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A DInSAR Investigation of the Ground Settlement
Time Evolution of Ocean-Reclaimed Lands
in Shanghai
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Man L. He, Jun Wang, and Xi Tang

Abstract—Reclaimed lands are seriously affected by ground set-
tlement episodes, which are primarily caused by unconsolidated
soils, and could result in severe damage to buildings and public
infrastructures. In this work, we present a differential synthetic
aperture radar (DInSAR) analysis of the ground displacement
that impacts the ocean-reclaimed areas of the Nanhui New City
of Shanghai (China), based on jointly exploiting persistent scat-
terers (PS) and small baseline (SB) approaches. The mean line of
sight displacement velocity maps and the corresponding interfer-
ometric time-series of deformation were initially cross-compared
to assess the accuracy of both DInSAR techniques in regions sub-
ject to long-lasting land reclamation processes. By exploiting a
set of 31 SAR images collected by the ASAR/ENVISAT sensor
from February 2007 to May 2010, we found the average differ-
ence between PS and SB velocity maps at 1.2 mm/year, with a
root mean square difference of 5 mm for single measurements.
Despite the increased levels of noise in the interferograms, due to
the extremely time-varying electromagnetic and geometrical char-
acteristics of the SAR scenes in correspondence to reclamation
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platforms, these results suggest that during first stages of reclama-
tion processes both DInSAR methods are able to correctly identify
points that preserve high level of accuracy. We have thus pre-
dicted the forthcoming time evolution of ground displacement over
reclaimed platforms by combining DInSAR measurements and
geotechnical-derived models, suggesting that approximately 90 %
of the settlements occur within about 15 years.

Index Terms—Deformation, differential synthetic aperture
radar interferometry (DInSAR), persistent scatterers (PS), small
baseline (SB), time-series.

I. INTRODUCTION

IFFERENTIAL synthetic aperture radar (DInSAR) inter-

ferometry [1], [2] has drawn increased attention by the
scientific community over the past few years, and currently
represents a well-established remote sensing technique for the
continuous detection and monitoring of Earth’s ground motion,
with a centimeter to millimeter accuracy [3]. DInSAR is based
on phase difference (interferogram) measurements between
a pair of complex-valued SAR images acquired at different
epochs and from slightly different orbital positions. These mea-
surements allow for the detection of the radar line of sight
(LOS) projected surface displacement component. Even though
DInSAR methodology was originally applied to study single
deformation episodes [4]-[7], since the development of the
so-called “advanced” multitemporal DInSAR approaches, its
capabilities have improved to allow for retrieval of temporal
evolution of the LOS-projected displacement. Such methods
are based on implementing a proper inversion of differential
SAR interferogram sequences. During the past 15 years, there
has been an increase in the literature written on the advance-
ments of multitemporal DInSAR techniques, most of which
analyze space-borne SAR data [8]-[15]. More recently, some
experiments have also demonstrated the reliability of DInSAR
measurements achieved by utilizing airborne data collected at
any band [16].

Advanced multitemporal DInSAR techniques are distin-
guished by two approaches: the persistent scatterers (PS) [8]—
[11] and the small baseline (SB) [12]-[15]; however, a solution
that incorporates both approaches has also been proposed [17].

The PS techniques focus on analyzing point-like targets that
are not significantly affected by decorrelation [18], [19], and
are particularly suitable for monitoring deformation signals that
impact point-wise and man-made objects, such as buildings and
infrastructures in urban areas. Thus, they do not require the
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imposition of any constraints on temporal and spatial separation
baselines of the used DInSAR interferograms, which are gener-
ated with respect to one common SAR scene. PS candidates
are selected according to their backscattering characteristics.
As a result, PS-based approaches essentially perform a model-
based, temporal phase unwrapping strategy, which relies on a
two-dimensional (2-D) linear regression of the wrapped phases
with respect to the average linear displacement velocity and
possible digital elevation model (DEM) errors. Thus, a priori
information on the displacement is mandatory, from which a
linear deformation model can be established.

