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ARTICLE INFO ABSTRACT

Keywords: As one of the most densely populated and rapidly growing metropolitan areas worldwide, the Guangdong-Hong
Guangdong-Hong Kong-Macao Greater Bay Kong-Macao Greater Bay Area (GBA) of China has been developing extensive metro networks to relieve the
Area (GBA)

escalating traffic congestion inner cities and to shorten public transport time inter cities. Metro construction
possibly triggers ground deformation, which may result in damage to the tunnel, pipeline, and ground structures.
Fast and efficient monitoring ground deformation along metro lines is vital not only to the metro itself but also to
these structures. This study provides a comprehensive investigation of ground deformation along 67 metro lines
within the GBA, based on multi-temporal synthetic aperture radar interferometry (MT-InSAR) by using Sentinel-
1 from March 2017 to February 2022. The results reveal that deformation velocity in this area ranges from -39.4
mm/year to 14.2 mm/year, which is mainly caused by the tunnel excavation, adjacent excavation and con-
struction, and unfavorable geological conditions. Furthermore, risk levels have been evaluated based on the
InSAR-derived results with the proposed median absolute deviation heatmap clustering method. The risky area
accounts for 16.31% (~205.24 km?) of the whole study area in the GBA, among which 13.76%, 2.16%, and
0.39% are classified as three risk levels, with mean deformation velocities of —2.2 mm/year, —3.4 mm/year, and
-6.5 mm/year, respectively. This study presents a comprehensive megalopolitan-scale ground deformation
monitoring, for the first time, along metro lines in six cities of the GBA, which provides important insights into
future metro line constructing, operating and planning.

Multi-temporal InSAR
Ground deformation
Metro system

Risk assessment

Rapid Transit Cooperation Limited, the urban rail transit system in the
GBA witnessed a passenger volume of 5.8 billion in 2022, which rep-
resented almost 27.8% of the national total (20.9 billion). To enhance

1. Introduction

The Guangdong-Hong Kong-Macao Greater Bay Area, commonly

known as the Greater Bay Area (GBA), is a burgeoning world-class
metropolis in southern China. It includes nine cities of Guangdong
province and two special administrative regions, of which six cities
(Guangzhou, Hong Kong, Macao, Shenzhen, Foshan and Dongguan)
have developed efficient rapid rail transit (also called metro) or light rail
systems for their urban populations. Based on statistical data released by
the Ministry of Transport of the People’s Republic of China, Hong Kong
Mass Transit Railway (MTR) Cooperation Limited, and Macao Light

transport accessibility, the concept of a “one-hour living circle” has been
advocated by local governments. To this end, constructing metro sys-
tems and intercity railways has been experiencing accelerating growth
in the GBA.

In megacities around the world, such as London, New York, Tokyo,
Hong Kong, and Shanghai, developing an urban rail transit system has
become a widespread strategy to alleviate the pressure on daily com-
mutes and escalating urban traffic congestion. In 2020, the cumulative
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length of constructed metro lines in the GBA exceeded 1,000 kmy;
moreover, an incredible additional 886.4 km is planned to be completed
by the end of 2025 (according to the Guangdong Province integrated
transportation system “14th Five-Year” development plan published in
2021). With expanding rail transit systems, accidents world widely
occur during the construction and operation periods, owing to causal
factors like the unsafe operation of constructors, technical failures,
environmental and geological issues, and improper management (Kyr-
iakidis et al., 2012; Sousa and Einstein, 2021; Zhou et al., 2021). For
metro systems, one of the most catastrophic accidents is ground
collapse, often associated with substantial deformation of metro line
segments and resulting in significant damages to both the metro tunnel
and ground structure. For example, during the construction in 2008, the
Hangzhou subway (Line 1) suddenly collapsed due to a series of 11 sub-
accidents, leading to an unfortunate loss of 21 lives and caused injuries
to 24 individuals (Zhou and Irizarry, 2016). Similar catastrophic events
also occurred in other regions and countries, notably, the Lausanne
Metro Line M2 collapse in 2005, the Foshan Metro Line 2 collapse in
2018, the Mexico City Metro overpass collapse in 2021, and the San

Paulo Subway Line 6 collapse in 2022 (Zhu et al., 2022). Ground

deformation during both the construction and operational phases may

have a notable impact on the metro system as well as surrounding

structures and utilities, potentially leading to catastrophic events.

Monitoring the ground deformation along metro lines, therefore, is vital
to enable early identification of risks and evaluate the potential impact
of surrounding structures on the metro line and the effect of metro
construction on the surrounding structures.

