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Abstract: Urban growth is increasingly shifting from horizontal expansion to vertical development,
resulting in skylines dominated by high-rise buildings. The post-construction operations and main-
tenance of these buildings are critical, requiring regular structural health monitoring (SHM) to
proactively identify and address potential safety concerns. Interferometric synthetic aperture radar
(InSAR) has proven effective for monitoring building safety, but most studies rely on high-resolution
synthetic aperture radar (SAR) images. The high cost and limited coverage of these images restrict
their use for large-scale monitoring. Sentinel-1 medium-resolution SAR images, which are freely
available and offer broad coverage, make large-scale SHM more feasible. However, studies on the use
of Sentinel-1 SAR images for structural health monitoring, especially at large spatial scales, remain
limited. To address this gap, in this study, Sentinel-1 SAR images and PS-InSAR technology are
proposed for performing a comprehensive structural safety assessment of super high-rise buildings
in the Guangzhou–Foshan Metropolitan Area (GFMA) and for analyzing the influencing factors. Our
assessment shows that while the overall structural safety of these buildings is satisfactory, certain
areas, including Pearl River New Town, central Huadu district in Guangzhou, and southeastern
Shunde district in Foshan, exhibit suboptimal safety conditions. We verified these findings using
GNSS data and on-site investigations, confirming that Sentinel-1 SAR imagery offers reliable accuracy
for monitoring building structural health. Furthermore, we identified factors such as settlement in soft
soil layers, the construction of surrounding (underground) infrastructure, and building aging, which
could potentially impact building structural safety. The results demonstrate that Sentinel-1 SAR
images provide a reliable, rapid, and cost-effective method for the large-scale monitoring of building
stability, enhancing our understanding of the underlying mechanisms and informing strategies to
prevent potential safety crises, and also ensuring the sustainable development of society.

Keywords: Sentienl-1; structural health monitoring (SHM); Guangzhou–Foshan metropolitan area;
PS-InSAR; super high-rise building

1. Introduction

In today’s era of rapid urbanization, cities have increasingly turned to vertical expan-
sion as horizontal development reaches its limits. To optimize land resource utilization,
there is a growing demand for upward space. With the backing of financial, material,
human, and technological resources provided by economic development, building heights
have flourished, and super high-rise buildings soaring hundreds of meters have become
iconic features of urban landscapes. As skyscrapers rise, it becomes increasingly imperative
to prioritize building safety.

Buildings cannot simply be considered complete once constructed, the subsequent
operations and maintenance are important and necessary, requiring regular structural
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health monitoring (SHM) [1–3]. SHM employs automated monitoring systems to periodi-
cally gather data on building structures and site environments. By analyzing characteristic
information such as geometric deformation, the structural health level is assessed to detect
any anomalous deformations, and then, maintenance and repair can be arranged in time
to ensure the safety and reliability of the building structure [4,5]. Unfortunately, we have
learned of some cases of buildings tilting, collapsing, and even casualties. In June 2021, the
Champlain Towers condominium in Florida, USA, partially collapsed, causing 98 fatalities.
The 40-year-old building had already suffered significant structural damage from saltwater
corrosion of the rebar and subsidence but lacked timely maintenance. In September 2023,
several buildings in Taipei’s Zhongshan district seriously subsided, possibly related to un-
stable foundations on loose soil and ongoing underground construction nearby. The safety
maintenance of super high-rise buildings requires stricter standards, as super high-rise
residential buildings accommodate more people per unit area, while prime office buildings
generate greater social wealth. Their diverse structures and shapes are also influenced by
more loads, complicating the situation. Therefore, regular inspections and assessments
of building structural stability and integrity are essential for the early identification of
potential structural issues and prevention of tragedies, ensuring responsibility for the
safety of occupants’ lives and property, and contributing to the sustainable development of
society [6]. Monitoring the stability of buildings over large-scale areas and providing alerts
for anomalies can assist relevant authorities in focusing on prevention while maintaining
an overall perspective, enabling early preparation and reducing losses.

The methods for SHM have been greatly enriched. Traditional geodetic techniques
(e.g., leveling and total station) are the most fundamental. With the continuous advances
in technology, new techniques such as global navigation satellite system (GNSS), wireless
sensor networks [7], and unmanned aerial vehicle (UAV) photogrammetry [8–10] have also
been widely applied. However, these methods are more suitable for small-scale monitoring,
and large-scale continuous monitoring requires the assistance of satellite remote sensing,
such as radar interferometry.

Interferometric synthetic aperture radar (InSAR) technology has been widely used to
measure land subsidence [11,12]. The large-scale and millimeter-level displacement preci-
sion [12–15] make it stand out from traditional geodetic techniques. With the advantages of
being unaffected by weather and stable observation frequency, many scholars have begun
to explore the potential of multi-temporal InSAR (MTInSAR) technology in SHM [16–20].
MTInSAR offers unique advantages for building deformation measurement, including
long-term, large-scale, efficient, low fieldwork costs, non-destructive monitoring, and the
elimination of the need for fixed reference points, thereby overcoming the limitations of
traditional methods like leveling [21]. Monitoring super high-rise buildings sometimes in-
volves dangerous high-altitude work, suggesting the need for new alternative methods. The
accuracy of the persistent scatterer (PS) InSAR (PS-InSAR) technique in the monitoring of
building deformation has been demonstrated as meeting the standard requirements [18,22].
Peduto et al. [19] performed a multi-scale analysis of settlement-induced building damage
using the PS-InSAR. Taking the highest building in Wuhan as a case study, the feasibil-
ity of PS-InSAR technology in the structural assessment of super high-rise buildings has
been affirmed by Li et al. [23]. Most studies have used high-resolution synthetic aperture
radar (SAR) images such as COSMO-SkyMed (CSK) [20,24] and TerraSAR-X (TSX) [25,26].
High-resolution SAR images usually require payment and cover a relatively small area per
image, resulting in high overall costs, especially for large-scale monitoring. In contrast,
medium-resolution SAR images such as Sentinel-1 images are freely accessible, offering
more researchers the possibility of conducting related studies. The larger imaging spatial
coverage also makes large-scale structural health monitoring (SHM) feasible. However,
some researchers may argue that medium-resolution images lack sufficient accuracy, which
is why there is still a limited number of studies on their use for building structural moni-
toring, particularly at large spatial scales. In fact, Zhou et al. [27] compared the accuracy
of Sentinel-1A and CSK images using the PS-InSAR for bridge deformation detection and
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concluded that the detection accuracy of both was comparable, despite the relatively lower
spatial resolution of Sentinel-1A images. Dai et al. [28] used Sentinel-1 images to conduct
stability analysis during the reservoir filling period of a dam. Calòet al. [9] assessed the
impact of landslides on structures and infrastructures using the high temporal resolution
of Sentinel-1 and the high spatial resolution of CSK. These all reflect, to some extent, the
potential of Sentinel-1 for structural health monitoring of buildings.

In this study, we present a non-destructive integrated method based on PS-InSAR
technology for the monitoring of super high-rise building structural health using Sentinel-1
SAR images. Taking the super high-rise building in the Guangzhou–Foshan Metropolitan
Area (GFMA) as a case study, the distribution characteristics of super high-rise buildings
are analyzed first. Then, the structural safety assessment of these buildings is conducted,
coupled with detailed analyses of buildings in anomalous safety conditions to explore the
factors affecting structural health.

