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Abstract: With the development of the economy, land reclamation, as a result of dredged soil, has
become an effective measure to alleviate land scarcity in many coastal cities around the world.
Chongming East Shoal (CES), a typical reclamation area in Shanghai that is formed by multi-phase
reclamation projects, was selected as the study area. The small baseline subset–interferometry
synthetic aperture radar (SBAS-InSAR) method was applied to derive the map of velocity distribution
and accumulated deformation with 70 Sentinel-1 synthetic aperture radar (SAR) images collected
from 22 March 2015 to 2 December 2019. In addition, 25 undisturbed soil samples, including dredger
fill and underlying soil layers, were collected from five boreholes (maximum depth 55 m) through a
field investigation. Laboratory tests were then performed on all soil samples in order to facilitate an
understanding of geological features, including the measurement of basic physical properties, cation
exchange capacity, compressibility, microscale structure, and pores. The present results show that
the whole CES was undergoing differential ground deformation, with a velocity ranging from −47.5
to 34.6 mm/y. Fast (−3.4 mm/y) to slow (−0.3 mm/y) mean subsidence velocities were detected in
multi-phase reclamation areas from inland areas to the coastline, and were controlled by building
load and geological features of soil layers. Urbanization is the main factor that triggers accelerated
subsidence and should receive special attention for reclamation areas that have been finished for a
long time (over 20 years in this study). The geological features indicated that poor drainage conditions
in offshore soil layers resulted in slow subsidence. The field investigation and laboratory test can be
powerful explanatory tools to monitor the results from a mechanical perspective.

Keywords: Sentinel-1 images; multi-phase reclamation; dredger fill; field investigation;
geological features

1. Introduction

In recent decades, large-scale land reclamation by dredged soils has expanded land resources and
living spaces in many coastal countries [1,2], and hydraulic reclamation has gradually become the main
method, thus forming a large number of building foundations that are composed of dredger fill [3,4].
In particular, China reclaimed about 1600 km2 of “new land” from 2002 to 2011 [5], contributing
significantly to economic growth and the urbanization process. Shanghai is located at the estuary
of the Yangtze River, surrounded by deep-water channels, and produces a large amount of dredged
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soil, which compensates for the increasing demand for land resources [6]. Shanghai has successively
carried out many reclamation projects in Chongming East Shoal, Pudong Side Shoal, and Hengsha
East Shoal (Figure 1a).
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Figure 1. Google Earth-based maps of (a) Shanghai city and the northeastern study area, (b) spatial 
evolution of land reclamation in Chongming East Shoal (CES) since the 1990s, and (c) sampling points 
(C1-C5) at different phases. Note that stage 1 and stage 2 were bounded by the cofferdam built in 
1976. 

2. Materials and Methods 

2.1. Field Investigation-based Stratigraphic Structure and Laboratory Test 

Shanghai is geographically located in the southeast front of the Yangtze River Delta, and has a 
flat terrain and dense river ports. The average elevation of Shanghai is 4 m, based on the Wusong 
zero elevation point. The bedrock surface in Shanghai is covered by the Quaternary deposits (alluvial) 
with a thickness of approximately 250-300 m, except for the exposed sporadic volcanic residual hills 
in the southwest. On the whole, the faults within the bedrock show low activities [34]. Flocculation 
and sedimentation of fine sediments are among the main causes of sediment deposition in estuarine 
and coastal areas [35,36]. Sediment carried into the sea by the Yangtze River is deposited in Shanghai 
by the ocean tide. Its geological environment was such that Chongming Island, the largest alluvial 
sand island in China, began to emerge and gradually developed into the current pattern from 618–
626 (Figure 1a). Chongming East Shoal (CES) is located at the easternmost end of Chongming Island, 
which is close to the intersection of the Yangtze River and the Yellow Sea (Figure 1a). As a typical 
multi reclamation area, CES expanded quickly from west to east (Figure 1b). The more eastward it is 
located, the later the reclamation time is along the long axis. As shown in Figure 1c, five cofferdams 
that were built in 1949, 1964, 1976, 1990, and 1998 bound the reclamation area. Furthermore, the 
reclamation area could be divided into stage 1 and stage 2 by the cofferdam built in 1976—
representing two upsurges in reclamation activities. 

At present, the land of CES is usually used for agriculture. However, in order to meet the 
development needs of Shanghai's economic integration, a large area of construction land has been 
planned. Furthermore, the Chongming metro line (Figure 1c), linking Shanghai City, Changxing, and 
Chongming Island, is about to start construction and will further promote local development and 
construction. Previous studies focused on the Pudong Side Shoal, which has a rapid development 

Figure 1. Google Earth-based maps of (a) Shanghai city and the northeastern study area, (b) spatial
evolution of land reclamation in Chongming East Shoal (CES) since the 1990s, and (c) sampling points
(C1-C5) at different phases. Note that stage 1 and stage 2 were bounded by the cofferdam built in 1976.

However, dredger fill is characterized by high porosity, high compressibility, high water content,
low permeability, and a low bearing capacity [7]. After dredged soils are deposited, consolidation
can occur not only in dredger fill but also in underlying soil layers. Therefore, land subsidence is an
unavoidable problem in reclamation areas. Land subsidence is usually considered to be a series of
hazards causing great economic losses [8]. It may cause substantial damage, such as ground fissures,
loss of ground surface elevation, and ground collapse. Furthermore, land subsidence can cause damage
to farmlands, local constructions, and underground infrastructures [9–11]. Therefore, it is necessary
to detect, and continuously monitor, land subsidence in reclamation areas in order to clarify the
evolutionary processes so that appropriate measures can be taken to safeguard life and to ensure the
safety of property.