Directly monitoring the deformation of metro lines can be chal-
lenging due to a variety of reasons, such as the concealed and narrow
space, complex environment during construction, fully enclosed opera-
tion, and extensive linear distribution. Techniques commonly employed
for deformation monitoring along metro lines, from the ground or inside
the tunnel, can be typically categorized as contact sensors (i.e., elec-
tronic liquid level gauges and optical fiber), geodetic techniques(i.e.,
total station, terrestrial laser scanning and global positioning system),
and geotechnical methods (i.e., tiltmeters and inclinometers) (Kavvadas,
2005; Zhou et al., 2020). However, these techniques are either of low
sampling rate or high expense for extensive metro lines, thereby their
capacity to provide comprehensive deformation information for the
entire metro line at the city or metropolitan scale is limited.
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Satellite synthetic aperture radar interferometry (InSAR) has
demonstrated its capability to provide remote sensing of ground defor-
mation across a wide range, such as the whole GBA area (Ma et al.,
2019). It enables deformation monitoring to be conducted during day
and night, regardless of weather conditions and offers a remarkable
precision ranging from centimeters to millimeters (Ferretti et al., 2011).
In comparison to conventional surveying methods, InSAR offers the
distinct advantage of providing a higher density of measurement points
over large areas, including hazardous or difficult-to-access regions
(Marghany, 2012, 2014a, b). Owing to these capabilities, the investi-
gation of the spatiotemporal deformation along metro lines has been
studied extensively using the multitemporal InSAR (MT-InSAR) (Giar-
dina et al., 2019; Perissin et al., 2012), particularly for city-scale metro
network (Duan et al., 2020; Hu and Li, 2021; Liao et al., 2022; Wang
etal., 2017; Wang et al., 2022) that have experienced significant fissure
and collapse (Gheorghe et al., 2020; Wu et al., 2021; Yang et al., 2022;
Zhu et al., 2020). In addition, a method based on thresholding defor-
mation velocities, relative velocities, and cumulative displacement is
adopted for evaluating the level condition of PS points along Shanghai
metro lines (Yang et al., 2022). This study presents a comprehensive
analysis of metropolitan-scale ground deformation along the entire
metro lines in GBA utilizing multitemporal Sentinel-1 data from March
2017 to February 2022. The study aims to investigate the spatiotemporal
ground deformation along metro lines at different stages of their life

period and provide insights into the risky deformation occurring within
the entire metro system of the GBA.

2. Overview of GBA urban transit systems
2.1. Study area and geological condition

The GBA megalopolis, located in the coastal area of South China
around the Pearl River estuary, as shown in Fig. 1, has emerged as one of
the largest and fastestgrowing urban regions in the world. Covering an
expansive area of approximately 56,000 km?, it is home to over 86.7
million residents and contributes the gross domestic product (GDP) of
over $1.95 trillion by the end of 2021. The GBA primarily consists of
deltaic plains, which have been formed through millennial cycles of
alluvial sedimentation resulting from the interplay of land and sea. In
addition, the region exhibits several scattered topographical features,
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Fig. 1. Geological distribution of the GBA area.
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such as hills, plateaus, and monadnocks. The Quaternary sediments
exhibit varying elevations in GBA, with the northern region ranging
from 6 to 9 m above sea level, while the coastal area is 1-2 m (Wang and
Jiao, 2012). The rapid economic expansion has led to a proliferation of
anthropogenic activities in GBA, resulting in multiple geological haz-
ards, such as ground subsidence (around reclaimed land, constructed
land, and silty soft or sandy soil), fissures (ground and buildings), sink
hole, unstable slope, landslide, flood, and urban waterlogging (Lancia
etal., 2020; Ma et al., 2019). According to the statistical data released by
the Department of Natural Resources of Guangdong Province, by the end
of 2020, a total of 1,468 danger locations related to geological hazards
had been reported within the GBA (except Hong Kong and Macao),
thereby posing a significant threat to over 4,500 individuals and leading
economic losses more than 1.8 billion yuan.

2.2. Construction environment of the urban transit systems

The urban transit system, which typically encompasses rapid transit
(also called metro) and light rail, is widely recognized as one of the most
efficient forms of transportation, which reduces heavy traffic in urban
areas. In GBA, the construction of transit systems is expanding rapidly,
six out of eleven cities within the GBA have constructed their urban
transit systems, including Guangzhou, Hong Kong, Macao, Shenzhen,
Foshan and Dongguan. At the beginning of 2022, a total of 42 opera-
tional metro and light metro lines covering a length exceeding 1,378 km
were implemented in these cities, with an additional 25 planned lines
under construction, as summarized in Table 1. Among these cities, the
mass transit railway system in Hong Kong is comparatively well-
developed, with a network of 12 operational metro and light metro
lines. Guangzhou and Shenzhen possess relatively extensive metro sys-
tems, both with a length exceeding 400 km and several lines in planning.
On the other hand, the development of metro lines in Macao, Foshan and
Dongguan is limited as there are smaller populations.