2. Study Area and Datasets
2.1. Study Area

Guangzhou and Foshan, two highly urbanized megacities in Guangdong, China, are
selected as the study areas (Figure 1a,b). They are geographically adjacent and both located
in the core area of the Guangdong–Hong Kong–Macao Greater Bay Area (GBA) in South
China, featuring close socio-economic ties and cultural similarities. The “Guangzhou-
Foshan Metropolitan Area (GFMA)” proposal was kicked off by the twin city governments
in 2000 to promote social and economic integration.
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Figure 1. (a,b) location of the study area; (c) three-dimensional view of buildings in part of the study
area based on 3D-GloBFP.

A large amount of infrastructure facilities have been completed in the GFMA, with
high-rise or high-density buildings that impose heavy loads above ground and an extensive
network of metro systems below. Since the completion of the first building over 100 m high
in China, the Baiyun Hotel, in 1976, Guangzhou now built nearly 200 buildings exceeding
150 m, while Foshan has over 30 such structures [29], and even more buildings over 100 m
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in height. These buildings serve as landmarks, commercial centers, or homes for many and
so on, becoming an essential part of daily life.

However, the geological conditions of the GFMA are less than ideal, raising concerns
about the long-term durability of these super high-rise structures. The southern alluvial
plain is the Pearl River Delta, where Quaternary loose sediments are widely distributed
and soft soil develops. Buried karst exists in the northern Guangzhou–Huadu basin. Both
of these geological formations are prone to ground subsidence and collapse, posing a threat
to the stability of the surrounding buildings. Meanwhile, the high annual precipitation
brought by the subtropical monsoon climate and the concentrated rainfall during the rainy
season [30] disrupt the stable state of the underground water table, thus affecting land
deformation and accelerating the dissolution of karst rocks.

2.2. Study Datasets
2.2.1. SAR Data

A total of 38 ascending Sentinel-1A Synthetic Aperture Radar (SAR) C-band images
covering the study area acquired from March 2017 to March 2022 were used to monitor
time-series land deformation. We selected the single look complex (SLC) datasets in
interferometric wide swath (IW) mode with VV polarization. These SAR images achieve a
spatial resolution of 5 m in range and 20 m in azimuth, with an average incidence angle of
39.7◦ on Track 11.

The Copernicus Sentinel-1 mission is designed as a C-band two-satellite constellation.
Sentinel-1A was launched in 2014 and is still operational, while Sentinel-1B was launched
in 2016 but retired in 2022, to be replaced by Sentinel-1C. Sentinel-1 operates in a near-polar,
sun-synchronous orbit, with a repeat cycle of 12 days for a single satellite, which can
be shortened to 6 days when both satellites are operational. Sentinel-1 supports single
polarization (HH, VV) and dual polarization (HH + HV, VV + VH). Its operational modes
include StripMap (SM), interferometric wide (IW), extra wide (EW), and wave (WV), with
the main acquisition mode over land being IW, which employs the terrain observation with
progressive scanning SAR (TOPSAR) imaging technique [31]. Sentinel-1 images are freely
available from the European Space Agency (ESA).

Compared to CSK and TSX (Table 1), although Sentinel-1 imagery has relatively lower
resolution, its swath width can reach 250 km, more than five times the swath width of
CSK and TSX. This means that the area covered by a single Sentinel-1 image would require
25 images of CSK or TSX images. If achieving large-area coverage by mosaicking CSK or
TSX images [32], it may not only increase the workload (in terms of time and cost), but the
mosaicking process may also introduce new errors. This increases the need for Sentinel-1
imagery in building SHM. Sentinel-1 offers a larger imaging coverage, shorter repeat cycle,
and is free, making it more advantageous for large-scale, high-frequency monitoring.

Table 1. Parameters of commonly used SAR images.

Satellite Band Mode Polarization Resolution Cycle Swath Width Pay

CSK X SM HH 3 × 3 m 16 days 40 km yes
TSX X SM HH or VV 1.2 × 3.3 m 11 days 30 × 50 km yes

Sentinel-1 C IW VV 5 × 20 m 6 or 12 days 250 km free

2.2.2. Building Data

Based on the global building height map (3D-GloBFP) [33] in 2020 (Figure 1c), we
adjusted some building heights in the GFMA combined with the building information
published by the Council on Tall Buildings and Urban Habitat (CTBUH) [29], and also
manually interpreted and corrected the building boundary polygon vectors compared with
Google high-resolution images and the China Building Rooftop Area (CBRA) [34] dataset to
ensure higher accuracy. Then, a building whose height is greater than the target threshold
is selected as part of the super high-rise buildings which are the focus of this paper.
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In this paper, the building boundary polygon vectors of 3D-GloBFP are corrected to
merge multiple tower buildings sharing the same podium into one polygon from multiple
polygons; that is, these tower buildings should be regarded as a single building structure,
because the building structure monitoring should take an interconnected complete building
as the minimum analysis unit.

The Chinese Uniform Standard for Design of Civil Buildings (GB 50352-2019) [35] stip-
ulates that a building height greater than 100 m is a super high-rise building. Considering
the root mean square error (RMSE) of 3D-GloBFP in China is greater than 10 m [33], the
super high-rise building threshold was set to 90 m.

3. Method

The surface deformation for the entire GFMA was first obtained using PS-InSAR, and
the PS points within the boundary of the target buildings were then filtered based on their
vector outlines. The footprint of super high-rise buildings is often too small relative to the
imaging spatial coverage of Sentinel-1, which may result in insufficient information and
could affect measurement accuracy. For each super high-rise building, the deformation
information recorded by PS points was used to monitor structural health by analyzing
the deformation conditions of the buildings and assessing their safety. Finally, the factors
affecting structural health were explored.

3.1. PS-InSAR

SAR imagery records the amplitude and phase of the backscattered electromagnetic
waves of ground objects, and the phase represents the distance traveled by the radar wave,
which can be used to calculate the distance between the ground object and the radar sensor.
Differential interferometric synthetic aperture radar (DInSAR) obtains the relative ground
motion through differential interferometric measurements using the phase information
acquired from two or more SAR image acquisitions.

Persistent scatterer interferometric synthetic aperture radar (PS-InSAR) is an enhance-
ment of DInSAR, designed to address the phase decorrelation issues that can arise during
long-term monitoring [36,37]. It focuses on pixel points that exhibit strong and constant
reflections over a long period in a series of SAR images and measuring the deformation
at these points, known as persistent scatterers (PSs). PSs refer to stable highly backscat-
tering points that can maintain high coherence over long time intervals, corresponding to
buildings, exposed rocks, etc., in real scenarios. This makes PS-InSAR more suitable for
urban areas, where it is used to measure deformation of man-made structures and other
stable points.

Coherence indicates the phase similarity of the radar reflection between two pixels at
the same location in two SAR acquisitions, which is calculated by complex cross-correlation
over the neighboring interferometric pixels, ranging from 0 (decorrelation, where the
interferometric phase is pure noise) to 1 (a stable phase signal) [38]. Decorrelation describes
the situation where phase differences between images become large due to ground surface
changes (e.g., vegetation growth), atmospheric disturbances, different acquisition incidence
angle, and so on, making interferometric information usable.