Traditional deformation monitoring methods, such as spirit leveling and the use of the Global
Positioning System (GPS), are reliable and have a millimeter-level accuracy [12]. Nevertheless, it is
difficult to facilitate an understanding of large areas through sparse point subsidence information.
Within this framework, a well-established remote-sensing technique, known as the differential
interferometric synthetic aperture radar (DInSAR) has proven to be a powerful geodetic tool for
investigating land subsidence on a large spatial scale [13,14]. DInSAR can detect highly reliable
information of ground deformation with the outstanding technical advantages of wide spatial coverage,
high spatial resolution, and day-and-night and all-weather working capability [15–19]. However,
for long time series deformations, conventional DInSAR suffers from the key limitation of temporal
and geometrical decorrelations, as well as atmospheric artifacts, so it is difficult to obtain reliable
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monitoring results [20,21]. Therefore, advanced DInSAR methodologies have emerged. At present,
the two most widely used DInSAR techniques are the permanent scatterers (PS) method and the
small baseline subset (SBAS) method [22–25]. The PS-InSAR method has proven to be more suitable
for deformation monitoring in urban areas; it relies on stable radar reflectors that consist of single
targets that are unaffected by temporal and spatial decorrelations. Unlike PS-InSAR, the SBAS-InSAR
method, proposed in the early 20th century [26–28], has a high data utilization rate; it is widely used in
large-scale and distributed targets [29–31]. Reclamation areas are usually large and continuous and
have complex land-use types. Their urbanization is still underway, so SBAS-InSAR is more appropriate
for these areas. Land subsidence is essentially caused by the consolidation and compression of loose soil
layers, resulting in the slow reduction of ground elevation [32]. However, studies on the interpretation
of InSAR-derived deformations in relation to field investigation and geological features in multi-phase
reclamation areas are insufficient [33].

This paper aims (1) to monitor the ground deformation of a typical multi-phase reclamation area
in Shanghai using the SBAS method, and to perform a zone division and corresponding time series
analysis in order to illustrate the overall deformation characteristics; (2) to explore the relationship
between SBAS-derived deformation and reclamation time and urbanization, for the purpose of a
driving force analysis; (3) to investigate the geological features, including physical and chemical
properties, compressibility, distribution of microscopic pores, and the microstructure characteristics of
soil in different phases of reclamation areas and (4) to draw a correspondence between the SBAS-derived
deformation and the soil properties in order to reasonably interpret the monitoring results. This study
can offer guidance for future construction and provides a reference for the prevention and control of
land subsidence.

2. Materials and Methods

2.1. Field Investigation-based Stratigraphic Structure and Laboratory Test

Shanghai is geographically located in the southeast front of the Yangtze River Delta, and has a
flat terrain and dense river ports. The average elevation of Shanghai is 4 m, based on the Wusong
zero elevation point. The bedrock surface in Shanghai is covered by the Quaternary deposits (alluvial)
with a thickness of approximately 250-300 m, except for the exposed sporadic volcanic residual hills
in the southwest. On the whole, the faults within the bedrock show low activities [34]. Flocculation
and sedimentation of fine sediments are among the main causes of sediment deposition in estuarine
and coastal areas [35,36]. Sediment carried into the sea by the Yangtze River is deposited in Shanghai
by the ocean tide. Its geological environment was such that Chongming Island, the largest alluvial
sand island in China, began to emerge and gradually developed into the current pattern from 618–626
(Figure 1a). Chongming East Shoal (CES) is located at the easternmost end of Chongming Island,
which is close to the intersection of the Yangtze River and the Yellow Sea (Figure 1a). As a typical multi
reclamation area, CES expanded quickly from west to east (Figure 1b). The more eastward it is located,
the later the reclamation time is along the long axis. As shown in Figure 1c, five cofferdams that were
built in 1949, 1964, 1976, 1990, and 1998 bound the reclamation area. Furthermore, the reclamation area
could be divided into stage 1 and stage 2 by the cofferdam built in 1976—representing two upsurges in
reclamation activities.

At present, the land of CES is usually used for agriculture. However, in order to meet the
development needs of Shanghai’s economic integration, a large area of construction land has been
planned. Furthermore, the Chongming metro line (Figure 1c), linking Shanghai City, Changxing, and
Chongming Island, is about to start construction and will further promote local development and
construction. Previous studies focused on the Pudong Side Shoal, which has a rapid development and
utilization speed [5,13,14], but there are few studies available for land subsidence analysis on CES.
To fill this gap, CES was selected to explore the spatiotemporal patterns of the ground, and we paid
more attention to the reclamation areas east of the G40 highway. At present, the deformation of soft
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layers shows an increasing effect on land subsidence, and the clayey soft layers, down to approximately
75 m deep, have gradually become the major parts where land subsidence happens in Shanghai [37].
Thus, a detailed analysis of the geological features of the shallow soft layers is needed. Five boreholes,
C1 to C5, with a depth range of 55-70 m, were arranged (Figure 1c) to explore the geological features of
soil under different reclamation projects. Here, field investigations were conducted in the reclamation
area within the cofferdam built in 1998, as the reclamation area outside the cofferdam built in 1998
cannot be accessed. Figure 2a shows a geological section map. Note that the slight fluctuation of the
surface is omitted here because the maximum elevation difference of the surface at each borehole is
about 1 m. A total of 25 undisturbed soil samples were collected through field investigations, and each
soil sample was marked in the form of an acronym of soil type-borehole number. For instance, the plain
fill of borehole C1 was recorded as PC1 (Figure 2a).
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Figure 2. (a) Geological section map of borehole profiles (different depth gauges were used here due to
the large gap in soil thickness) based on field investigations; (b) photographs of representative soil
layers; (c) the black interlayer between dredger fill and sandy silt; (d) finger marks on the clay surfaces.