The overall geological conditions in the GBA are highly complex and
heterogeneous, which raises challenges to the metro system construc-
tion. In Guangzhou, the presence of karst strata, Quaternary loose sed-
iments, active faults, and high piezometric level of fissure water makes
the constructed terrain susceptible to three types of potential geo-
hazards, namely water ingress and strata erosion, ground subsidence,
and sinkhole (Ren et al., 2016). In Shenzhen, the western region is
characterized by thin (0 to 40 m) and uneven Quaternary sediments,
whereas the eastern region, particularly in the Longgang district, is
dominated by a large area of karst strata. Moreover, the development of
problematic soil, including granite residual soil, muddy clay and silt,
further adds to the geological diversity of Shenzhen (He et al., 2020). In
Hong Kong, the terrain is characterized by rugged terrains, primarily
underlain by granitic, volcanic rocks, and the natural deposit in the
region mainly consists of alluvial flats, residual soil, and colluvium
(Linney, 1983). In addition, intensive land reclamations have been un-
dertaken along the coastal margins of the GBA, particularly in Hong
Kong, Macao, Guangzhou, and Shenzhen. In these cities, a significant
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portion of metro lines was built on the newly reclaimed regions, which
had undergone a lengthy consolidation process.

3. Data and method
3.1. Data

To obtain the ground deformation across a large study area, 292 (146
epochs) ascending Sentinel-1A SAR data spanning from March 12, 2017,
to February 2, 2022, were collected from two adjacent frames (65 and
71). These data are used to monitor the deformation along metro lines
within the GBA, as illustrated in Fig. 1. A digital elevation model (DEM)
from the ALOS Global Digital Surface Model (DSM), named AW3D30,
with a spatial resolution of 30 m, is adopted to remove topographic
phase and geocoding estimated deformation. Shapefiles of the con-
structed and under-constructed metro lines from the OpenStreetMap
and OpenRailwayMap are used to generate buffer zones (300 m) around
the study area. Global positing system (GPS) measurements at two
continuous stations (HKFN and DSMG) from the Nevada Geodetic Lab-
oratory (Blewitt et al., 2018) were used to validate the InSAR results in
the overlap regions.

3.2. InSAR data processing

The interferometric processing in this study was implemented by
using GAMMA software (Werner et al., 2000), including concatenation
of consecutive burst single look complex (SLC) images, coregistration,
mosaics of sub-swaths SLCs, the removal of flat-earth and topographic
phases, interferogram formation, and geocoding. Precise orbit ephe-
merides for Sentinel-1 are used to refine the orbit state vectors of each
SLGCs.

After the interferometric processing, we generate a 300 m butter
zone surrounding each of the metro lines city-by-city, and retrieve line-
of-sight (LOS) deformation within the buffer zone by using the Stanford
method for persistent scatterers (StaMPS) based persistent scatterers
InSAR (PS-InSAR) (Hooper et al., 2004). The amplitude dispersion and
phase stability analysis were combined to detect the persistent scatterers
(PS), and in this study, the thresholds of these two indicators were set as
0.4 and 0.6, respectively. Three-dimensional (3D) Phase unwrapping is
implemented after eliminating spatially correlated look angle error and
master atmosphere and orbit error. Mean values for the whole area are
used as the reference for phase unwrapping, which is almost close to
zeros. The atmospheric phase effect at each coherent point was miti-
gated by using high-pass and low-pass filtering in time and space,
respectively.

In urban environments, thermal expansion can introduce significant
biases to InSAR deformation time series (Wu et al., 2020), particularly in
relation to infrastructures such as buildings, railway stations, and roads.
We use the daily air temperature on the SLC acquisition date to correct
the thermal expansion phase for all points in each city. The correction
model can be expressed as dar = kAT + ¢, where k is the thermal

Table 1

Overview of metro systems in GBA.”
City Operational lines Length in operation [km] Constructed lines or segments Length under construction [km] Opened year
Hong Kong 11 274.55 10.98" 1980
Guangzhou 15 581.23 10 304.31 1997
Shenzhen 12 421.34 220.50 2004
Foshan 2 53.88 1 40.72 2010
Dongguan 1 37.74 1 57.50 2016
Macao 1 9.30 3 6.90 2019
Total 42 1367.06 25 640.91

@ Data were collected from https://baike.baidu.com/item/%E5%9C%B0%E9%93%81/21266? [in Chinese, accessed on February 02, 2022].

b The Sha Tin to Central Link is forming into the new Tune Ma line.
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Fig. 2. Thermal expansion correction at a point near the metro station of Huacheng Dadao in Guangzhou. (a) The correlation between the temperature changes and
time-series InSAR results. (b) Time-series InSAR results after thermal expansion correction.

expansion factor, AT is the temperature changes between two acquisi-
tions, and c is the offset factor. Fig. 2 shows an example of the correction
at a point near the metro station of Huacheng Dadao in Guangzhou. The
correlation between temperature changes and time-series displacements
is 0.73, and the corrected result can more exactly reflect the actual
ground deformation.