Temporal and perpendicular baselines are the simplest methods for assessing image
coherence. Image pairs that exceed the critical baseline threshold generally do not have
high coherence, and the interferograms generated by such pairs are typically unreliable and
classified as noise, which should not be used for further InSAR processing. A repeat-pass
SAR satellite observes the same area at regular time intervals. The temporal baseline is
the time difference between the acquisition of two images, while the (physical) baseline
is the physical distance between sensor positions at the two acquisitions, as the sensor
positions vary slightly each time. The perpendicular baseline, which is the component
of the (physical) baseline perpendicular to the satellite’s line-of-sight (LOS), is the most
significant factor influencing image coherence [39].
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A time series is constructed from multiple SAR images, and the image with the highest
average coherence is selected as the master image and paired with the other images for
interferometric processing (Figure 2a). Precise orbit ephemerides for Sentinel-1 from ESA
were employed to correct orbital errors, along with co-registration using the 1 arc-second
Shuttle Radar Topography Mission (SRTM) digital elevation model (DEM) from the U.S.
Geological Survey (USGS) [40].
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Points that simultaneously meet the criteria of the amplitude dispersion index
(ADI) < 0.4 [36,41] and phase coherence > 0.75 [37] were selected as the PSs. Considering
the scattering characteristics in urban scenes, the single-bounce scattering from building
facades and roofs, as well as strong double-bounce scattering generated by the dihedral
and trihedral structures formed by the building structure itself or building facade and the
ground [42], resulting in stable and well-defined signal paths, maintaining a high backscat-
ter amplitude with strong coherence over long-term monitoring, which is beneficial for
PS-InSAR applications [43]. They are identified as PS points in PS-InSAR, thereby recording
deformation data and providing observational information for SHM [44].

The interferogram results from the complex conjugate multiplication of two SAR
images [45], which cancels the common backscatter phase in each pixel and leaves a phase
term proportional to the differential path delay. The wrapped interferometric phase differ-
ences, presented in modulo, were unwrapped using the minimum cost flow (MCF) [46]
method to retrieve the distinct phase, enabling the calculation of deformation velocities and
displacements of PSs. In addition to the deformation phase we need, the interferometric
phase difference also includes errors such as topographic phase, atmospheric error phase,
and noise phase. The SRTM DEM data can be used to remove the topographic phase, while
the Generic Atmospheric Correction Online Service (GACOS) atmospheric modeling data
can help minimize the atmospheric interaction errors [47].

After obtaining the deformation (DLOS) along the radar’s LOS direction, the deforma-
tion velocity (VLOS) over the observation period is estimated using least squares. In theory,
these deformation data should be decomposed into components in the horizontal (east–
west, north–south) and vertical directions. However, since the GFMA only includes ascend-
ing images, we lack enough parameters to derive the deformation in each direction [48,49],
and the subsequent analysis of building SHM focuses on vertical settlement [9,24,26], so
we assume that deformation occurs mainly in the vertical direction, ignoring horizontal
deformations [19,50]. This assumption does not introduce significant errors but simplifies



Buildings 2024, 14, 4074 7 of 17

the calculations [51]. Therefore, we transformed the LOS deformation and deformation
velocity to the vertical direction (Dv, Vv) using the incidence angle (θ), as follows:

Dv =
DLOS
cos θ

(1)

Vv =
VLOS
cos θ

(2)

3.2. Structural Health Monitoring

The geometric deformation of buildings is a critical aspect of structural health mon-
itoring, including building settlement, tilt, and so on. Both the structural changes in the
buildings themselves and the variations in the surrounding ground are within the monitor-
ing scope. During construction and use, building structures may be affected by various
factors, leading to alterations of varying degrees. A certain amount of deformation is
normal, but if the deformation exceeds the allowable thresholds, it will impact the normal
use of the building. Using the spatio-temporal information provided by PS-InSAR, we
constructed the following four parameters for structural health monitoring (Figure 2b):
settlement value (D), differential settlement value (∆D), recent settlement velocity (V), and
angular distortion (β). These parameters are used to assess the safety of the buildings and
to identify anomalies [24,26,44].

The squinted imaging mode of SAR may cause some PS points to shift outside the
building polygons [44]. Additionally, the surrounding ground of the building refers to
an area ranging from 1 to 3 times the depth of building excavation [52]; super high-
rise buildings are all deep excavations. Therefore, a 10 m buffer zone was set for each
building to contain more valid PS points considering the Sentinel-1 imagery resolution [44].
Generally, super high-rise buildings have large footprints and wide spacing between
adjacent buildings. Given the accommodation of PS point shifts, a 10 m buffer zone
will not significantly increase the area relative to the building’s size, thus avoiding the
introduction of irrelevant information. At the same time, it helps minimize the overlap of
buffer zones between adjacent buildings, making it clearer to which building the PS points
belong. Finally, the PS points located within this 10 m buffer range were all included in the
geometric deformation calculation.

The negative deformation value is considered as settlement, and the settlement value
(≥0) is the absolute value of the negative deformation accordingly. For each building, the
cumulative settlement value (D) is defined as the maximum cumulative settlement (Dmax)
of all PS points on the building during the monitoring period.

The differential settlement value (∆D) is the difference between the maximum cumu-
lative settlement (Dmax) and the minimum cumulative settlement (Dmin), as follows:

∆D = Dmax − Dmin (3)

The recent settlement velocity (V) is the maximum value of the settlement velocity
(Vmax) of the last six observation moments calculated by the least squares method.

The angular distortion (β) is defined as the maximum ratio of the absolute value of
the settlement difference (|∆D12|) to the horizontal distance (L12) between any two points
with similar heights. Note that in some studies, β is directly calculated as the ratio of
the differential settlement (∆D) to the horizontal distance between the maximum cumu-
lative settlement (Dmax) point and the minimum cumulative settlement (Dmin) point [53].
However, this approach overlooks the possibility that other points, which may be closer
horizontally, could yield a larger ratio, and it also does not account for differences in
height [24]. Therefore, we modified this algorithm, as follows:

β = max
(
|∆D12|

L12

)
(4)
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If there are no PS points on a building, such as due to decorrelation, or if there are
no PS points that meet certain parameter requirements, then the building will have no
monitoring results or lack certain parameter results. The values of each SHM parameter
were categorized into four levels based on safety from highest to lowest: safety, relative
safety, critical safety, and anomaly (Table 2). The threshold of each safety level is determined
according to the relevant provisions of Chinese Code for deformation measurement of
building and structure (JGJ 8-2016) [1], the Code for design of building foundation (GB
50007-2011) [54], and related studies [55–57]. The Code (JGJ 8-2016) [1] explicitly requires
that the overall angular distortion of buildings over 100 m should not exceed 2‰ and the
settlement velocity under stable conditions should not exceed 0.01–0.04 mm/day. The
Code (GB 50007-2011) [54] stipulates that the settlement difference between the main
building and the adjacent podium columns should not exceed 0.1% of their span. For recent
settlement velocity, Li et al. [55] recommended a monitoring period of 3 years with a limit of
2.6 mm/month, while Fei et al. [56] suggested a threshold of 3 mm/month for monitoring
periods of 3–5 years, and 2 mm/month for periods longer than 5 years. Zhang et al. [57]
considered the allowable settlement for buildings with deep foundations to be between
42 mm and 71 mm. The threshold for cumulative settlement over 3 years is 48 mm [55,56].
Based on our PS-InSAR measurements and considering the building height and scale, we
empirically set the thresholds shown in Table 2.

Table 2. Threshold for structural health monitoring parameters.

SHM Parameter
Safety Level

Safety Relative Safety Critical Safety Anomaly

Settlement value, (mm) <20 ≥20 ≥40 ≥60
Differential settlement

value, (mm) <20 ≥20 ≥30 ≥45

Recent settlement velocity,
(mm/mon) <1.0 ≥1.0 ≥1.8 ≥2.4

Angular distortion, (‰) <1.0 ≥1.0 ≥1.5 ≥2.0
Note: All thresholds are positive values, as they represent settlement. Taking the opposite sign can convert them
into deformation values.

