by the SBAS-InSAR
experiment. As shown in Figure 5, the range of the ground subsidence rate in Nansha
District is [-23.8, 42.5] mm/yr, and the average subsidence rate is —1.363 mm/yr. Con-
sidering the number of settlements and the continuity of the settlement rate, we define
a major settlement as one with a number of settlements greater than 20. This threshold
is only for the purpose of this study and is not generalizable, and the resulting range of
settlement rates can be used as a reference. As shown in the histogram of the subsidence
rate frequency, the range of major subsidence rate in Nansha District is [-19.4, 7.7] mm/yr.
The areas with the most severe subsidence in Nansha District are distributed in the eastern
part of Dagang Town, the northern part of Hengli Town, the eastern part of Dongchong
Town, and sporadically in the vicinity of inland surges of Wanqingsha Town, which have a
subsidence rate of [-24, —8] mm/yr. The distribution of points with subsidence rates in the
range of [-7, 5] mm/yr was approximately the same as that in the range of [-24, 8] mm /yr.
The most subsidence points are located in the interval of [ -4, 0] mm/yr, which are mainly
located in the vicinity of the Nansha Street ring woodland, the central part of Dongchong
Town, the expressway connecting Dongchong Town and Lanhe Town, the southwestern
part of Lanhe Town, the western part of the woodland in Dagang Town, the central part of
Hengli Town, the central part of Zhujiang Street, and the eastern part of Longxue Street.
Uplift and subsidence often occur simultaneously, and where there is subsidence, there is
bound to be uplift; the main rate of uplift in Nansha District is less than 7.7 mm/yr, and the
main areas of uplift are also located in the areas with the most subsidence sites in Nansha
District. In general, the ground subsidence area in Nansha District is mainly distributed
along the rivers, construction areas, and reclamation areas, and most of the areas within
the monitoring range have small deformation magnitudes and are in a stable state. At the
same time, there are also areas of intense subsidence, with a subsidence rate as high as
—23.8 mm/yr.

3.2. Cumulative Ground Settlement Analysis

One of the 20 dates was selected at certain intervals to analyze the accumulation of
ground subsidence. A total of four dates were selected, 30 May 2018, 20 January 2020,
11 September 2021, and 4 May 2023. Table 5 shows the characteristic values of cumulative
subsidence in the different years. According to Table 5, it can be seen that the average
value of subsidence in Nansha District from 12 March 2017 to 4 May 2023 is —10.05 mm,
the maximum subsidence is —142.45 mm, and the maximum lifting is 244.04 mm. Taking
the sentinel image of 12 March 2017 as a base, it can be found that the average value of
subsidence from 30 May 2018 to 11 September 2021 expands, indicating that during this
period, the Nansha District is in a phase of accelerated subsidence. The mean value of
subsidence from 11 September 2021 to 4 May 2023 remains basically unchanged, indicating
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that the subsidence generally tends to stabilize in this period. The maximum values of
subsidence and uplift increased in these four periods, indicating that the area of intense
subsidence and uplift has a tendency to expand.
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Figure 5. Spatial distribution of average annual subsidence rates in Nansha District, 2017-2023. This
map contains two maps; the large map is the spatial distribution of ground subsidence in Nansha
District and the small map is the frequency distribution of ground subsidence. The base map of the
large map is the 2022 GF-1 remote sensing map with a spatial resolution of 2 m.

Table 5. Characteristic values of cumulative subsidence in different years.

Expiration Data Average Maximum Maximum
P Settlement (mm) Settlement (mm) Uplift (mm)
30 May 2018 —6.64 —50.08 72.15
20 January 2020 -7.17 —76.52 113.51
11 September 2021 —10.95 —110.41 189.11

4 May 2023 —10.05 —142.45 244.04
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Figure 6 shows the distribution of cumulative ground subsidence in Nansha District as
of 12 March 2017 for different years. As can be seen from Figure 6, the distribution location
of the cumulative subsidence in 2023 is basically the same as the distribution of the average
annual subsidence rate, which is mainly located in the towns of Dongchong, Dagang,
Hengli, and Wangingsha. However, the development of ground subsidence from 2017 to
2023 is not always distributed in these towns and streets. As of 2018, ground subsidence is
mainly distributed in Nansha Street, Huangge Town, Dongchong Town, Hengli Town, and
Wangingsha Town. By 2020, ground subsidence is decreasing in Nansha Street, Huangge
Town, and Dongchong Town and significantly increasing in Dagang Town and Hengli
Town. And by 2021, the distribution of ground subsidence points is basically the same as
in 2020.
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Figure 6. Distribution of cumulative ground subsidence in Nansha District in different years.
(a—d) The spatial distribution of cumulative subsidence in Nansha District as of 30 May 2018,
20 January 2020, 11 September 2021, and 4 May 2023, respectively.