3.3. Risk assessment

In this section, a risk assessment is carried out based on the InSAR
displacement velocities as denoted as a vector, x = [x1,X2, -+, Xn], of N
extracted points, with which the median absolute deviation (MAD) can
be calculated as Eq. (1) (Leys et al., 2013).

MAD = bM;(|x; — Mi(x;)|) €))
where M(e) denotes the median operator, and b is a constant value of
1.4826. For each point in the x, a risk index y can be derived by using the
MAD as shown in Eq. (2), and with this index, each point is labelled as .~
using Eq. (3) (Miller, 1991).

x; — M;(x;)

MAD @

Y=

r<2
2<y<25
25<y<3
3<y

3

W —=Oo

For each type of point in Eq. (3), we produce a heatmap with a
quartic kernel shape and a radius of 600 m to reflect the density of risky
points. For justifying the inhomogeneity of the InSAR selected points,
the heatmap is weighted by using the division between the risk index
and the number of points within a radius (set as 1 km in this case), w =

< /n. Therefore, the heatmap not only reflects the density but also re-
flects the significance of risky points. The heatmap values have no
physical meaning and are standardized to be 0 to 1. It is zeros when " =
0, therefore, only the other three heatmaps are summarized. Following,
to determine a risk level along the metro lines, the K-means clustering
method (Hartigan and Wong, 1979) is used to further cluster the pixel
value of the heatmap into four clusters, including one class of normal
points (LO) and three classes of increasing risk (L1-L3).

4. Results
4.1. Overall Megalopolitan-scale deformation

Based on the single master processing chain, 145 interferometric
image pairs are generated, as the spatiotemporal network shown in
Fig. 3. We then obtained the ground deformation along metro lines
within the GBA city-by-city using the method in section 3.2. Almost five
years of ground deformation between March 12, 2017, to February 2,
2022, within the 300 m buffer zone of 67 metro lines, are extracted as
shown in Fig. 4. Overall, the results suggest that the derived LOS
deformation velocity is spanning from -39.4 mm/year to 14.2 mm/year,
of which 99.89% varies from -12.0 mm/year to 12.0 mm/year. As
illustrated in Fig. 4, the coherent points exhibit a high density along
metro lines, but they are sparsely distributed in areas with dense vege-
tation (e.g., Line 21 around the Huangpu Youma Shan Forest Park in
Guangzhou and Tuen Ma Line around the Lin Fa Shan in Hong Kong) and
areas undergoing extensive construction activity (e.g., Line 11 around
the north of the Shenzhen Bao’an International Airport, SBIA and Line
21 in close to the Shenzhen World Exhibition & Convention Center).

The results also suggest that the ground buffer zone along metro lines
is relatively stable in most areas of GBA, with LOS deformation velocity
between -5.0 mm/year and 5.0 mm/year. Significant regional



B. Zhang et al. International Journal of Applied Earth Observation and Geoinformation 122 (2023) 103432

200 T T T T T T

150

100

50

Spatial Baseline (m)

-100
Jan17 Jul17 Jan18 Jul18 Jan19 Jul19 Jan20 Jul20 Jan21 Jul21 Jan22 Jul22
Temporal Baseline (mmmyyy)

Fig. 3. Spatial-temporal baselines configuration of the generated interferograms. The red circle represents the referenced image (20190326).

23.00°N

22.50°N

113.00°E 113.50°E 114.00°E 114.50°E

Fig. 4. InSAR LOS ground deformation velocity map along the metro lines (within a buffer zone of 300 m), between March 12, 2017, to February 2, 2022, derived
from Sentinel-1A data. The white triangles denote the location of the two GPS stations (HKFN and DSMG). The white arrows indicate the regions with significant
deformation.



B. Zhang et al.

International Journal of Applied Earth Observation and Geoinformation 122 (2023) 103432

.=
1
(]
(]
(]
(]
(]
]

cracks

Fig. 5. Severe deformation near metro lines within the GBA, (a)-(b) structures displacement near the Shangchuan Station in Shenzhen, as seen in Fig. 7 (f), (c)
building subsidence near the Foshan Poly Plaza (from Baidu Street View), (d) collapse of the “2018 Foshan 2.7 event” along Line 2 (see Fig. 8 (b)), (e) collapse of the
“2019 Guangzhou 12.1 event” along Line 11, (f) road fissure and wall crack near the Shenzhen Bay Sports Center, (g) wall crack near the To Kwa Wan Station in

Hong Kong.

deformation happened primarily in the southeastern region of the
Nansha district in Guangzhou, as well as in certain areas within the
Nanshan and Bao’an districts of Shenzhen, and areas north of the
Shunde district in Foshan, as the regions annotated by the white arrows
in Fig. 4. Ground deformation may result from different diverse factors,
such as geology conditions and anthropogenic activities. The photos of
field investigation related to severe deformation in surrounding struc-
tures are shown in Fig. 5. These causing factors of the deformation along
metro lines are different in different cities, and they are detailly
analyzed in section 4.2.