The final assessment of building safety is based on the lowest safety level among the
four parameters. If there are no monitoring results for all four parameters for a building, its
safety level will be marked as not measured. An on-site investigation should be conducted
immediately after identifying anomalous signals to determine whether they come from
structural building elements (e.g., pillars, beams) or non-structural elements (e.g., infill
walls, panels) [58]. Issues arising from non-structural elements are generally manageable,
while structural problems can be quite challenging.

4. Results and Discussion
4.1. Safety Status of Super High-Rise Buildings

A number of 2551 super high-rise buildings in GFMA were selected, with a total area of
3.05 km2, and 90% of the building height was less than 150 m (Figure 3b). The distribution
of super high-rise buildings shows a clear pattern of clustering, with the central areas of
Tianhe and Yuexiu District in Guangzhou radiating outwards (Figure 3a). In Foshan, these
buildings tend to be concentrated on the side closer to Guangzhou, capitalizing on the
location advantage of more convenient access to the more prosperous city.
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The distribution of super high-rise buildings can also reflect the economic space. The
correlation analysis was conducted between the number of super high-rise buildings per
km2 and the GDP per km2 [17] in 2020 (Figure 3c). The dense super high-rise building region
and the high GDP region almost overlap, with a correlation coefficient of 0.71, indicating
a relatively strong correlation. People continuously gather together in economic and
commercial centers, thereby spawning a large demand for office and housing. Coupled with
sufficient funds and favorable location advantages, many super high-rise office buildings
and residential buildings have been built.

A deformation velocity map in the GFMA generated from the Sentinel-1 images
between 2017 and 2022 is shown in Figure 4a. The overall deformation velocities range
from −78.41 to 38.83 mm/yr, with an average velocity of −0.93 mm/yr. The average density
of PS is 954/km2, and points with deformation velocity within ±10 mm/yr accounted for
92.46% of all 10,716,334 PS points.

The GNSS time series data of GUAN station (113.34 E, 23.18 N) from the Crustal
Movement Observation Network of China (CMONOC) [59], provided by The Second
Monitoring and Application Center (The Western Data Branch of National Earthquake Data
Center, Xi’an, China), were used as validation data to evaluate the estimation accuracy of
PS-InSAR. PS-InSAR estimates the relative displacement of PS points with millimeter-level
precision, but the absolute positioning precision of PS points using Sentinel-1 images is
usually in the range of decimeters to meters [60,61]. Since the PS points and the GUAN
station are not located in the exact same place, a 50 m buffer zone [32,50] was established
around the GUAN station to minimize the effect of the geolocation errors between PS
points and the GUAN station, so that the two datasets are comparable.

Root mean square error (RMSE) measures the residual distribution between pre-
dicted values and actual observations, often used as an accuracy evaluation metric for
InSAR [26,27,50,62,63], with a smaller RMSE indicating a better model fit. RMSE is calcu-
lated as follows:

RMSE =

√
1
n

n

∑
i=1

(yi − ŷi)
2 (5)
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where ŷi is the i-th predicted value; yi is the i-th observed value; and n is the number of
observations.
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The GNSS vertical deformation time series is used as the actual observed values
(yi) to validate the PS-InSAR results (predicted values, ŷi). The GNSS station records
observations once per day (orange circles in Figure 4b), which differs from the time interval
of the Sentinel-1 images we used, so we extracted GNSS data based on the Sentinel-1 image
intervals. There are 45 PS points within the buffer zone of the GUAN station. Comparing the
deformation velocities of these 45 points with the GNSS deformation velocity (0.15 mm/yr),
the minimum absolute difference is 0.03 mm/yr, the minimum difference is −0.38 mm/yr,
and the maximum difference is 3.08 mm/yr, with an overall RMSE of 1.50 mm/yr. The
cumulative deformation for each observation time of the 45 points is averaged to obtain
an average cumulative deformation time series of PS points (green triangles in Figure 4b).
This PS time series is compared with the GNSS time series for the cumulative deformation
values at each time, giving a correlation coefficient of 0.69 and an RMSE of 4.51 mm. The
deformation velocity of the PS average time series (0.94 mm/yr) differs from the GNSS
deformation velocity by only 0.79 mm/yr. All of these show a consistent trend and reliable
accuracy (Figure 4b).

A total of 23,754 PS points fell within the buffer zone of super high-rise buildings,
providing monitoring data for 1910 buildings, of which 1020 buildings obtained all four
parameters. The monitoring results show that the super high-rise buildings in the GFMA
are generally safe, but there are still 105 buildings whose structural safety has reached the
critical threshold and require continuous attention; additionally, 17 buildings were even
classified as safety anomalies, which should be paid attention to immediately and required
on-site investigation. Approximately 90% of the buildings in critical safety and anomaly are
less than 150 m in height (Table 3); perhaps higher buildings face stricter supervision and
quality control in the process of construction and use, so the safety condition of buildings
above 150 m is relatively better. Buildings below 200 m are mainly classified as safety, while
those above 200 m are more classified as relative safety. These taller buildings are typically
designed with greater flexibility to withstand external forces such as typhoons. This
reasonable degree of sway may make their SHM results appear less favorable compared
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to buildings below 200 m, but they are all safe. Due to the lack of actual measured data
on the structural deformation of the building, the precision of the four SHM parameters
may not be evaluated. However, the accuracy of the PS points used for calculation has
been validated, and the monitoring results have been further corroborated through on-site
investigations.

Table 3. Building safety levels by height.

Building
Height (m)

Safety Level

TotalNot
Measured Safety Relative

Safety
Critical
Safety Anomaly

≤100 160 368 212 37 4 781
100–150 402 770 296 55 13 1536
150–200 73 86 31 8 0 198

>200 6 9 12 5 0 36
Total 641 1234 554 105 17 2551

The kernel density analysis of the safety level of buildings (Figure 4c) shows that the
places with not ideal structural safety conditions are mainly concentrated in the south-
west of Tianhe district (i.e., Pearl River New Town) and the middle of Huadu district in
Guangzhou, also in the southeast of Shunde district in Foshan. Pearl River New Town
is a building-dense area, the central business district (CBD) of Guangzhou, with exten-
sive metro lines and towering skyscrapers. High-intensity human activities have likely
compromised the structural integrity of buildings. The soft soil layer in Shunde district
is thick (>20 m) and prone to land subsidence [64], which may affect the stability of the
building’s foundation. In Huadu district, the geological conditions are even more complex,
with buried karst potentially causing ground collapse.

4.2. Cause Analysis for Anomaly Buildings

The on-site investigation and comprehensive analysis of buildings with lower safety
levels based on structural health monitoring results indicate that the main causes of building
deformation may be regional settlement in soft soil areas, construction of surrounding
(underground) infrastructure, and aging of buildings. Some typical buildings were selected
for detailed elaboration.

4.2.1. Regional Settlement in Soft Soil Areas

In the southeastern part of Shunde district, Foshan, the structural safety of two super
high-rise residential buildings (B1 and B2) was identified as anomalies (Figure 5a). The
cumulative deformation time series of PS points on building B2 clearly divides into the
following two clusters (Figure 5b): one remains relatively stable, while the other shows
significant settlement. In this case, P1 point is used to calculate the cumulative settlement
of the building, while P1 and P2 reflect the differential settlement. Both parameters have
exceeded permissible limits, posing a threat to the stability of the buildings.