It can be seen that the soil layers are similar, except for the soil layers around borehole C3 (with
thin layers). Meanwhile, based on existing information [38,39], the main geological soil layers are
shown in Table 1, according to their geological age and lithology. Moreover, the widespread soil layers,
including the plain fill, dredger fill, sandy silt, silt clay, and clay, from top to bottom, are shown in
Figure 2b.
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Table 1. Stratigraphic division in Chongming East Shoal (CES).

Geological Age Layer Number and Lithology Deposit Type Distribution Thickness (m)

Holocene
Q4

Q3
4

1O3-1 Plain fill Artificial/reclamation project Reclamation area
1.0–2.4

1O3-2 Dredger fill 1.6–2.4

2O1 Silty clay with sandy silt
Littoral–estuarine

Partial 0.0–1.3
2O3 Sandy silt Whole 2.9–7.0

Q2
4

3OMuddy silty clay
Littoral–shallow sea Partial

0.0–1.7
4OMuddy clay 4.1–6.5

Q1
4

5O1-1 Clay Supralittoral–swampy Whole
16.0–28.6

5O1-2 Silty clay 4.0–13.4

Note: Q1
4, Q2

4 and Q3
4 indicates three sedimentary periods from early to late Holocene.

Greyish yellow plain fill 1O3-1 is a dense and hard soil layer that supports local agriculture and
roads, and only makes a small contribution to ground deformation. Dark gray dredger fill 1O3-2

is characterized by a high water content, large void ratio, and high compressibility in the initial
sedimentary stage. However, the dredger fill in CES was consolidated for more than 20 years and its
geological features may differ significantly from before. The gray sandy silt 2O3 has similar geological
features to those of dredger fill. They are both silty soils that prone to compression. During field
investigations, dredger fill and sandy silt were distinguished by the black interlayer (Figure 2c) that
was formed by floating plant debris. Typical strata in CES are characterized by a very thick Holocene
deposition (represented by clayey and sandy silt layers). Muddy clay 4O, clay 5O1-1, and silty clay 5O1-2

are typical soft soil layers in Shanghai with high compressibility. The above three clayey soil layers are
easily deformed during construction. In particular, fingerprints can be easily left on the smooth and fine
clay (Figure 2d). In reclamation areas, land subsidence is usually induced by primary consolidation,
long-term secondary consolidation of alluvial clay deposits, and creep within the dredger fill [32,40,41].
Since the reclamation projects in CES have been completed over 20 years, the long-term secondary
consolidation of clayey layers is considered to be the major mechanism causing land subsidence when
the stress conditions of strata have not changed significantly.

The geotechnical parameters of soil layers in CES are far less than those in the urban area of
Shanghai, because the study of land subsidence in CES is being in its infancy. In this study, laboratory
tests were, therefore, performed on all soil samples in order to obtain the geotechnical parameters of
the soil layers from macro- and micro-perspectives. The laboratory tests included measurements of
basic physical properties (water content, wet and dry density), cation exchange capacity (CEC), and
rapid consolidation. All tests were conducted under the guidance of the Standard for Soil Test Methods
(GB/T 50123-1999) [42]. A KTG-GY auto-consolidation instrument, which can automatically pressurize,
collect data, and calculate the compression index CC, was used in the rapid consolidation test, with a
loading order of 0.0125, 0.025, 0.05, 0.1, 0.2, 0.4, 0.8, and 1.6 Mpa. Macroscopic ground deformation is,
typically, characterized by the accumulation of the displacement and deformation of soil particles on
the micro-scale [43–46]. Mercury intrusion porosimetry (MIP) and scanning electron microscopy (SEM)
were conducted on representative soil samples to (a) test the porosity and distribution of microscopic
pores by AUTO-PORE 9500 (Micromeritics Instrument Corp., Norcross, GA, USA) and (b) to observe
the spatial structure of soil particles by Phenom ProX (Generation 5) on the micro-scale.

2.2. SBAS-InSAR Processing

SBAS is a post-processing algorithm designed to generate deformation velocity maps and
displacement time series by using standard multi-look DInSAR interferograms. According to the
relevant literature [26–28], we here provide a simplified basic theory of SBAS to facilitate a preliminary
understanding of the methodology, and the corresponding workflow is shown in Figure 3.
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A set of N + 1 SAR images over the same area was acquired at ordered times (t0, · · · , tN).
Additionally, it was assumed that all images are co-registered with respect to one image that was
selected as the common master image so that a common grid can be used. Then, M interferograms can
be generated and combined by creating the thresholds of the small baseline conditions:

N + 1
2
≤M ≤ N(

N + 1
2

) (1)

For a generic interferogram i, generated from SAR images acquired at times tB and tA ( tB > tA),
the phase signal of each unwrapped interferogram for a coherent pixel, located at coordinates (x, r), is
as follows:

δφi(x, r) = φ(tB, x, r) −φ(tA, x, r) ≈ ∆φdisp + ∆φtopo + ∆φorb + φatm + ∆φnoise (2)

where (x, r) is the coordinate of the image with a high coherence point, φ (tB, x, r) and φ (tA, x, r)
are the phases of the two SAR images, and ∆φ disp is the deformation phase caused by the change
in the distance between the target and the radar in the line of sight (LOS) direction from tA to tB. In
addition, ∆φ topo, ∆φ orb, ∆φ atm, and ∆φ noise account for the phase errors induced by topography,
satellite orbit, atmosphere, and other noises, respectively. For SBAS-InSAR, deformation phase ∆φ

disp can be obtained by removing the residual components from the interferometric phase, and then a
system of M equations with N unknowns can be defined as follows:

Aφ = δφ (3)

where A represents an M × N coefficient matrix related to the set of interferograms generated from the
available data, and φ = [φ(t1), φ(t2), . . . , φ(tN)]T is the N × 1 vector of unknown deformation phases
based on measurement points. Moreover, the unwrapped phase values can be expressed as δφ =