4.2. City-scale deformation in the GBA
(1) Hong Kong mass transit railway (MTR)

Hong Kong MTR was the earliest constructed metro system in the
GBA, whose construction started in 1980. It now consists of 11 metro
and light metro lines (see Table 1), which are open to public service. All
the metro lines had been operated for many years before the monitoring
period started, during which only the Sha Tin to Central Link was under
construction and it commenced in May 2022. All the metro lines in Hong
Kong have been constructed beneath or on segments of the reclaimed
lands after a long term of ground settlement and consolidation. The
derived InSAR deformation velocity along metro lines in Hong Kong
ranges from —16.4 mm/year to 10.7 mm/year in the monitoring period,
and the deformation velocity map is demonstrated in Fig. 6. Therefore,
deformation along the metro lines in Hong Kong is not related to metro

construction itself; instead, it is more associated with the updating of
other urban infrastructure or other anthropogenic activities.

(2) Guangzhou metro

The metro system in Guangzhou is the densest and longest among
cities in the GBA, with a total number of 25 metro lines, and 10 of them
are under construction during the monitoring period. Two ground sur-
face collapsing events that occurred on January 25, 2018 (Line 21) and
December 01, 2019 (Line 11), respectively, were caused by the con-
struction of the metro line (Zhu et al., 2022). From the InSAR-derived
deformation velocity map shown in Fig. 7, remarkable deformation
can be observed along the under-constructed metro lines (e.g., segments
of Lines 8, 11, 13, and 22) and in the southeastern region of the Nansha
district, with the deformation velocity of -39.4 mm/year to 14.2 mm/
year. The causing factors of the deformation in these areas are inferred
primarily to be the construction of the new metro lines and unfavorable
geological conditions.

(3) Shenzhen metro

Similar to Guangzhou, extensive construction of metro lines has been
conducted in Shenzhen, where nine metro lines are under construction
during our monitoring period, mainly in the Nanshan, Bao’an, and
Longgang districts. Metro lines in the Nanshan peninsula are partly
located within the reclaimed lands. The InSAR-derived deformation
velocity along metro lines in Shenzhen ranges from -35.5 mm/year to
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12.3 mm/year, as shown in Fig. 8. The InSAR-derived results reveal that
the deformation hotspots are sparsely distributed along all the metro
lines, which might be related to the rapid development of both ground
and underground infrastructure in Shenzhen in the recent years, such as
areas within the Nanshan peninsula, around the north and south of SBIA,
and Lines 3 and 14 in central of the Longgang district.

(4) Foshan metro

The metro system of Foshan is connected with the metro system of
Guangzhou via Guangfo Line and Guangzhou Line 7, and more lines are
planned for further connection with Guangzhou. The derived deforma-
tion velocity along metro lines in Foshan varies from —-34.9 mm/year to
10.9 mm/year. As shown in Fig. 9, significant deformation is detected in
the middle segment of Line 3 and the collapsed region of the “2018-02-
07 Foshan collapse event”, which will be discussed in section 5.1.

(5) Dongguan rail transit

During the monitoring period, there are only two metro lines,
namely, Line 2 whose operation started in 2016, and Line 1 which is still
under construction. Compared with other cities, the ground surface
along metro lines in Dongguan is relatively stable. The obtained ground
deformation velocity by using InSAR ranges from —22.2 mm/year to 9.3
mm/year. Line 1 suffers from larger deformations as seen from the area
annotated by the white line in Fig. 10.

(6) Macao light rapid transit

The metro system in Macao consists of one light rail line already
constructed and three lines under construction, all of which are built
above the ground with viaduct structures and stations, except the
Hengqin extension Line which is currently built in an underwater
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Fig. 10. InSAR-derived deformation maps in Dongguan. (a) Deformation ve-
locity map, (b) local deformation velocity in areas A, left panel: displacement
velocity, right panel: time series displacement, and the metro construction is
outlined in gray.

tunnel. The InSAR-derived ground deformation along the light rail lines
in Macao ranges from —-37.0 mm/year to 9.7 mm/year. As seen from
areas annotated by the white line in Fig. 11, the large ground defor-
mation occurs in areas under construction or surrounding buildings.
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4.3. Validation