The stability of buildings is closely related to the geological conditions of their location,
as regional settlement caused by soft soil layers is a significant factor in building deforma-
tion. Generally, after a building is constructed, the foundation continues to consolidate and
settle under the building-induced loads until it reaches relative stability. The higher the
compressibility of the foundation soil layer, the more correspondingly will the settlement
of the building be [19,50]. The closer to the completion time of the building, the more
the periodic settlement will be, as the foundation has not yet fully consolidated [65]. In
the area shown in Figure 5a, almost all PS points have deformation velocities of less than
−5 mm/yr, indicating the occurrence of regional settlement. Buildings B1 and B2 were con-
structed around 2015, making them relatively new buildings during the monitoring period.
Although they may still be in the foundation consolidation phase, the post-construction
settlement and differential settlement have far exceeded the reasonable limits for newly
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constructed buildings. In addition to these two buildings, several nearby buildings are also
experiencing settlement close to the allowable threshold, which is likely due to collective
regional settlement caused by thick, soft soil layers.
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Figure 5. (a) Location and safety level of building B1 and B2; (b) cumulative deformation time series
of PS points on building B2.

4.2.2. Construction of Surrounding (Underground) Infrastructure

The structural condition of Guangzhou W Hotel (B3 in Figure 6) and Gaode Mansion
(B4 in Figure 6) has been identified as anomalies. The two super high-rise buildings were
completed in 2011 and 2008, respectively. During the monitoring period, the angular
distortion of building B3 reached 3.1‰ (calculated by P1, P2 in Figure 6), while building B4
experienced a recent settlement velocity of −2.83 mm/month (calculated by P3 in Figure 6)
and an angular distortion of 2.4‰ (calculated by P4, P5 in Figure 6), all exceeding limits.

Human activities, such as metro construction, may cause deformation in surrounding
buildings. Metro tunnel excavation causes the loss of underground soil, which may lead
to an imbalance of forces on building foundations, subsequently altering the stress on
the upper structure. Additionally, construction vibrations can disturb nearby buildings.
These factors may cause issues such as tilting, cracking, and other structural problems.
There are two metro lines near buildings B3 and B4, including Guangzhou metro line 18,
which began construction in 2017 and commenced operations at the end of 2021 (Figure 6a).
The monitoring period in this study fully covers the entire construction process of line 18,
with the construction route located right next to the already built B3 and B4. The angular
distortion results of the two buildings show that the PS points closer to the metro are settling,
while those farther away are uplifting. In B3, the cumulative settlement recorded by all
PS points also indicates that the side of the building closer to metro line 18 is experiencing
relatively more settlement (Figure 6b). On-site investigations found some noticeable cracks
on the upper part of the inner wall of the podium in the Guangzhou W Hotel (Figure 6c–e),
as well as a transverse gap over 20 mm wide at the outer wall corner of Gaode Mansion on
the side closer to the metro (Figure 6f,g). It is highly likely that metro construction caused
foundation settlement on the side of the buildings nearer to the construction area, resulting
in both buildings tilting towards the metro.
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4.2.3. Aging Buildings

Huiyangyuan was completed in 2001 and consists of two buildings over 31 stories (B5
and B6 in Figure 7a). Its recent settlement velocity has reached 2.52 mm/month (calculated
by P1 in Figure 7), which does not meet the safety requirements for building structures.
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Older buildings, constructed many years ago, may experience material degradation or
structural deformation due to prolonged human use and environmental influences, posing
safety risks. At the end of 2020, the PS points of building B6 suddenly began to fluctuate
significantly, in contrast to the previous slow changes (Figure 7b). It is difficult to attribute
this change to external conditions for the following reasons: (1) There have been no geolog-
ical disasters in the surrounding area recently; (2) The closest large infrastructure project
is Zhongshanba station of Guangzhou metro line 11 (also Zhongshanba transportation
transfer hub, shown as Z.S.B in Figure 7a), which began excavating in November 2020.
However, it is located nearly 300 m away, well beyond three times the foundation pit depth,
limiting its impact; (3) The Dragon Boat Water rainfall in Guangzhou from May to June in
2020 reached a historic high. While precipitation has a lag effect on land subsidence [66],
other PS points near Huiyangyuan did not show such changes. Therefore, the structural
safety issues of Huiyangyuan are more likely caused by aging, which makes it extremely
sensitive to changes in the external environment. However, excavation for Guangzhou
metro line 11 began in September 2021 from Zhongshanba station to Ruyifang station, and
part of the route is close to Huiyangyuan, which may disturb the building’s foundation, so
it is necessary to pay constant attention to the safety of surrounding buildings.

After 20 years of exposure to the elements, along with the excavations for metro line 5
and line 11, the stability of Huiyangyuan’s buildings has been compromised, resulting in
decreased safety. On-site investigations found multiple cracks on the community’s ground,
some exceeding 20 mm in width (Figure 7c–e). The inherent structural weakness of aging
buildings, combined with disturbances from large infrastructure projects like the metro
construction, has exacerbated the safety issues.

5. Conclusions

Conducting regular structural health monitoring of buildings, providing warnings
for anomalies, and solving issues promptly reflect a responsibility for sustainable social
development and the safety of people’s lives and property. Using PS-InSAR technology
and Sentinel-1 images, the building safety assessment method was constructed with a set of
SHM parameters to evaluate the structural safety of each super high-rise building in GFMA.
The accuracy of the results has been validated through GNSS measurements and on-site
investigations. The reliable accuracy of open-source Sentinel-1 monitoring results enables
the promotion of infrastructure SHM methods based on multi-temporal InSAR technology
to break through the limitations of high-resolution commercial satellites, enabling faster
calculations over large-scale areas for more efficient safety inspections.

Both Guangzhou and Foshan feature high-density buildings, with a noticeable clus-
tering of super high-rise buildings that strongly correlate with urban economic spaces. In
Guangzhou, the focus is on the Tianhe and Yuexiu districts, while in Foshan, the concentra-
tion is on the side closer to Guangzhou, fully leveraging location advantages. Overall, the
super high-rise buildings in GFMA are considered safe, but some buildings in Pearl River
New Town, central Huadu district, and southeastern Shunde district exhibit suboptimal
structural safety conditions. The safety of 17 buildings has been identified as anomalies,
requiring focused attention and proactive measures from relevant authorities. Factors such
as settlement in soft soil areas, construction of surrounding (underground) infrastructure,
and aging buildings can compromise structural safety. Regional settlement caused by
geological conditions inevitably affects building deformation. Meanwhile, human activities
like metro construction may disrupt the original stress on building structures, exacerbat-
ing deformation. In addition, aging buildings present certain safety risks and require
regular maintenance.

In this paper, the three most typical building damage factors were selected for single
impact analysis. However, society is a complex system, and in most cases, buildings are
subjected to repeated influences from multiple factors. Therefore, quantifying the extent
and importance of each factor’s impact will be a key focus in future research. Additionally,
while InSAR monitors the structural deformation of buildings from the outside and from
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a distance, it can be combined with wireless sensors for internal monitoring, UAVs for
close-range monitoring, and other technologies. This multi-technology, multi-directional
monitoring approach not only validates the accuracy of InSAR measurements but also
provides more comprehensive data, enabling more in-depth analysis and modeling.

Author Contributions: Conceptualization, D.H.; methodology, D.H.; validation, D.H.; formal analy-
sis, D.H. and Z.Q.; investigation, D.H. and Y.G.; data curation, D.H., S.L., W.S., and Q.L.; writing—
original draft preparation, D.H.; writing—review and editing, Z.Q. and D.H.; visualization, D.H.;
supervision, Z.Q.; project administration, Z.Q.; funding acquisition, Z.Q. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant
No. 42271334), the Key R&D Program of Guangzhou (Grant No. 202206010018), and the Guangdong
Basic and Applied Basic Research Foundation (No. 2022B1515130001).

Data Availability Statement: Data will be made available on request except for GNSS time series
data due to legal restrictions.