Remote Sens. 2024, 16, 55

13 of 21

3.3. Change Characteristics of Settling Time

According to Figure 7, four settling points were selected in the areas with dramatic sub-
sidence in Nansha District to analyze the cumulative changes in the amount of subsidence
over time from 12 March 2017 to 4 May 2023 at the four settling points. Settling point 1 is
located in the southeast of Dongchong Town, with latitude and longitude (22°50'27.04"N,
113°28'6.58"E). Settling point 2 is located in the central part of Dagang Town, with latitude
and longitude (22°46/38.45"N, 113°25'56.39"'E). Settling point 3 is located in the northern
part of Hengli Town, where the latitude and longitude are (22°46/23.45"'N, 113°28'49.18"E).
Settling point 4 is located in the northwestern part of Wangingsha Town, where the latitude
and longitude are (22°40'53.46""N, 113°32'8.97"E). Figure 7 shows the location distribution
and remote-sensing images of the settling drastic points. As can be seen from Figure 7, the
four points of intense subsidence are located in suburban houses or roads.

Figure 7. Location distribution and remote-sensing images of intense subsidence points. The base
map of (a) is a GF-1 remote sensing image with a spatial resolution of 2 m. (b—e) Derived from
Google Earth.

Figure 8 shows the cumulative settlement from 12 March 2017 to 4 May 2023 for
the four points with dramatic settlement. Overall, the cumulative settlement of the four
settlement points increases with time, and the cumulative settlement reaches the maximum
on 4 May 2023. The cumulative settlement of the four points is higher than 60 mm, and
the maximum settlement is higher than 110 mm. According to Figure §, it can be seen
that the four settlement points do not settle every year, and there is inverse settlement
(uplift) in some of these years. Settling point 1 had inverse subsidence on 6 June 2019 and
11 September 2021. Settling point 2 only experienced inverse subsidence on 14 May 2021.
Setting point 3 did not experience large inverse settlement, but the cumulative settlement
remained essentially constant between 14 May 2021 and 9 January 2022, indicating that
settling point 3 neither settled nor lifted during this period. In contrast, settling point 4
was ahead of settling point 3 during this period, from 30 May 2018 to 25 January 2019,
and experienced minor inverse settlement after 25 January 2019, followed by a resumption
of settlement.
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Figure 8. Temporal changes in cumulative settlement at intense settlement sites. The locations and
latitudes and longitudes of the four settlement sites are depicted in Figure 7.

3.4. Ground Settlement Accuracy Survey

The accuracy evaluation of the ground settlement comes from the contemporaneous
leveling measurements and the research results from the literature, among which the
verification of the contemporaneous leveling measurements is the most convincing. Since
the contemporaneous level measurement data is difficult to obtain, the trend of the ground
settlement results and the consistency of the approximate values can be verified from the
research results in the literature. Firstly, the error of the results obtained by the software
is analyzed, and the average error of the measurement of the ground subsidence rate in
Nansha District is less than 11.13 mm/yr, which indicates that the results of the software
have a certain degree of credibility. Secondly, we read the relevant literature to find the
average annual rate of subsidence in Nansha District and verify the infallibility of the
results of ground subsidence on the whole. In his master’s thesis, Lin [37] used the SBAS-
InSAR method to process the sentinel data of Nansha District from June 2015 to April
2018 and determined that most of the subsidence rate in Nansha District is located to
the left of the zero value, with a value of approximately —1.81 mm/yr. In this paper, we
determined that the average subsidence rate of Nansha District is —1.363 mm /yr, which
has a consistent trend, so the results obtained in this paper are reliable regarding the
trend and numbers. The monitoring accuracy of the ground subsidence results is verified
through on-site fieldwork. Figure 9 shows the photos taken at the ground subsidence site
in Nansha District. By comparing them with the annual average ground subsidence rate
map obtained by the SBAS-INSAR method, the subsidence areas in the field are reflected
in the subsidence rate map. Therefore, the results obtained by this method have a certain
degree of reliability in the distribution of subsidence locations. The ground settlement
monitoring report of Greater Bay Area mentions that the ground settlement in areas such
as Mingzhuwan Development Zone in Hengli Town, within the town of Zhujiang Street,
Yihewei Village between Eight Chong and Ten Chong in Zhujiang Street, the main town
area between Thirteen Chong and Fourteen Chong in Wanqgingsha Town, the shipyard
and harbor area in Longxue Street, and so on, are severe and generally less than 100 mm.
Meanwhile, the ground settlement in undeveloped areas such as farmland, wasteland,
and fishponds is smaller. The areas of intense settlement mentioned in the report (Focus
Work Areas) are consistent with this paper’s identification of areas of intense settlement.
Although the trend and accuracy of the results were verified in all aspects, there is still
a great deal of uncertainty in the results. The higher the density of data selection, the
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more accurate the results analyzed, similar to the situation that exists in hydrogeological
systems [46].