Conversely, the SB methods allow the investigation of dis-
placement signals that affect distributed scatterers (DS) on
the ground, making it possible to drastically increase the
spatial density of DInSAR measurements, especially in semi-
urbanized and rural areas. However, DS targets are less
impacted by decorrelation noise artifacts [18], [19], thus requir-
ing a proper selection of a set of SAR data pairs characterized
by small baseline values. Therefore, the baseline selection
implies that the SAR data pairs used to produce the inter-
ferograms may be arranged in (a few) disconnected subsets
that can be separated by large baselines. These subsets are
independent from each other (since no suitable interferogram
connecting SAR images belonging to different subsets exists),
thus giving rise to an underdetermined problem for the time-
series inversion. In particular, the advanced algorithm referred
to as Small BAseline Subset (SBAS) [12], which belongs to
the SB class, solves this problem by searching for a mini-
mum norm least squares (LS) solution via the singular value
decomposition (SVD) method [20]. In this latter case, both mul-
tilook [12] and single-look [21] SAR interferograms can be
analyzed.

Despite the differences between the PS and SB classes of
algorithms, they have both been successfully used to detect
and monitor deformation signals due to several natural and
anthropogenic hazards, such as volcanic events, earthquakes,
landslides, man-made subsiding infrastructures, and damaged
buildings [22]-[37].

In this study, we present the results of a DInSAR analysis
carried out over the Nanhui New City in Shanghai (China).
We have relied on the application of both the advanced SBAS-
DInSAR technique and the PS approach, with the latter relevant
to the implementation provided within the interferometric point
target analysis (IPTA) processing chain [9]. The major goal of
the proposed analysis is to recover the temporal evolution of the
displacement that occurs in ocean-reclaimed areas of Shanghai
due to over pumping groundwater activities and, moreover,
to consolidation processes of large areas of dredger fill and
alluvial deposits [38].

Feasible measures for land reclamation from the sea to low-
land countries and coastal cities have been adopted in other
regions, thus resolving issues of land scarcity in highly pop-
ulated areas. For instance, The Netherlands has been reclaim-
ing land since the 16th century. During the 20th century,
1650 km? of new land has been reclaimed for agriculture,
recreation, and urban expansion [39]. Successful land recla-
mation has also been observed in The Palm Islands in Dubai
(United Arab Emirates), populated by large man-made islands
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located in the Arabian Gulf [40]. Additional examples of
public infrastructures built on reclaimed (or partly-reclaimed)
lands [41]-[46] are: 1) Changi Airport, Singapore; 2) Hong
Kong International Airport, China; 3) Kansai Airport, Japan;
and 4) New Doha International Airport, Qatar, and airports
in Brisbane and Sydney in Australia. In China, 1600 km? of
land was reclaimed from 2002 to 2011 [47]. An important
reclamation project has just been approved by Nanhui New
City (formerly Lingang New City), a coastal area of Shanghai,
approximately 300 km? in size, 45% of which was reclaimed
from intertidal wetlands. The reclaimed foundation has been
in a residual settlement process since the completion of the fill-
ing project. Field measurements indicate that ground settlement
of the reclaimed foundation occurred during the construction
of the new city. Average cumulative values of settlement from
2001 to 2006 ranged between 25 and 75 mm corresponding to
the average annual rates between 5 and 15 mm/year [48].

Ground subsidence may cause serious damage to buildings,
highways, airport runways, harbors, and underground facili-
ties. Thus, the utilization of DInSAR technologies for detection
and measurement of residual settlement of reclaimed lands is
vital for land sustainability. Furthermore, serious land subsi-
dence can cause a decrease in sea wall height [49], resulting
in decreased protection from flooding caused by storm surges
and rises in sea levels.