Acknowledgments: We acknowledge the data support from The Second Monitoring and Application
Center (The Western Data Branch of National Earthquake Data Center for GNSS time series data.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. JGJ 8-2016; Code for Deformation Measurement of Building and Structure. China Architecture Publishing: Beijing, China, 2016.
2. Talledo, D.; Stella, A.; Bonano, M.; Di Carlo, F.; Lanari, R.; Manunta, M.; Meda, A.; Mele, A.; Miano, A.; Prota, A.; et al. Techniques

for Structural Assessment Based on MT-DInSAR Data, Applied to the San Michele Complex in Rome. In Proceedings of the
European Workshop on Structural Health Monitoring—EWSHM 2022, Palermo, Italy, 4–7 July 2022; Volume 270, pp. 593–603.
[CrossRef]

3. Kumavat, H.R.; Chandak, N.R.; Patil, I.T. Factors Influencing the Performance of Rebound Hammer Used for Non-Destructive
Testing of Concrete Members: A Review. Case Stud. Constr. Mater. 2021, 14, e00491. [CrossRef]

4. Katam, R.; Pasupuleti, V.D.K.; Kalapatapu, P. A Review on Structural Health Monitoring: Past to Present. Innov. Infrastruct. Solut.
2023, 8, 248. [CrossRef]

5. Wardhana, K.; Hadipriono, F.C. Analysis of Recent Bridge Failures in the United States. J. Perform. Constr. Facil. 2003, 17, 144–150.
[CrossRef]

6. Solari, L.; Del Soldato, M.; Bianchini, S.; Ciampalini, A.; Ezquerro, P.; Montalti, R.; Raspini, F.; Moretti, S. From ERS 1/2 to
Sentinel-1: Subsidence Monitoring in Italy in the Last Two Decades. Front. Earth Sci. 2018, 6, 149. [CrossRef]

7. Abdulkarem, M.; Samsudin, K.; Rokhani, F.Z.; A Rasid, M.F. Wireless Sensor Network for Structural Health Monitoring: A
Contemporary Review of Technologies, Challenges, and Future Direction. Struct. Health Monit. 2019, 19, 693–735. [CrossRef]

8. Shan, J.; Huang, P.; Loong, C.N.; Liu, M. Rapid Full-Field Deformation Measurements of Tall Buildings Using UAV Videos and
Deep Learning. Eng. Struct. 2024, 305, 117741. [CrossRef]

9. Calò, M.; Ruggieri, S.; Doglioni, A.; Morga, M.; Nettis, A.; Simeone, V.; Uva, G. Probabilistic-Based Assessment of Subsidence
Phenomena on the Existing Built Heritage by Combining MTInSAR Data and UAV Photogrammetry. Struct. Infrastruct. Eng.
2024, 1–16. [CrossRef]

10. Ribeiro, D.; Santos, R.; Cabral, R.; Saramago, G.; Montenegro, P.; Carvalho, H.; Correia, J.; Calçada, R. Non-Contact Structural
Displacement Measurement Using Unmanned Aerial Vehicles and Video-Based Systems. Mech. Syst. Signal Process 2021, 160,
107869. [CrossRef]

11. Fornaro, G.; Reale, D.; Verde, S. Bridge Thermal Dilation Monitoring with Millimeter Sensitivity via Multidimensional SAR
Imaging. IEEE Geosci. Remote Sens. Lett. 2013, 10, 677–681. [CrossRef]

12. Hakim, W.L.; Fadhillah, M.F.; Park, S.; Pradhan, B.; Won, J.S.; Lee, C.W. InSAR Time-Series Analysis and Susceptibility Mapping
for Land Subsidence in Semarang, Indonesia Using Convolutional Neural Network and Support Vector Regression. Remote Sens.
Environ. 2023, 287, 113453. [CrossRef]

13. Kellndorfer, J.; Cartus, O.; Lavalle, M.; Magnard, C.; Milillo, P.; Oveisgharan, S.; Osmanoglu, B.; Rosen, P.A.; Wegmüller, U. Global
Seasonal Sentinel-1 Interferometric Coherence and Backscatter Data Set. Sci. 2022, 9, 73. [CrossRef] [PubMed]

14. Ferretti, A.; Savio, G.; Barzaghi, R.; Borghi, A.; Musazzi, S.; Novali, F.; Prati, C.; Rocca, F. Submillimeter Accuracy of InSAR Time
Series: Experimental Validation. IEEE Trans. Geosci. Remote Sens. 2007, 45, 1142–1153. [CrossRef]

15. Gabriel, A.K.; Goldstein, R.M.; Zebker, H.A. Mapping Small Elevation Changes over Large Areas: Differential Radar Interferome-
try. J. Geophys. Res. Solid. Earth 1989, 94, 9183–9191. [CrossRef]

https://doi.org/10.1007/978-3-031-07322-9_60
https://doi.org/10.1016/j.cscm.2021.e00491
https://doi.org/10.1007/s41062-023-01217-3
https://doi.org/10.1061/(ASCE)0887-3828(2003)17:3(144)
https://doi.org/10.3389/feart.2018.00149
https://doi.org/10.1177/1475921719854528
https://doi.org/10.1016/j.engstruct.2024.117741
https://doi.org/10.1080/15732479.2024.2423032
https://doi.org/10.1016/j.ymssp.2021.107869
https://doi.org/10.1109/LGRS.2012.2218214
https://doi.org/10.1016/j.rse.2023.113453
https://doi.org/10.1038/s41597-022-01189-6
https://www.ncbi.nlm.nih.gov/pubmed/35277516
https://doi.org/10.1109/TGRS.2007.894440
https://doi.org/10.1029/JB094iB07p09183


Buildings 2024, 14, 4074 16 of 17

16. Nettis, A.; Massimi, V.; Nutricato, R.; Nitti, D.O.; Samarelli, S.; Uva, G. Satellite-Based Interferometry for Monitoring Structural
Deformations of Bridge Portfolios. Autom. Constr. 2023, 147, 104707. [CrossRef]

17. Chen, Y.; Wu, G.; Ge, Y.; Xu, Z. Mapping Gridded Gross Domestic Product Distribution of China Using Deep Learning With
Multiple Geospatial Big Data. IEEE J. Sel. Top. Appl. Earth Obs. Remote Sens. 2022, 15, 1791–1802. [CrossRef]

18. Zhao, Y.; Qian, L.; Yang, K. The Discussion of InSAR Accuracy in the Urban Building Subsidence Monitoring. Urban. Geotech.
Investig. Surv. 2015, 3, 115–119.

19. Peduto, D.; Nicodemo, G.; Maccabiani, J.; Ferlisi, S. Multi-Scale Analysis of Settlement-Induced Building Damage Using Damage
Surveys and DInSAR Data: A Case Study in The Netherlands. Eng. Geol. 2017, 218, 117–133. [CrossRef]

20. Talledo, D.A.; Miano, A.; Bonano, M.; Di Carlo, F.; Lanari, R.; Manunta, M.; Meda, A.; Mele, A.; Prota, A.; Saetta, A.; et al. Satellite
Radar Interferometry: Potential and Limitations for Structural Assessment and Monitoring. J. Build. Eng. 2022, 46, 103756.
[CrossRef]

21. Kuzu, R.S.; Bagaglini, L.; Wang, Y.; Dumitru, C.O.; Braham, N.A.A.; Pasquali, G.; Santarelli, F.; Trillo, F.; Saha, S.; Zhu, X.X.
Automatic Detection of Building Displacements Through Unsupervised Learning From InSAR Data. IEEE J. Sel. Top. Appl. Earth
Obs. Remote Sens. 2023, 16, 6931–6947. [CrossRef]

22. Mo, L.; Wang, X. Monitoring and Analysis of Ground and Building Settlement of Deep Trough in Houhai Based on PS-InSAR
Technology. Chin. J. Geol. Hazard. Control. 2023, 34, 68–74.