Figure 9. Photographs taken at the site of ground settlement in Nansha District. These photos
are from the report on the results of the “Monitoring of Ground Subsidence in the Guangdong-
Hong Kong-Macao Greater Bay Area—Pilot Project in Nansha District, Guangzhou” prepared by
the Guangzhou Provincial General Station of Geological and Environmental Monitoring. (a) The
cracking of the wall of the building near Renan Road in Wuchong, the main town area of Wangingsha
Town, with a crack width of 50-150 mm; (b) the cracking of the steps of the staff canteen on the north
side of the Kouan building in Longxue Street, with a maximum seam width of 40-60 mm; (c) the
obvious ground settlement in the area to the east of the Nansha Haigang Building in Longxue Street,
with the amount of settlement amounting to 150-200 mm; (d) the ground settlement at the place
opposite to No. 119, Fuan 1 Street, Wangingsha Town highway, settlement amount of approximately
20 mm; (e) the Mingzhuwan construction site, pumping groundwater resulting in uneven ground
settlement; (f) the bonded port area ground settlement area edge of the drainage outlet, artificial
drainage to accelerate the consolidation of settlement; (g) the Guangzhou Shipbuilding International
Shipyard within the office building wall corner cracking and subsidence, the amount of subsidence
of 50 mm; (h) obvious ground settlement occurred on the lower ground of the steps of the house at
No. 68 Yucai Road, Wangingsha Town, and the amount of subsidence was 10-50 mm; (i) the site of
accelerated consolidation by artificial drainage of under consolidated soft soil at the site of Yihewei
Village, between Eight Chong and Ten Chong in Zhujiang Street.

According to the occurrence of ground settlement objects being different, the status of
ground settlement is divided into four major categories: buildings, road soft foundation,
construction sites (including underground space development), and artificial drainage to
accelerate the self-consolidation of soft soil. As shown in Figure 9a, the house building
is subjected to uneven settlement of soft soil ground, which causes the phenomenon of
tilting and cracking damage to the building. The high compressibility of soft soil, the
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occurrence of uneven settlement, and the foundation of the building being affected by
the concentration of stress cracks ultimately caused the building to become damaged due
to the production of cracks, causing it to lose its use function. As shown in Figure 9b,c,
the building was built in a newer age, with higher floors, and with bedrock or weathered
bedrock as the pile-bearing layer, therefore the foundation-bearing capacity was higher
and the overall structure of the building was stable. The neighboring ground, on the other
hand, was subjected to static and dynamic loads, resulting in an overall consolidation
and settlement of the ground, leading to the main body of the building being higher than
the ground or even elevated. As shown in Figure 9d, the road surface is uneven, and
horizontal cracks appear under the influence of automobile dynamic load. At the same
time, the region has frequent engineering construction, and the road travels a large number
of loaded trucks, so the road is mostly seen to have the settlement phenomenon. As shown
in Figure 9¢, human engineering activities in the Mingzhuwan area are strong, there are
more underground construction works (foundation pits, sewers, etc.), underground work
requires the pumping of groundwater during construction, and pumping may lead to
the loss of fine particles such as sand layer, silt layer compaction, sand, and soil, which
will result in the uneven settlement of the ground. As shown in Figure 9f, the under-
consolidated soft soil was formed in the Quaternary Holocene Series, the formation age is
not long, and it did not complete its own consolidation in the process of its geologic age. At
the same time, Wanqingsha Town, Longxue Street, and other areas are recently reclaimed
land, so the soft soil in this area is still in the slow drainage and consolidation development
process due to drainage, the soft soil volume contraction, and the formation of ground
subsidence. As shown in Figure 9g,h, the corners of the house walls cracked to different
degrees under the effect of the uneven settlement of the foundation and the self-weight
load of the house. Figure 9i is similar to Figure 9f, which shows the site of artificial drainage
to accelerate the consolidation of under-consolidated soil at the site.