To validate the InSAR-derived LOS deformation, we use the GPS
network distributed in Hong Kong and Macao, which has a total number
of 29 continuous GPS stations, and the GPS data is released by the
Nevada Geodetic Laboratory. However, only three stations, HKFN,
DSMG, and HKO1, are within or near the buffer zone, and data of HKO1
starts from October 2019, which accounts for a temporal overlap of only
five-month with the monitoring period. We, therefore, use the GPS ob-
servations at HKFN and DSMG to validate the derived InSAR time-series
deformation. Median interannual difference adjusted skewness (MIDAS)
is adopted to detrend the original GPS time series results in north, east,
and up directions simultaneously, which is resistant to seasonal signals,
outliers, discontinuities, and heteroscedasticity in time series GPS data
(Blewitt et al., 2016). After detrending, we convert the three directions
of GPS deformation to LOS direction. The results from GPS are consistent
with the derived InSAR deformation at the HKFN and DSMG stations, as
seen from the comparison demonstrated in Fig. 12. And the root-mean-
square error (RMSE) between GPS and InSAR deformation measure-
ments is 3.3 mm.

5. Discussion
5.1. Causes of the ground deformation along metro lines

Deformation occurring along metro lines can result from a range of
interconnected or accompanied factors, including extensive excavation,
internal and external loads, fissure water, pipeline rupture, heavy
rainfall, broken rock mass, geological conditions, reinforcement or
consolidation, and land reclamation. Deformation caused by these fac-
tors can potentially result in damage to the tunnel, underground pipe-
line, and nearby aboveground infrastructures. In Table 2, linear trend
and cumulative deformation along metro lines for all six cities are
summarized with regard to their typical causing factors.

(1) Tunnel excavation

During our observation period, 25 metro lines in the GBA are being
constructed, mainly in Guangzhou and Shenzhen. Deformation related
to the tunnel construction is often triggered by accompanied causes,
such as improper construction, unfavorable geological conditions (i.e.,
faults, karst strata, and water-rich strata), rock stress imbalance, and
extremely hydrological conditions (i.e., water ingress and groundwater
change) (Ren et al., 2016; Zhu et al., 2022). During the excavation,
ground deformation and even collapse are often associated with the

Table 2
Detailed deformation information along metro lines within GBA.

City PS No. Deformation Maximum Main causing
velocity [mm/ cumulated factors of
year] deformation deformation

[mm]
Hong Kong 282,087 -16.4 ~ 10.7 -77.0 Source-17,
Source-2"
Guangzhou 606,249 -39.4 ~ 14.2 -171.3 Source-1,
Source-2,
Source-3°
Shenzhen 481,965 -35.5~12.3 -184.6 Source-1,
Source-2,
Source-3

Foshan 104,667 -34.9 ~10.9 -187.3 Source-1

Dongguan 99,841 -22.2 ~9.3 -99.8 Source-1

Macao 12,652 -37.0 ~ 9.7 -185.3 Source-2,

Source-3

# Source-1: Tunnel excavation.
b Source-2: Adjacent excavation or construction.
¢ Source-3: Geological condition.

11

International Journal of Applied Earth Observation and Geoinformation 122 (2023) 103432

progress of tunneling due to the aforementioned reasons. As shown in
Fig. 6-Fig. 11, the time series displacement highlighted in gray indicates
the under-construction period of metro lines, and the results demon-
strate that deformation is highly correlated with construction activities.
Taking the area-A of Dongguan Line 1 as an example (see Fig. 10 b), from
Daojiao East Station to Bus Terminal Station, the area was slowly
deformed from the begging to the middle of 2020 on P01-P03, followed
by a rapid subsiding trend that was observed from September 2020 with
a maximum cumulated displacement of -86.0 mm on P03. This type of
deformation is obvious in regions of other cities with metro construction
within GBA, such as P01-02 and P05-09 in Guangzhou, PO7-08 and
P11-12 in Shenzhen, and PO1-06 in Foshan. In addition, the result
shows that large excavation-induced deformation no longer continues to
develop after the excavation is finished in some areas, such as P01 in
Hong Kong (To Kwa Wan Station, see Fig. 6b), and PO1 in Guangzhou.
Collapse is the most common type of accident resulting from tunnel
excavation, which on occasion leads to catastrophic events during the
construction of metro lines. Statistical evidence indicates that collapses
accounted for 65% of major tunnel construction accidents from 2010 to
2020 in China, causing a total of 172 fatalities and accounting for 59% of
all fatalities (Zhu et al., 2022). Three catastrophic collapses occurred in
the GBA during the monitoring period, including the “2018-01-25
Guangzhou collapse event” along Line 21, the “2018-02-07 Foshan
collapse event” along Line 2, and the “2019-12-01 Guangzhou collapse
event” along Line 11. Fig. 9 (b) shows the deformation zone along Line 2
between Huchong Station to Lvdao Lake Station near the location of the
“Foshan collapse event”, which is associated with groundwater leakage
and soft soil consolidation (Zhu et al., 2020). The results demonstrate
that the area on both sides of the segment has experienced substantial
deformation since the time of our monitoring, notably, P01, located
approximately to the collapsed area, has experienced the largest subsi-
dence with a cumulative displacement of -187.3 mm (see Fig. 9 b).