23. Li, R.; Chang, L.; Qin, H. Application of InSAR Technology in Deformation Monitoring of Super High Rise Buildings. Constr.
Qual. 2021, 39, 70–73.

24. Zhu, M.; Wan, X.; Fei, B.; Qiao, Z.; Ge, C.; Minati, F.; Vecchioli, F.; Li, J.; Costantini, M. Detection of Building and Infrastructure
Instabilities by Automatic Spatiotemporal Analysis of Satellite SAR Interferometry Measurements. Remote Sens. 2018, 10, 1816.
[CrossRef]

25. Chen, F.; Guo, H.; Ma, P.; Lin, H.; Wang, C.; Ishwaran, N.; Hang, P. Radar Interferometry Offers New Insights into Threats to the
Angkor Site. Sci. Adv. 2017, 3, e1601284. [CrossRef] [PubMed]

26. Ma, P.; Zheng, Y.; Zhang, Z.; Wu, Z.; Yu, C. Building Risk Monitoring and Prediction Using Integrated Multi-Temporal InSAR and
Numerical Modeling Techniques. Int. J. Appl. Earth Obs. Geoinf. 2022, 114, 103076. [CrossRef]

27. Zhou, Y.; Hao, G.; Chen, J.; Wei, J.; Zheng, J. Long-Term Deformation Monitoring of a Steel-Truss Arch Bridge Using PSI Technique
Refined by Temperature Field Analysis. Eng. Struct. 2024, 311, 118164. [CrossRef]

28. Dai, K.; Chen, C.; Shi, X.; Wu, M.; Feng, W.; Xu, Q.; Liang, R.; Zhuo, G.; Li, Z. Dynamic Landslides Susceptibility Evaluation in
Baihetan Dam Area during Extensive Impoundment by Integrating Geological Model and InSAR Observations. Int. J. Appl. Earth
Obs. Geoinf. 2023, 116, 103157. [CrossRef]

29. Council on Tall Buildings and Urban Habitat—CTBUH. Available online: https://www.ctbuh.org/ (accessed on 24 October 2024).
30. Ng, A.H.M.; Wang, H.; Dai, Y.; Pagli, C.; Chen, W.; Ge, L.; Du, Z.; Zhang, K. InSAR Reveals Land Deformation at Guangzhou and

Foshan, China between 2011 and 2017 with COSMO-SkyMed Data. Remote Sens. 2018, 10, 813. [CrossRef]
31. De Zan, F.; Guarnieri, A.M. TOPSAR: Terrain Observation by Progressive Scans. IEEE Trans. Geosci. Remote Sens. 2006, 44,

2352–2360. [CrossRef]
32. Hu, J.; Motagh, M.; Guo, J.; Haghighi, M.H.; Li, T.; Qin, F.; Wu, W. Inferring Subsidence Characteristics in Wuhan (China) through

Multitemporal InSAR and Hydrogeological Analysis. Eng. Geol. 2022, 297, 106530. [CrossRef]
33. Che, Y.; Li, X.; Liu, X.; Wang, Y.; Liao, W.; Zheng, X.; Zhang, X.; Xu, X.; Shi, Q.; Zhu, J.; et al. 3D-GloBFP: The First Global

Three-Dimensional Building Footprint Dataset. Earth Syst. Sci. Data 2024, 16, 5357–5374. [CrossRef]
34. Liu, Z.; Tang, H.; Feng, L.; Lyu, S. China Building Rooftop Area: The First Multi-Annual (2016–2021) and High-Resolution (2.5 m)

Building Rooftop Area Dataset in China Derived with Super-Resolution Segmentation from Sentinel-2 Imagery. Earth Syst. Sci.
Data 2023, 15, 3547–3572. [CrossRef]

35. GB 50352-2019; Uniform Standard for Design of Civil Buildings. China Architecture Publishing: Beijing, China, 2019.
36. Ferretti, A.; Prati, C.; Rocca, F. Permanent Scatterers in SAR Interferometry. IEEE Trans. Geosci. Remote Sens. 2001, 39, 8–20.

[CrossRef]
37. Ferretti, A.; Prati, C.; Rocca, F. Nonlinear Subsidence Rate Estimation Using Permanent Scatterers in Differential SAR Interferome-

try. IEEE Trans. Geosci. Remote Sens. 2000, 38, 2202–2212. [CrossRef]
38. Touzi, R.; Lopes, A.; Bruniquel, J.; Vachon, P.W. Coherence Estimation for SAR Imagery. IEEE Trans. Geosci. Remote Sens. 1999, 37,

135–149. [CrossRef]
39. Crosetto, M.; Monserrat, O.; Cuevas-González, M.; Devanthéry, N.; Crippa, B. Persistent Scatterer Interferometry: A Review.

ISPRS J. Photogramm. Remote Sens. 2016, 115, 78–89. [CrossRef]
40. Rabus, B.; Eineder, M.; Roth, A.; Bamler, R. The Shuttle Radar Topography Mission—A New Class of Digital Elevation Models

Acquired by Spaceborne Radar. ISPRS J. Photogramm. Remote Sens. 2003, 57, 241–262. [CrossRef]
41. Hooper, A.; Segall, P.; Zebker, H. Persistent Scatterer Interferometric Synthetic Aperture Radar for Crustal Deformation Analysis,

with Application to Volcán Alcedo, Galápagos. J. Geophys. Res. Solid. Earth 2007, 112, 7407. [CrossRef]
42. Zhuang, D.; Zhang, L.; Zou, B. Interferometry Modeling and Height Reconstruction for High-Rise Buildings in Complex Scenes

Based on One Single Interferogram. IEEE Trans. Geosci. Remote Sens. 2024, 62, 5206916. [CrossRef]
43. Qin, X.; Liao, M.; Yang, M.; Wang, H.; Yang, T. Monitoring Shanghai Relocation Housing Skew Deformation Using High

Resolution PS-InSAR Technology. Bull. Surv. Mapp. 2016, 6, 18–21.

https://doi.org/10.1016/j.autcon.2022.104707
https://doi.org/10.1109/JSTARS.2022.3148448
https://doi.org/10.1016/j.enggeo.2016.12.018
https://doi.org/10.1016/j.jobe.2021.103756
https://doi.org/10.1109/JSTARS.2023.3297267
https://doi.org/10.3390/rs10111816
https://doi.org/10.1126/sciadv.1601284
https://www.ncbi.nlm.nih.gov/pubmed/28275729
https://doi.org/10.1016/j.jag.2022.103076
https://doi.org/10.1016/j.engstruct.2024.118164
https://doi.org/10.1016/j.jag.2022.103157
https://www.ctbuh.org/
https://doi.org/10.3390/rs10060813
https://doi.org/10.1109/TGRS.2006.873853
https://doi.org/10.1016/j.enggeo.2022.106530
https://doi.org/10.5194/essd-16-5357-2024
https://doi.org/10.5194/essd-15-3547-2023
https://doi.org/10.1109/36.898661
https://doi.org/10.1109/36.868878
https://doi.org/10.1109/36.739146
https://doi.org/10.1016/j.isprsjprs.2015.10.011
https://doi.org/10.1016/S0924-2716(02)00124-7
https://doi.org/10.1029/2006JB004763
https://doi.org/10.1109/TGRS.2024.3371692