[δφ(t1), δφ(t2), . . . , δφ(tN)]T. Moreover, the present unknowns can be replaced with the mean phase
velocity ν, given by the following:

v = [v1, v2, . . . vN]
T =

[
φ1

t1 − t0
,
φ2 −φ1

t2 − t1
, . . . ,

φN −φN−1

tN − tN−1

]T
(4)

Accordingly, Equation (3) can be rewritten as follows:

Bv = δφ (5)

where B is an M × N coefficient matrix corresponding to the unknown vector. Finally, the least square
(LS) and singular value decomposition (SVD) methods can be applied to matrix B to calculate the
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deformation velocity. Then, the accumulated deformation of each image, relative to the first image, can
be obtained by summing the deformation velocity and time span products. However, SBAS-derived
displacements are in the LOS direction, and can be converted to vertical deformations because the
vertical deformations dominate ground deformation in reclamation areas [47]. Therefore, the LOS
measurements dLOS were converted into a vertical direction dv, according to the following incidence
angle θ:

dv= −
dLOS
cosθ

(6)

The SAR data were collected from the Sentinel-1 satellite that was launched by the European
Space Agency [48–50]. The corresponding precise orbital ephemeris data of AUX_POEORB was also
acquired to refine the orbit. It should be noted that the study area was only covered by ascending
SAR images. For SBAS-InSAR, the more data inputted, the more accurate the obtained results can be.
Additionally, we focused on the latest and most detailed ground deformation characteristics, so 70
Sentinel-1 single-look complex (SLC) SAR images were collected from 22 March 2015 to 2 December
2019, with a mean sampling interval of approximately 24.5 days. In addition, global terrain data (shuttle
radar topography mission, SRTM), provided by the National Aeronautics and Space Administration
(NASA), were also needed to simulate and remove the topographical phase. The basic parameters of
the SAR datasets are shown in Table 2.

Table 2. Basic parameters of Sentinel-1 images and shuttle radar topography mission (SRTM) data.

Orbit
Near Polar Sun-Synchronous @

693 km;
175 orbits per cycle

Orbital period 98.6 min
Orbital direction Ascending

Imaging mode Interferometric wide swath mode
(IW)

Swath 250 km
Ground resolution 5 m × 20 m

Polarization Vertical polarization (VV)
Relative orbit number 171

SRTM
Resolution 30 m

Positioning accuracy 20 m
Elevation accuracy 16 m

The Environment for Visualizing Images (ENVI) and SARscape software were used to process
the SAR images. The first step is to generate interferometric pairs with a high coherence. Only
interferometric pairs with a spatial baseline smaller than 191 m and a temporal baseline shorter than
150 days were selected, following the small baseline rules. As shown in Figure 4, the SAR image on
30 March 2018 was selected as the common master image, and is denoted by the yellow diamond.
The green diamonds represent the slave images and each line donates a connection between two
SAR images. Finally, 371 interferometric pairs were generated with uniform connections. During the
interferometric process, a Goldstein filter was used to remove the noise phase [51] and the minimum
cost flow (MCF) method was applied for phase unwrapping [52]. The coherence threshold, used for
the pixel selection, was set to 0.3. In addition, the azimuth looks and range looks were set to 5 and
1, respectively. When generating ground deformation, one hundred and twenty-five ground control
points (GCPs) that approved the quality inspection were utilized in the area to the west of the G40
expressway in order to eliminate the change of phase caused by satellite orbit errors and remove the
residual topographic phase. An atmosphere high path size of 365 days and an atmosphere low path
size of 1200 days were utilized to alleviate the atmosphere delay [53].



Remote Sens. 2020, 12, 1016 8 of 21
Remote Sens. 2019, 11, x FOR PEER REVIEW 8 of 21 

 

 

 
Figure 4. (a) Time-position plot of synthetic aperture radar (SAR) image acquisitions and (b) the time 
baseline of Sentinel-1 interferometric pairs. 

3. Results and Discussion 

3.1. Ground Deformation Characteristics 

Using the SBAS technique, we detected the deformation velocity map (Figure 5a) in CES, as 
measured from 22 March 2015 to 2 December 2019. The negative values of deformation velocity 
represent land subsidence, whereas the positive values reflect uplift. The errors of velocity were 
estimated in order to determine the precision and uncertainty of the SBAS results, as shown in Figure 
5b. The SBAS results are highly accurate (0.2-3.0 mm/y) within the earlier regions before 1949, 
especially in dense building areas, such as Chenjia Town and the southern development zone (0.2-
1.0 mm/y). However, the velocity in the east of the cofferdam built in 1949 shows a relatively low 
precision (3.0-5.5 mm/y) due to a certain degree of decorrelation caused by widespread crops. 
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3. Results and Discussion

3.1. Ground Deformation Characteristics

Using the SBAS technique, we detected the deformation velocity map (Figure 5a) in CES,
as measured from 22 March 2015 to 2 December 2019. The negative values of deformation velocity
represent land subsidence, whereas the positive values reflect uplift. The errors of velocity were
estimated in order to determine the precision and uncertainty of the SBAS results, as shown in Figure 5b.
The SBAS results are highly accurate (0.2–3.0 mm/y) within the earlier regions before 1949, especially
in dense building areas, such as Chenjia Town and the southern development zone (0.2–1.0 mm/y).
However, the velocity in the east of the cofferdam built in 1949 shows a relatively low precision
(3.0–5.5 mm/y) due to a certain degree of decorrelation caused by widespread crops.