4. Discussion

The phenomenon of ground settlement is a complex and undesirable geological phe-
nomenon in which a large vertical decline in ground elevation occurs under the combined
and superimposed effects of a number of factors, and the factors that give rise to ground
settlement include natural geological factors and man-made factors. Ground settlement
can be induced by a single factor, but more often it is the result of the combined action of
several factors.

4.1. Impact of Geological Conditions

The soft soil in the main settlement area of Nansha is more developed [23], with a
cumulative thickness of 8.65-29.30 m, an average thickness of 18.31 m, and a shallow burial
depth of 0.90-8.70 m at the top plate. The soft soil type is mainly silty soil, which is gray,
saturated, and fluid-plastic. Silt-type soil is characterized by high natural water content,
high porosity, high compressibility, poor consolidation, and poor engineering properties.
Therefore, in soft soil on the one hand, under the action of its own gravity, the pore water
pressure will gradually decrease before the soil layer reaches complete consolidation, which
will inevitably cause ground settlement [47]. On the other hand, it is easy to produce
subsidence and shear deformation under the action of external load or a groundwater level
drop, which has a greater impact on the stability of the site. Figure 10 shows the contour
map of soft soil thickness in Nansha District. The spatial distribution of ground settlement
and the spatial distribution of soft soil basically coincide, indicating that there is a positive
correlation between the amount of ground settlement and the size of soft soil thickness, i.e.,
the larger the thickness of soft soil, the larger the amount of ground settlement.
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Figure 10. Distribution of soft soil thickness in Nansha District [48]. The data were obtained from
Geoscientific Data and Discovery Publishing System, and the soft soil thickness distribution in
Guangzhou City was cropped and translated to obtain the soft soil thickness distribution map of
Nansha District.

The high water content of the soft soil is the geological cause of the rapid ground
settlement in Nansha District. Based on this, we propose the following countermeasures.
For the problem of high water content in soft soil, drainage pipes can be installed to
accelerate drainage.

4.2. Impact of Human Engineering Activities
4.2.1. Artificial Fill

Most of the original landforms within the area of ground settlement were fishponds,
river surges, cultivated land, and the sea, which have experienced large-scale reclamation
activities in the past 100 years [49]. Filling and leveling of the site are required for the
construction of the project, and the average thickness of the fill in the area is 2.47 m, with a
maximum thickness of 4.90 m. Due to the structure of the fill being loose, the poor unifor-
mity with a large pore ratio, high compression, low compactness, low strength, etc., there
is compression of the soil, and in the role of the vertical load, it is more prone to generating
compression of the ground subsidence caused by geological disasters [50,51]. Generally,
the newly filled soil is not compacted, which will produce large self-weight compression
consolidation, and before the completion of the natural compression consolidation, the
soil structure is loose, the settlement is generally higher, and the bearing capacity is lower
and cannot be used as the foundation-bearing layer. In addition, the uneven thickness and
density of the fill are also likely to lead to uneven settlement of the ground.