Buildings 2024, 14, 4074 17 of 17

44. Drougkas, A.; Verstrynge, E.; Van Balen, K.; Shimoni, M.; Croonenborghs, T.; Hayen, R.; Declercq, P.Y. Country-Scale InSAR
Monitoring for Settlement and Uplift Damage Calculation in Architectural Heritage Structures. Struct. Health Monit. 2021, 20,
2317–2336. [CrossRef]

45. Rosen, P.A.; Hensley, S.; Joughin, I.R.; Li, F.K.; Madsen, S.N.; Rodriguez, E.; Goldstein, R.M. Synthetic Aperture Radar Interferom-
etry. Proc. IEEE 2000, 88, 333–382. [CrossRef]

46. Mario Costantini, T. A Novel Phase Unwrapping Method Based on Network Programming. IEEE Trans. Geosci. Remote Sens. 1998,
36, 813–821. [CrossRef]

47. Yu, C.; Li, Z.; Penna, N.T. Interferometric Synthetic Aperture Radar Atmospheric Correction Using a GPS-Based Iterative
Tropospheric Decomposition Model. Remote Sens. Environ. 2018, 204, 109–121. [CrossRef]

48. Liu, J.; Li, T.; Ma, S.; Shan, Q.; Jiang, W. Study on LOS to Vertical Deformation Conversion Model on Embankment Slopes Using
Multi-Satellite SAR Interferometry. ISPRS Int. J. Geoinf. 2024, 13, 58. [CrossRef]

49. Calò, M.; Ruggieri, S.; Nettis, A.; Uva, G. A MTInSAR-Based Early Warning System to Appraise Deformations in Simply
Supported Concrete Girder Bridges. Struct. Control Health Monit. 2024, 2024, 8978782. [CrossRef]

50. Liu, Z.; Ng, A.H.M.; Wang, H.; Chen, J.; Du, Z.; Ge, L. Land Subsidence Modeling and Assessment in the West Pearl River Delta
from Combined InSAR Time Series, Land Use and Geological Data. Int. J. Appl. Earth Obs. Geoinf. 2023, 118, 103228. [CrossRef]

51. Niocodemo, G.; Peduto, D.; Ferlisi, S.; Maccabiani, J. Investigating Building Settlements via Very High Resolution SAR Sensors. In
Life-Cycle of Engineering Systems: Emphasis on Sustainable Civil Infrastructure; CRC Press: Boca Raton, FL, USA, 2016; pp. 2256–2263.

52. GB 50497-2019; Technical Standard for Monitoring of Building Excavation Engineering. Beijing China Planning Publishing House:
Beijing, China, 2020.

53. Bianchini, S.; Pratesi, F.; Nolesini, T.; Casagli, N. Building Deformation Assessment by Means of Persistent Scatterer Interferometry
Analysis on a Landslide-Affected Area: The Volterra (Italy) Case Study. Remote Sens. 2015, 7, 4678–4701. [CrossRef]

54. GB 50007-2011; Code for Design of Building Foundation. China Architecture Publishing: Beijing, China, 2011.
55. LI, M.; Huang, L.; Anrong, D. Building Comprehensive Risk Assessment and Optimization Strategy Based on Multi-Source Data:

A Case Study of Cangshan District, Fuzhou. Shanghai Urban. Plan. Rev. 2022, 3, 38–45.
56. Fei, B.; Han, P.; Zhu, M.; Wan, X.; Wang, C.; Sun, Z. Risk Identification of Urban House Safety Based on Spaceborne InSAR

Technology. Urban. Geotech. Investig. Surv. 2021, 6, 71–76.
57. Zhang, L.; Ng, A.M.Y. Limiting Tolerable Settlement and Angular Distortion for Building Foundations. In Probabilistic Applications

in Geotechnical Engineering, Proceedings of the Geo-Denver 2007, New Peaks in Geotechnics, Denver, CO, USA, 18–21 February 2007;
American Society of Civil Engineers: Reston, VA, USA, 2007; pp. 1–11.

58. Cooper, A.H. The Classification, Recording, Databasing and Use of Information about Building Damage Caused by Subsidence
and Landslides. Q. J. Eng. Geol. Hydrogeol. 2008, 41, 409–424. [CrossRef]

59. The Second Monitoring and Application Center (The Western Data Branch of National Earthquake Data Center) Continuous
GNSS Observation Data. Available online: http://data.smac.ac.cn (accessed on 24 October 2024).

60. Dheenathayalan, P.; Small, D.; Schubert, A.; Hanssen, R.F. High-Precision Positioning of Radar Scatterers. J. Geod. 2016, 90,
403–422. [CrossRef]

61. Schubert, A.; Small, D.; Miranda, N.; Geudtner, D.; Meier, E. Sentinel-1A Product Geolocation Accuracy: Commissioning Phase
Results. Remote Sens. 2015, 7, 9431–9449. [CrossRef]

62. Foroughnia, F.; Nemati, S.; Maghsoudi, Y.; Perissin, D. An Iterative PS-InSAR Method for the Analysis of Large Spatio-Temporal
Baseline Data Stacks for Land Subsidence Estimation. Int. J. Appl. Earth Obs. Geoinf. 2019, 74, 248–258. [CrossRef]

63. Ao, Z.; Hu, X.; Tao, S.; Hu, X.; Wang, G.; Li, M.; Wang, F.; Hu, L.; Liang, X.; Xiao, J.; et al. A National-Scale Assessment of Land
Subsidence in China’s Major Cities. Science 2024, 384, 301–306. [CrossRef]

64. Wang, F.; Mao, X.; Wang, A. Prediction of Land Subsidence of Soft Soil in Foshan City with GMS. Saf. Environ. Eng. 2009, 16,
26–29.

65. Kruse, G.; den Haan, E. Characterisation and Engineering Properties of Dutch Peats. In Proceedings of the Second International
Workshop on Characterisation and Engineering Properties of Natural Soils, Singapore, 29 November—2 December 2006; Volume
3, pp. 2101–2133. [CrossRef]

66. Ma, P.; Wang, W.; Zhang, B.; Wang, J.; Shi, G.; Huang, G.; Chen, F.; Jiang, L.; Lin, H. Remotely Sensing Large- and Small-Scale
Ground Subsidence: A Case Study of the Guangdong–Hong Kong–Macao Greater Bay Area of China. Remote Sens. Environ. 2019,
232, 111282. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1177/1475921720942120
https://doi.org/10.1109/5.838084
https://doi.org/10.1109/36.673674
https://doi.org/10.1016/j.rse.2017.10.038
https://doi.org/10.3390/ijgi13020058
https://doi.org/10.1155/2024/8978782
https://doi.org/10.1016/j.jag.2023.103228
https://doi.org/10.3390/rs70404678
https://doi.org/10.1144/1470-9236/07-223
http://data.smac.ac.cn
https://doi.org/10.1007/s00190-015-0883-4
https://doi.org/10.3390/rs70709431
https://doi.org/10.1016/j.jag.2018.09.018
https://doi.org/10.1126/science.adl4366
https://doi.org/10.1201/NOE0415426916.CH13
https://doi.org/10.1016/j.rse.2019.111282

	Introduction 
	Study Area and Datasets 
	Study Area 
	Study Datasets 
	SAR Data 
	Building Data 


	Method 
	PS-InSAR 
	Structural Health Monitoring 

	Results and Discussion 
	Safety Status of Super High-Rise Buildings 
	Cause Analysis for Anomaly Buildings 
	Regional Settlement in Soft Soil Areas 
	Construction of Surrounding (Underground) Infrastructure 
	Aging Buildings 


	Conclusions 
	References