3.1.1. Spatial Distribution of Ground Deformation

According to the InSAR measurements in Figure 5a, the CES can be roughly divided into five
zones (A, B, C, D, and E). Zone A, with concentrated and continuous subsidence pixels, coincides
with the main urban area in CES. For zone B, its western part is determined by the boundary of
relatively obvious subsidence and uplift, while its eastern part is bounded according to different
velocity distributions (compared with zone B) and cofferdam locations. Zone C shows a staggered
distribution of subsidence pixels and uplift pixels, where the number of uplift pixels (over 5 mm/y) has
also significantly increased. Zones D and E were bounded by the peripheral cofferdam and most of the
dark red pixels were concentrated in zone D.

When the boundary of each zone was determined, we could obtain statistics on the deformation
velocity and evolution of each zone’s pixels to clarify the corresponding deformation characteristics
(Figure 6). Subsiding zone A, with a deformation velocity of −6.2 mm/y and an accumulated
deformation around −28.6 mm, was identified. Zone A includes Chenjia Town and the southern
commercial development zone, where many roads and buildings cover the reclaimed land. In contrast,
slight subsidence (−2.2 mm/y) was found in zone B, where the accumulated deformation had reached
around −10.9 mm. Zone B is a transition area between the town and farmland, where relatively low
buildings are scattered in villages. Zone B is also the key area for the next step of urbanization, where
a large area of construction land has been planned. Ground deformation in zone C, as an agricultural
area with few buildings, appeared quite stable with a deformation velocity of −1.6 mm/y, and the
accumulated deformation over the past five-years was approximately 7.6 mm.

The above three zones are all within the cofferdam built in 1998, outside of which sit zones D
and E, with the opposite deformation pattern. The most significant subsidence (−11.6 mm/y) occurred
in the easternmost zone D, with accumulated deformation up to about −55.6 mm. The land there
is barren. Finally, the southeastern zone E was the only zone to experience an uplift deformation,
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with 2.3 mm/y, and its accumulated deformation reached to around 10 mm. The increasing ground
elevation is induced by sediment accumulation, and no reclamation project has been conducted here.
Furthermore, driven by the tide or currents, the sediment on the surface of the tidal flat will displace to
various degrees, inducing the largest deformation fluctuation of zone D among all five zones.
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Figure 5. SBAS-derived maps of (a) vertical deformation velocity and (b) its error superimposed onto
a Google Earth image, based on Sentinel-1 SAR images that were collected from 22 March 2015 to
2 December 2019. Five zones (A to E), with different deformation patterns, were divided according to
land use and the locations of partial cofferdams. The black diamonds shown in Figure 5b indicate the
locations of representative ground control points (GCPs).
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Figure 6. (a) Time series deformation of zones A to E and (b) their mean deformation velocities, during
the period ranging from 2015 to 2019 from 22 March 2015 to 2 December 2019. Note that the time unit,
shown in Figure 6a, has been converted from the date, when each Sentinel-1 SAR image was acquired,
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3.1.2. Correlation between Ground Deformation and Reclamation Time and Urbanization

As shown in Figure 6, the subsidence velocity from west to east (A→ B→ C) tends to decrease
gradually within the cofferdam built in 1998. We calculated the mean deformation velocities of
four main reclamation zones (Figure 7a) in the long axis direction and along the borehole profile
(Figure 7b). In the reclamation area within the cofferdam built in 1998, along the long axis direction,
the subsidence velocity does show a decreasing trend from −3.4 to −0.3 mm/y, along with a shortening
of the reclamation time. At the same time, according to the deformation velocity along the statistics
profile P–P’, the deformation in stage 1 is mainly subsidence, while the deformation in stage 2 tends to
uplift. The results in Figure 7b show reasonable consistency with the pattern observed in Section 3.1.1.

In this study, the SBAS-derived deformation patterns of reclamation projects in different phases
were not consistent with other relevant studies (Figure 7c) on land deformation associated with
reclamation projects in coastal areas of China, such as Lin’gang New City, Shanghai [13,14], Xiamen
New Airport, Fujian [47], and Shenzhen, Guangdong [29]. As mentioned before, primary consolidation,
the long-term secondary consolidation of alluvial clay deposits beneath the dredger fill, and creep
within the dredger fill are recognized as the three mechanisms relative to land subsidence in reclamation
areas [32,40,41]. Subsidence induced by the primary consolidation of alluvial clays represents the
majority of the settlement (70% or more in the case of the airport), and the typical secondary
consolidation commenced three years after the reclamation was completed [32]. Moreover, the
subsidence velocity in primary consolidation is faster than that due to secondary consolidation and
creep within the dredger fill [41]. A typical time-settlement curve, including primary consolidation
and second consolidation of alluvial clay beneath the reclamation, is shown in Figure 7d [32]. For the
studies used as examples [13,14,29,47], the time intervals between the completion of the last reclamation
projects and the start of the monitoring are almost all less than three years. Consequently, the main
compression soil layer undergoing sharp, rapid deformation belongs to the primary consolidation
in their monitoring periods. Therefore, offshore lands undergo higher subsidence velocity than
onshore lands.
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under reclamation [32,41].

As for CES, the reclamation project outside the cofferdam built in 1998 was finished in 2015 and
had the fastest subsidence (−11.6 mm/y) because the consolidation state of the soil layers there was
closer to the primary consolidation shown in Figure 7c; the reclamation project within the cofferdam
built in 1998 had been completed for at least 15 years by 2015. The soil layer had already entered
the secondary consolidation and land subsidence should, in theory, be relatively stable (Figure 7c,d).
However, land subsidence in CES develops with decreasing velocity for the zones from the west to east.
Within the cofferdam built in 1998, concentrated and rapid subsidence occurred in Chenjia Town and
the southern commercial development zone (Figure 5a). The common feature of these two locations
is relatively dense buildings. In addition, there was not a large amount of groundwater exploited in
the two areas. Since the mid-1960s, Shanghai has implemented comprehensive control measures of
land subsidence in succession. The groundwater dynamics have basically been stable over the years,
with regional distribution being relatively balanced. The land subsidence caused by groundwater
exploitation has been effectively curbed. The mean land subsidence velocity monitored by Shanghai
layered marks was only 1.8 mm/y in 2011 [54]. The land subsidence effect of engineering construction
is gradually becoming more prominent and has become one of the new subsidence constraints in
Shanghai in recent years [55]. Within this framework, after more than 15 years of reclamation projects,
the most important factor causing land subsidence in the study area is the building load, whereas
the reclamation land is first used for agriculture or land reserves, rather than construction. With the
continuous progress of urbanization, the types of land use will change from agriculture to construction
accordingly and will induce inevitable land subsidence, especially in areas with unconsolidated alluvial
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deposits and reclamation projects [56]. External factors such as buildings and human activities have a
greater impact on triggering accelerated subsidence than the temporal evolution of reclamation.