In this framework, the detection and continuous monitor-
ing of ground subsidence play a key role in the assessment
and mitigation of the associated risk, and provide support for
decision making by local authorities. However, the extremely
time-varied conditions of the SAR backscattering signals over
reclaimed areas, even over short time frames, lead to severe
temporal decorrelation noise artifacts in the computed inter-
ferograms. This, combined with the difficulty in finding sta-
ble point-wise scatterers in areas that, during reclamation,
are semi-urbanized (or not at all during the early stages of
reclamation), prevents an “easy” application of the advanced
multitemporal DInSAR methodologies. New challenging prob-
lems may evolve, such as the proper identification of areas on
reclaimed platforms over which interferometric phases remain
(at best) less corrupted by noise, thus not affecting the accu-
racy level of attainable DInSAR products [33], [S0]. We have
thus performed a cross-comparison analysis between the inde-
pendently computed SBAS and IPTA deformation DInSAR
products (i.e., mean deformation velocity maps and deforma-
tion time-series), obtained by processing SAR images col-
lected from 2007 to 2010, by the ASAR sensor onboard the
ENVISAT platform. It is worth stating that, even though vari-
ous independent validation studies demonstrated and assessed
the retrieval accuracy of the DInSAR-based deformation time-
series, very few intercomparison analyses between the two fam-
ilies of PS and SB techniques have previously been attempted
[51]-[53]. Furthermore, those that had been conducted were
over extended regions and did not specifically focus on
those regions subject to severe and long-lasting reclamation
processes.

The PS-IPTA/SBAS time-series of deformation computed
in correspondence to the location of a properly identified set
of high quality points have now been used, in conjunction
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Fig. 1. Shanghai bay area. (a) Location of the Nanhui New City study area in the Shanghai metropolitan area and the distribution of the reclaimed areas from
1950 to 2020. (b) A Landsat image, collected on June 6, 2000, showing Nanhui New City and the distribution of dikes built during different time periods. (c) A
Landsat image from January 1, 2013, showing Nanhui New City and the distribution and procedure of the reclamation areas. (d) A map of bedrock geology and

contour lines of bedrock buried depths.

with geotechnical models that describe the expected temporal
evolution of displacements during the ground consolidation
phases [54], thus gathering insights into the future evolution
of the settlement of reclamation areas in Nanhui New City.
More precisely, we have investigated the compatibility between
time-series of deformation derived from the DInSAR analysis
and those expected from geotechnical analyses and laboratory
centrifuge model test (CMT) experiments [54].

This paper is organized as follows. We first introduce in
Section II land reclamation procedures followed by a descrip-
tion of the study area. SAR data and applied methodology are
presented in Section III and in Section IV we provide details
of the PS-SBAS cross-comparison analysis performed on the
reclamation areas of Shanghai. Prediction models of the forth-
coming evolution of ground displacement consolidation phase
in reclaimed areas, as derived by using DInSAR measurements
combined with the results of geotechnical analyses and labo-
ratory experiments, are provided in Section V. Conclusion and
further developments are provided in Section VI.

II. LAND RECLAMATION PROCEDURES IN SHANGHAI

Land reclamation from the sea has proven to be a fea-
sible measure for solving land scarcity in highly urbanized
areas as observed in the Nanhui (formerly Lingang) New City
project in Shanghai. Approximately, 133.3 km? of land was
reclaimed from 2002 to 2006, representing the initial phase of
an ambitious plan developed by Shanghai authorities to reclaim
1000 km? of new land from the mouth of the Yangtze River
over a span of 20 years. Shanghai sits on the Yangtze River
Delta, located on the eastern coast of China [see Fig. 1(a)].
Shanghai has the largest population in China, is surrounded
by the East China Sea, the Yangtze River Estuary, and the
Hangzhou Bay, and is an important commercial and financial
hub for the entire country [55].

To satisfy the increasing demand for rapid industrial and
urban development, Shanghai implemented large-scale land
reclamation along its coastlines in the 1950s. According to
statistics, the reclaimed land had already covered an area of
1014 km? from 1953 to 2005 [56]. By 2020, a land area of
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TABLE 1
DREDGER FILL TYPE AND TYPICAL ENGINEERING PARAMETER OF RECLAMATION IN NANHUI NEW CITY (PARTLY REFERRED TO [58])

Coefficient of

] ) Typical Water Bulk ) .
Alluvial ~ Spatial Summary ) ) Void permeability for
) o o thickness  content density ] )
deposit distribution description ,. ratio vertical flow
(m) (%) (kN-cm™) X
(cma™)
Dishui  Lake Silty soil,
Type A  and area east saturated, >3 30.7 18.6 0.86 2.88
of 1973 dike slightly dense
West  Dishui
Lake and area Clay soil,
Type B between 1973 saturated, flow 2-3 38.5 17.6 1.11 6.43
and 1994 plastic
dikes

40 km? along the Pudong District coastline is also expected to
be reclaimed.