(2) Adjacent excavation or construction

The foundation pits and buildings constructed adjacent to existing
metro tunnels are the secondary factors contributing to ground defor-
mation along metro lines, which unavoidably disrupt the balance of
ground stress and rise soil movements in the vicinity of the tunnels
(Liang et al., 2018). These activities consequently induce uplift and
subsidence, which harm both the underlying tunnels and surrounding
infrastructures, potentially resulting in damage to adjacent existing
tunnels (Chang et al., 2001).

This type of deformation is prominently evident in Shenzhen, where
rapid urbanization is currently taking place. As shown in Fig. 8 (b), the
selected coherent point (P06) near the Gangxia North hub experienced a
moderate subsidence starting from March to June 2019, which was
immediately followed by an uplift trend from June 2019 to September
2021. During the construction of the diagram wall, a subsidence of
-11.26 mm occurred, possibly as a result of dewatering. Similar phe-
nomena weredocumented during the construction of diagram walls in
Hong Kong (Linney, 1983). Obvious uplift, up to 15.8 mm, is then fol-
lowed, and probably resulting from a combination of progresses,
including the excavation of the whole foundation pit, back pressure and
precipitation, and excavation of adjacent sections. This phenomenon is
in accordance with the evolution of tunnel uplift recorded in section
K4044 (Zhao et al., 2023). The excavation-induced uplift can also be
found at P02 in Hong Kong and P09 in Macao.

In addition, adjacent excavation with groundmass loss and partial
stress relief can result in ground subsidence, which is an unavoidable
risk to underlying tunnels and surrounding buildings. The magnitude
and distribution of excavation-induced subsidence depend on the
extensiveness of the construction and local geological conditions. Ex-
amples of this type of deformation are shown as P02 in Hong Kong (see
Fig. 6 (c), constructions nearby Tin Wang Station), P04 in Guangzhou
(see Fig. 7 (c), nearby construction of interchange station), PO1-P02 (see
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Fig. 8 (b), nearby construction of the entrance of Shenzhen-Zhongshan
Bridge) and PO3-PO5 (see Fig. 8 (c), nearby construction of buildings)
of Shenzhen, and PO1-P08 of Macao (see Fig. 11 (b)-(f), nearby con-
struction of structures).

(3) Geological condition

The geological features present varying heterogeneity and
complexity across cities within the GBA, as described in section 2. The
deformation induced by the geological condition and excavation is often
accomplished, such as tunneling under karst terrain that is particularly
widely distributed in Guangzhou and northeast of Shenzhen (He et al.,
2020; Ren et al., 2016). Deformation and even collapse, sometimes
inevitably happened when excavation or construction in areas with the
unfavorable geological conditions, as the cases are shown in section
5.1.1. For this reason, we will not discuss it furthermore in this section.

Sediment consolidation is another main cause of deformation,
particularly in the coastal zones, which has already been demonstrated
by the InSAR-derived deformation (Du et al., 2020; Ma et al., 2019). The
results in this study indicate that the Guangzhou metro No.18 Line
located at the tail of the Nansha district has experienced significant
subsidence, which is up to 97.1 mm, as shown in section C in Fig. 8 (d).
This subsidence is mainly attributed to the long-term consolidation of
the alluvial clay deposits (Feng et al., 2021), and it is exacerbated by the
excavation, as revealed at P05 (see Fig. 8c).

Extensive land reclamations have also been carried out in the coastal
zones in Hong Kong, Macao, and Shenzhen. To investigate the ground
deformation caused by land reclamation, we compare the deformation
velocities derived along metro lines situated in both reclaimed and non-
reclaimed lands in Shenzhen. The mean deformation velocity is calcu-
lated as almost zero for the non-reclaimed lands, while this value is —0.4
mm/year in reclaimed land, suggesting that the metro lines constructed
on the reclaimed land are more susceptible to deformation than those in
other regions.

(4) Other factors

Additional factors, such as grouting reinforcement and groundwater
variation, may also contribute to deformation in both underlaying tun-
nel and ground surface.

Grouting reinforcement is a necessary geotechnical technique to
avoid extensive subsidence before tunneling, or to mitigate tunneling
accidences, in areas with problematic stratum, such as water-rich, soft
soil, sandy cobble, silty sand, silty clay, coarse sand, and weathered
granite (Dong et al., 2022). However, the ground can be uplifted when
the slurry is largely inflowed and exceed pore water pressure, and this
phenomenon often happens for tunnel construction in urban areas with
problematic strata (Dong et al., 2022). This technique has been adopted
during the metro construction in the GBA (Dong et al., 2022; He et al.,
2020; Zhao et al., 2023); however, due to the lack of detailed informa-
tion on grouting activities, such as injection time and slurry volume, it is
difficult to capture the uplift at the obtained coherent point. We sus-
pected that the grouting-induced uplift is happening during the period
between grouting reinforcement and excavation of the foundation pit.