3.1.3. Validation of SBAS-Derived Results

In CES, external monitoring data are not sufficient, and only one leveling point (Figure 5),
monitored by the Shanghai Institute of Geological Survey (SIGS), can be utilized to validate the
SBAS results. The leveling measurement followed the specification of the second-order leveling with
an error of 2 mm, based on the Chinese national height data from 1985. The level was measured
in March 1996, 2002, 2007, 2012, and 2017 with a low observation frequency because the study of
land subsidence in CES is in its infancy. The height differences of two adjacent measurements were
converted to linear velocities in order to estimate the deformation of each interval. Then, the linear
velocities from 1997–2001, 2002–2006, 2007–2011, and 2012–2016 were plotted and fitted in order
to predict the velocity of the next interval, ranging from 2017 to 2021 (labeled as νL). The leveling
site was located on the side of the road, which was not under construction. In the case of constant
land use, the deformation velocity of the next time interval should be between −2.5 and 0 mm/y,
according to the changing pattern. As shown in Figure 8, a satisfactory fitting curve (R2 = 0.9411) was
obtained at νL is −2.0 mm/y. Moreover, the corresponding SBAS-derived pixel, with the deformation
velocity measured from 22 March 2015 to 2 December 2019 (labeled as νS), included the location of the
level. We can preliminarily estimate the data processing results by comparing νL and νS. One of the
purposes of this study is to guide to establish a monitoring network soon, according to SBAS-derived
ground deformation, so that sufficient attention can be paid to subsidence areas. The comparison of νS
(−2.1 mm/y) and νL (−2.0 mm/y) shows reasonable consistency. Although the leveling data are absent,
the data source and deformation process are consistent, which indicates that the SBAS-derived results
in CES yielded relatively reliable results.
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3.2. Geological Features

In this study, water content, dry density, porosity, cation exchange capacity, and the compression
index were detected by laboratory tests. Figure 9 shows the variation patterns of the geological features
of the soil layers with reduced reclamation time from west to east.
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Figure 9. Changes in the geological features of the soil layers around boreholes from west to east.
The geological features include (a) water content, (b) porosity, (c) dry density, (d) cation exchange
capacity, and (e) the compression index. The boreholes were divided into two groups (C1-C2 and
C3-C5) by the cofferdam built in 1976. Different locations of boreholes indicate the various phases of
reclamation projects.

3.2.1. Basic Physical Properties

In this study, the soil samples were saturated because the degree of saturation for all of them
was over 80% [57]. As shown in Figure 9a, the water content of the plain fill in stage 1 was relatively
low (30%-35%), and there was a significant increase in water content in stage 2, especially the water
content of PC5, which peaked at 51.02%. This shows that there was still a large amount of water
in PC5, which hampered the drainage of water from the underlying soil layer. The dredger fill and
sandy silt had the lowest water content (25%-35%). The range was small and close because both
kinds of soil belong to cohesionless soil, and the water in them can be discharged quickly. Therefore,
reclamation time had a relatively small impact on the water content of the dredger fill and sandy silt.
In contrast, the water content appeared quite close (40%-45%) for MC1-MC3, while it dropped to 30%
for MC4-MC5.
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When water and air are discharged from pores, the effective stress in the soil will increase.
The soil particles will move correspondingly and will then become close to each other, resulting in a
reduced pore volume and compression of soil. It can be seen that porosity represents the theoretically
compressible space of soil, and the changing pattern of porosity was almost consistent with that of
the water content (Figure 9b), as the pores were almost completely filled with water, for saturated
soil. The porosity of PC1-PC3 varied a little, at 46.3% on average, while the porosity of PC5 reached
55.0%. The porosity of clay was always high (54.5%-59.4%), indicating large compression spaces in
clay layers; the average porosity of MC1–MC3 was 52.3%, while it was 45.7% for MC4-MC5, and the
porosity of muddy clay from west to east was significantly reduced, especially for the muddy clay in
stage 2, indicating that the compressible space of silt clay in stage 2 was small. The porosity of sandy
silt and dredger fill still slightly fluctuated.

The changing trend of dry density (Figure 9c) was the opposite to that of water content. Dry
density indirectly reflects the compactness of the soil arrangement [58,59]. Soil with high water content
is arranged loosely, and vice versa. Within this framework, the dry density of the plain fill dropped,
with the decrease in reclamation time (from west to east). The clay layer showed the lowest dry
density (1.10–1.25 g·cm−3), the value of which declined continually from west to east, indicating that
the eastern clay layer was not fully compacted, as compared to the western clay layer. On the whole,
the dry density of dredger fill and sandy silt was relatively high and stable (1.30–1.60 g·cm−3), due to
the greater coarse particle content than the other soil layers. It should be noted that, for muddy clay,
the dry density of MC4 and MC5 was significantly higher than in MC1-MC3. Moreover, the poor
permeability of muddy clay, coupled with its dense arrangement of soil particles, was responsible for
the slow water infiltration.