4.2.2. Groundwater Level Changes

Porewater is discharged from the soil, causing a decrease in the pore water pressure in
the soil layer, resulting in an increase in the effective stress between the particles, which
is equivalent to applying additional stress to the soil layer so that the weak soil layer is
compressed to produce deformation. The size of the deformation is affected by the size of
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the stress (i.e., water level variation), the physical and mechanical properties of the compres-
sion layer, and the distance from the aquifer and other factors, and the superposition of the
compression deformation of the soil layer is manifested as ground settlement deformation.
On the one hand, the rivers in Nansha District are crisscrossed and densely networked,
and the dynamics of the groundwater level show seasonal cycle changes. During the dry
season, groundwater is discharged to the surface water body, the aquifer releases part of the
water, the groundwater level decreases, the effective stress in the soil layer increases, and
compression deformation occurs between the soil particles. At the same time, the clayey
soil is compressed irreversibly during the drainage process, which results in the formation
of ground settlement caused by the groundwater changes [52]. On the other hand, both pit
descending and pit drainage in engineering construction can cause a large drop in water
level. In particular, the long time and large depth of pit descending has been the main
cause of urban ground subsidence in recent years [53]. Therefore, groundwater needs to be
controlled, and managing it well is key to achieving sustainable development goals [54].

4.2.3. Additional Load

Under the influence of additional load, the soft soil is subjected to an external force,
which destroys the original stress equilibrium state, and the effective stress and pore
water pressure are transformed into each other, which artificially accelerates the drainage
consolidation—compression settlement process of soft soil. In general, the settlement is
naturally larger where the stress is concentrated. The locations where settlement occurs in
the geohazard investigation are mainly in the walls, steps, roadbeds, and between bridge
piers and roadbeds.

Ground settlement in the Nansha area is very closely related to human engineering
activities. Human engineering activities accelerated or exacerbated the development of
ground subsidence in the region [55,56]. Ground subsidence caused by the upper load
has become the main control factor of ground subsidence in some areas, and the impact
is even greater than groundwater mining in local areas. According to the type of load,
it can be divided into static load influence and dynamic load influence. Static loads are
mainly reflected in the construction of ground buildings, bridge and road construction,
land enclosure construction, and underground space development. Dynamic loads are
mainly reflected in the Pearl River Delta’s well-developed transportation network, busy
traffic, and logistics [57], and the impact of dynamic vehicle loads should not be ignored.

The high porosity of the artificial fill, the drop in groundwater level due to engineering
measures, and the increase in ground load due to busy logistics are man-made factors of
ground settlement in the Nansha District. For the settlement problem caused by artificial
fill, consolidation can be accelerated by repeated mechanical rolling of the soil. For the
groundwater level drop caused by pit descending and drainage, water barrier walls can
be installed to minimize the impact of civil engineering works on groundwater. For the
cracking and settlement of road surfaces caused by ground vehicle loads, the settlement of
road surfaces can be mitigated by repairing and reinforcing the road surfaces.

5. Conclusions

This paper investigates the ground subsidence in Nansha District from 12 March
2017 to 4 May 2023 using SBAS-InSAR technology based on 20-view Sentinel 1 C-band
radar images. The accuracy of the monitoring results is verified by literature comparison
and fieldwork side by side, and the following conclusions are obtained. The main rate of
ground subsidence in Nansha ranges from —19.4 to 7.7 mm/yr, and the average rate of
subsidence is —1.363 mm/yr. Spatially, it is mainly distributed in the urban area, the river
coast, the construction area, and the reclamation area in Nansha. The average cumulative
sedimentation in Nansha over more than 6 years is —10.05 mm, the average sedimentation
increases with time, and the spatial distribution is basically the same as the sedimentation
rate distribution map. In the area of intense settlement, four points were selected to analyze
the temporal changes, and it was found that the cumulative settlement of the four points
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was basically increasing with the passage of time, but there was still inverse settlement
(uplift) or no settlement in the process. Through the field study, it was found that the
causes of ground settlement in Nansha are complex and are mainly affected by geological
conditions (artificial fill and soft soil) and human engineering activities (groundwater,
surcharge loading, and soft soil consolidation).

Although the results obtained in this paper have been validated in various aspects,
the following three limitations still exist. First, the amount of data handled by the model
is small. For the SBAS-INSAR method, the more data input to the model, the higher the
accuracy of the results obtained. Secondly, the model lacks the information on GCP real
measurement points to correct it. Third, the model runs too slowly. When too many data
are processed, the time required for the model to run can reach an excess of one month. This
is too much time to obtain the results when dealing with seismic settlement. In subsequent
studies, the Google Earth Engine cloud platform can be used to perform ground subsidence.
The platform is fast in processing data and can directly call Sentinel-1 data. The advantages
are more obvious compared to personal computer processing.
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