Groundwater variations in the aquifer system due to pumping and
recharging are usually coupled with ground deformation. On the other
hand, long-term tunnel deformation can cause groundwater infiltration
and further damage to the tunnel, and this phenomenon is very signif-
icant in Shanghai (Shen et al., 2014). Previous studies report that the
ground along metro lines in Beijing and Shanghai has suffered a long-
term longitudinal deformation due to the activities associated with the
local aquifer system (Duan et al., 2020; Wang et al., 2022). This defor-
mation trend related to groundwater variation has not been observed in
our results, but it cannot be excluded that the deformation is associated
with fluctuation in groundwater levels at a very local scale and with
differing extents, which may need further investigation.
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5.2. Risk assessment

The summarized heatmap and the final risk level map are demon-
strated in Fig. 13. In the final risk level map, the three risk levels account
for 13.76% (L1), 2.16% (L2), and 0.39% (L3) of the buffer zone along
metro lines (~1,259 kmz). The mean displacement velocities of points in
the L3, L2, and L1 clusters are -6.5 mm/year, —-3.4 mm/year, and —2.2
mm/year, respectively, while this value is calculated to be -0.2 mm/
year for LO cluster (83.69% of buffer zone area). These values are sta-
tistically reflecting the trend of the deformation, and the deformation
velocity for a single point can deviate largely to this value.

Comparing the risk level assessment with the original displacement
velocities, we can see that the high risky areas are overall confirmed to
the areas with large deformation. However, there are several steps in the
risk assessing method that can be optimized in the future. Firstly, the
threshold applied to label the point is empirically chosen, and it leads to
a larger number of points labeled as 1 (slight deformation) than that
labeled as 3 (severe deformation). Moreover, the radius R is empirically
set to be 1 km when creating the heatmap in this study. If this radius is
set too small, there will be many zero neighboring points, which leads to
an infinite value for the weight. The larger the radius, the harder for the
risky levels to be differentiated.

Secondly, the risk assessment is based on point-wise data, which is
selected according to their phase stability and are spatially
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Fig. 13. (a) The weighted heatmap summarized with heatmaps for? = 1,2,
and 3, and (b) the risk level map of metro lines within the GBA.
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inhomogeneous sampled. This can be improved by using homogeneous
coherent points, such as distributed scatterer InSAR (Jiang et al., 2015;
Jiang and Guarnieri, 2020). Alternatively, in this study, the risky index
and the total number within a small region are used as a weight in
producing the heatmap to balance the point density difference. How-
ever, this can lead to underestimation of risk in areas with a large
number of selected permanent scatterers, and overestimation of risk in
areas with very few selected permanent scatterers.

Finally, the risk assessment is based on the InSAR-derived displace-
ment velocity. It can reflect the severity of the land deformation along
metro lines to some extent, however, InSAR-derived time-series defor-
mation of different temporal patterns can have the same velocity, and
they cannot be differentiated by using the aforementioned risk assess-
ment. InSAR-derived deformation features strong noises and low tem-
poral resolutions in many cases. Adaptation of time-series analysis
methods should be able to deal with these difficulties in the future.

6. Conclusions

In this study, a comprehensive deformation behavior along the metro
lines in the GBA, one of the most rapidly developing metropolitan areas
in the world, has been presented based on the MT-InSAR derived results.
Ground deformation along 42 operated and 25 under-constructed metro
lines within 6 out of 11 cities in the GBA, have been revealed using
multi-temporal Sentinel-1 data spanning from March 2017 to February
2022. The results indicate that the InSAR-derived LOS displacement
velocities in the study areas range from -39.4 mm/year to 14.2 mm/
year. The findings of this study suggest that tunnel excavation, adjacent
excavation and construction, andunfavorable geological conditions are
the three typical factors responsible for the deformation in the study
areas. Due to lacking detailed information, deformation induced by
other factors not limited to, such as grouting reinforcement and local
groundwater variations, is encouraged to be explored in further study. In
addition, risk assessment based on the derived InSAR deformation ve-
locities is carried out by using the proposed MAD heatmap clustering
method. The findings suggest that an area summed up to approximately
205.24 km? has experienced a relatively severe deformation, with
13.76%, 2.16%, and 0.39% of the area ranking as risk levels L1, L2, and
L3, respectively. The mean velocities of the levels L1, L2, and L3 are
-6.5 mm/year, -3.4 mm/year, and —-2.2 mm/year, respectively. Future
work calls for research focusing on the risk assessment of diverse
deformation patterns based on deep learning methods, and detailed field
information is necessary to be collected to assist research related to
deformation of the metro systems.
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