In general, according to the above findings, the curves in stage 1 were evenly distributed in the
changing range, while the curves in stage 2 were relatively discrete. This shows that the differences in
basic physical properties among soil layers with late reclamation time were greater than those in the
area with early land formation.

3.2.2. Cation Exchange Capacity and Compressibility

The cation exchange capacity (CEC) test was conducted on representative soil samples collected
from boreholes C1, C3, and C5. The higher the CEC, the stronger the ability of the soils with
electric charges, resulting in thicker hydrated films, which makes it difficult for soil to compress and
consolidate effectively. As shown in Figure 9d, the CEC of plain fill varied a little, in the range of
8.50–9.39 mmol/100 g. The CEC of dredger fill and sandy silt was the lowest, with all the values
being below 5 mmol/100 g, except for DC5 (7.22 mmol/100 g). The CEC of dredger fill had an obvious
upward trend with the shortening of the reclamation time. The CEC of muddy clay and clay increased
significantly from west to east. In borehole C5, the CEC of SC5 and CC5 was 20.93 mmol/100 g and
19.23 mmol/100 g, respectively. To sum up, it was difficult for muddy clay and clay to be compacted
and consolidated in areas with late reclamation times, where dredger fill also played a certain role in
blocking the consolidation and compaction of the underlying soil layer.

According to the rapid consolidation test (Figure 9e), the compression index of each soil layer
in borehole C1 was very close, in the range of 0.1591-0.2509. Planned comparisons revealed that
the differences in the compression index of soil layers gradually appeared in the eastern direction.
The compression index of plain fill, dredge fill, and sandy silt was generally low, but the compressibility
of plain fill increased gradually, especially for borehole C5. The compressibility of muddy clay increased
at first and then dropped, with a peak value of 0.4507 occurring in borehole C3. The lowest values
(average 0.2326) were observed in boreholes C4 and C5, which was consistent with the description of
the basic physical properties. The compressibility of the clay layer obviously increased, especially for
the offshore clay layer. The results confirmed that the clay layer close to the coastline had not been
effectively consolidated.
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3.2.3. Microscale Structure and Pore

According to Sections 3.2.1 and 3.2.2, the geological features of dredger fill and plain fill were
stable among the boreholes, with a relatively small difference in the drainage consolidation. Therefore,
we focused on the microscale structure and pore characteristics of plain fill, silty clay, and clay.

As shown in Figure 10, for plain fill, both the peak pore diameter and the corresponding pore
content showed a decreasing trend. It is clear that there was a relatively greater large pore content of
plain fill in the early-reclaimed area than in the late-reclaimed area. Soil with relatively large pores is
less affected by the hydrated film, leading to smooth water infiltration. As for muddy clay, the peak
pore size and content do not show obvious regularity. However, a small peak pore size was observed
in boreholes C3 and C5, although borehole C5 presented a higher content. The small pores were often
more difficult to compact than large ones. For clay, the peak pore diameter decreased gradually from
west to east, but the content of peak pore diameter increased significantly. This pattern also weakened
the drainage conditions.
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Figure 10. Mercury intrusion porosimetry (MIP)-based micropore distribution of (a) plain fill, (b)
muddy clay, and (c) clay.

The principle of MIP is to inject mercury into the pores of soil in order to obtain the mercury intake
under increasing pressures. Therefore, the distribution of soil pores can be reflected. In general, the
porosity of MIP and the calculated porosity were similar (Figures 9b and 11), especially for muddy clay
and clay. However, for plain fill, the calculated porosity rose from west to east (Figure 9b), while the
opposite was observed for the porosity of MIP, and thus the calculated porosity of borehole C5 was
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12.4% higher than the porosity of MIP. The pores measured by MIP are connected and exclude closed
pores. For PC5, although the calculated porosity was high, there were many closed pores, so the water
could not be effectively discharged. The clay layer did not obviously show closed pores. Due to its low
MIP porosity and calculated porosity, the clay layer showed strong impermeability.

Remote Sens. 2019, 11, x FOR PEER REVIEW 16 of 21 

 

Figure 10. Mercury intrusion porosimetry (MIP)-based micropore distribution of (a) plain fill, (b) 
muddy clay, and (c) clay. 

The principle of MIP is to inject mercury into the pores of soil in order to obtain the mercury 
intake under increasing pressures. Therefore, the distribution of soil pores can be reflected. In general, 
the porosity of MIP and the calculated porosity were similar (Figures 9b and 11), especially for muddy 
clay and clay. However, for plain fill, the calculated porosity rose from west to east (Figure 9b), while 
the opposite was observed for the porosity of MIP, and thus the calculated porosity of borehole C5 
was 12.4% higher than the porosity of MIP. The pores measured by MIP are connected and exclude 
closed pores. For PC5, although the calculated porosity was high, there were many closed pores, so 
the water could not be effectively discharged. The clay layer did not obviously show closed pores. 
Due to its low MIP porosity and calculated porosity, the clay layer showed strong impermeability. 

 

 
Figure 11. Variation of porosity based on MIP and corresponding SEM images. 

According to the SEM images shown in Figure 11, for plain fill, the particles of PC2 were coarse 
(50-100 μm); clay particles mainly appeared as clay aggregates with good connectivity. While the soil 
particles of PC4 were also coarse (50-100 μm), the clay particles were dispersed in the skeleton formed 
by large particles, resulting in alternate pore sizes and poor connectivity. The particle size and pore 
size of PC5 decreased sharply to 50 μm, with clay particles dispersed in the pores. From west to east, 
the microstructure gradually changed from having a skeletal/aggregate structure to a flocculent 
structure, indicating that the drainage conditions of plain fill were getting worse; for muddy clay, 
MC1 was mainly composed of soil particles with a size of less than 50 μm. Clay particles existed as 
soil aggregates (50-100 μm) with small pores. In addition, quartz particles and flaky clay minerals 
were also visible. There were large soil particles in MC4, with clay particles dispersed in 
corresponding pores. However, the pores of MC5 were fine, and the flaky soil particles were in face-
to-face contact. The microstructure of muddy clay transitioned from having a skeletal/aggregate to 
skeletal/ flocculent structure from west to east. Compared to the above two kinds of soil, clay showed 
a matrix structure with fine and uniform soil particles. In addition, there were some fractures among 
the cemented clay particles. However, the fractures of CC1 were obviously long and wide, but the 
development degree of the fractures in CC4 and CC5 decreased. The SEM test indicated that, in the 

Figure 11. Variation of porosity based on MIP and corresponding SEM images.

According to the SEM images shown in Figure 11, for plain fill, the particles of PC2 were coarse
(50–100 µm); clay particles mainly appeared as clay aggregates with good connectivity. While the
soil particles of PC4 were also coarse (50-100 µm), the clay particles were dispersed in the skeleton
formed by large particles, resulting in alternate pore sizes and poor connectivity. The particle size and
pore size of PC5 decreased sharply to 50 µm, with clay particles dispersed in the pores. From west to
east, the microstructure gradually changed from having a skeletal/aggregate structure to a flocculent
structure, indicating that the drainage conditions of plain fill were getting worse; for muddy clay, MC1
was mainly composed of soil particles with a size of less than 50 µm. Clay particles existed as soil
aggregates (50–100 µm) with small pores. In addition, quartz particles and flaky clay minerals were
also visible. There were large soil particles in MC4, with clay particles dispersed in corresponding
pores. However, the pores of MC5 were fine, and the flaky soil particles were in face-to-face contact.
The microstructure of muddy clay transitioned from having a skeletal/aggregate to skeletal/ flocculent
structure from west to east. Compared to the above two kinds of soil, clay showed a matrix structure
with fine and uniform soil particles. In addition, there were some fractures among the cemented
clay particles. However, the fractures of CC1 were obviously long and wide, but the development
degree of the fractures in CC4 and CC5 decreased. The SEM test indicated that, in the early-reclaimed
area, the agglomeration of clay particles was stronger, the fractures and pores were more developed,
and the connectivity was stronger compared to the late-reclaimed area. However, in the area with a late
reclamation time, the clay particles were mainly dispersed in the pores, which made the connectivity
weak and the drainage capacity poor.
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3.2.4. Subsidence Mechanism

Figure 12 indicates the simplified stratum and drainage condition of zones A, B, and C (shown
in Figure 5). Compared to zones A and B, zone C has significant differences in ground deformation
characteristics, land use types, and geological features:
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First, from west to east, the types of land use in CES gradually transform from dense buildings
to scattered buildings, and finally large-area farmland. This transformation, as a process of land
development and utilization from high to low, indicates the different load types that change from
the building load and self-weight of soil to only the self-weight of soil. Second, zone C, as a
representative area with a late reclamation time, undergoes a lower subsidence velocity and accumulated
deformation than zones A and B. Finally, although the clay layer in zone C shows higher compressibility,
its consolidation suffers from the limitation of a higher cation exchange capacity (CEC). Moreover,
the overlying muddy clay layer has a worse drainage capacity; only a small amount of water can be
smoothly discharged, thus reducing the efficiency of the consolidation. Both dredger fill and sandy
silt belong to the category of silty soil and show relatively close geological features with relatively
smooth drainage. However, the water content of plain fill in zone C increases significantly. In the
offshore areas (with late reclamation time), when the topsoil is excavated to a depth of 40 cm, water
seepage can be observed. It needs a long time to discharge the water, further hindering and delaying
the consolidation of the underlying soil layer. From the perspective of the microstructure, the clay
particles in zone C are dispersed in the pores formed by large-grain skeletons, with small pores and
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poor connectivity. The clay particles in zones A and B are often in the form of aggregates, leading to
larger pore size and better connectivity.

From the above results, it is clear that, although the soil layers in the offshore reclamation area
have more compression space, their poor drainage condition limits the consolidation deformation.
Therefore, the offshore reclamation area undergoes a lower subsidence velocity (−0.3 mm/y) than the
interior (−3.4 mm/y).

4. Summary and Conclusions

In this study, SBAS-InSAR was used to interpret and process 70 Sentinel SAR images covering
Chongming East Shoal (CES) in Shanghai. Moreover, the spatial distribution of ground deformations
and geological features along typical profiles was analyzed in order to facilitate an understanding
of ground deformation associated with different reclamation projects and the mechanism. The main
conclusions are as follows:

1. Non-uniform ground deformation ranging from −47.5 to 34.6 mm/y was measured from
22 March 2015 to 2 December 2019 with relatively reliable precision. Furthermore, differential
land subsidence was identified in multi-phase reclamation areas, except for the southeast tidal flat.

2. For the reclamation areas completed more than 20 years ago, the offshore lands where projects
started late underwent lower subsidence velocity than the onshore areas. The reason is that
urbanization shows a greater impact on triggering accelerated subsidence than the temporal
evolution of reclamation when compression layers enter long-term secondary consolidation.
Chenjia Town and the southern commercial development zone have, therefore, become the centers
of ground subsidence.

3. The stratigraphic structure and geological features of soil layers also play a critical role in ground
deformation. According to the laboratory test, the drainage condition of the soil layer in the
offshore area is worse, as compared to the area with early reclamation time, so the soil layer is not
fully compressed, resulting in slow subsidence.

The SBAS-InSAR method, coupled with laboratory tests, is vital for assessing land subsidence,
and provides support for planning land use efficiently and mitigating associated risks, although this
study suffers the limitation of relatively few leveling points. Further work on improved leveling
networks, together with a higher sampling frequency, would also be of merit to enrich and improve
these preliminary results.
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