The Nanhui New City study area is a planned industrial park
development in an international shipping centre, covering an
area of 300 km?, with a population of approximately 600 000
inhabitants. Approximately, 45% of the land was reclaimed
from intertidal wetlands. The reclaimed foundation for most
areas has been in a settlement process since the project fill-
ing that was completed in 2006. Field measurements conducted
at the time of reclamation completion indicated that signifi-
cant ground settlement had occurred during construction of the
new city [57]. The reclaimed area of Nanhui New City had
been intertidal flats, where the ebb currents converge from the
Yangtze River Estuary and the Hangzhou Bay, and the flood
currents diverge in the opposite direction. The flats extend sea-
ward over a maximum distance of about 20 km and have a very
low topographic gradient. Since the levels between the Yangtze
River and the Hangzhou Bay are remarkable, the sediment
transport is across the flats [58], with the high flats enclosed by
dikes. A Landsat image of the study area, collected on June 6,
2000, is shown in Fig. 1(b), where the distribution of the dikes
constructed during different periods is very clear and effective.

It is worth repeating that ground settlement represents an
inherent problem for land reclamation areas, potentially caus-
ing ground failures and infrastructure damages. Settlement can
be caused by various reclamation processes, such as primary
consolidation or long-term secondary compression of alluvial
deposits, deposits beneath the reclamation, as well as creep
within reclamation fill [59]. Reclamation settlement may occur
during foundation construction and after reclamation com-
pletion. The consolidation process is typically comprised of
two stages: primary consolidation and secondary compression
phases. Note that the settlement due to primary consolidation
is faster, and accounts for most of the total settlement (typi-
cally 70% or more). Moreover, it has been observed that the
ground settlements of coastal reclaimed areas in Shanghai have

been caused by over pumping groundwater and consolidation
of large-area dredger fill and alluvial deposits [38].

Additional information on reclamation processes and geol-
ogy of the study area are reported in the following.

A. Reclamation Procedure and Dredger Fill of Nanhui New
City

The reclamation procedure of Nanhui New City is illustrated
in Fig. 1(c). The first phase (enclosed with red lines) started
in 1994 and was completed in 1995. From 2002 to 2004, the
central area (enclosed with orange lines) was reclaimed. The
northern area (enclosed with yellow lines) was reclaimed from
2003 to 2006, followed by the sector enclosed with blue lines.
Sand dams, border dikes, and dredger fill methods were used to
promote the siltation and rapid progress of the land formation.
Reclamation procedures were performed on the eastern sector
of the new city during different time periods. The areas located
between the dikes built in 1973 and 1994 were reclaimed ear-
lier than those located East of the 1994 dike which are still
in the reclaiming process. According to the engineering geol-
ogy characteristics of alluvial soil, hydraulic fill soil is typically
composed of two types of alluvial deposits [58] (see Table I). In
particular, primary consolidation of alluvial deposits in a newly
reclaimed area, where the Type A alluvial deposit was used for
reclamation, remains in process from 2002 until today. Field
observations also indicate that primary consolidation of Type B
(see Table I) alluvial deposit in areas East of the 1994 dike have
not yet been completed, and remarkable residue settlement is
observed.

B. Bedrock Geology and Tectonics

The bedrock found in Nanhui New City is buried at depths
of 240-320 m. The strata of the city are of upper Jurassic
Laocun formation (J31) (composed of tuffaceous clastic rock,
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Fig. 2. Distribution of ground subsidence in Nanhui New City from 2001 to 2006 (partly referred to [62]-[64]).

tuff lava, and sandstone), Paleocene Beigiao formation (Elb),
and Miocene Bailonggang basalt (N1b) (composed of clastic
and basalt rocks [see Fig. 1(d)]). This new structure, known as
the Dengta-Zhaojiazhai fracture, was developed in the city and
adjacent areas. The NNW-trending fracture is located North of
the city with no sign of recent movement since Holocene.

C. Engineering Geology

Old channels pass through the new city, with the eastern sec-
tions covered by dredger fill. As a result, engineering geological
conditions vary greatly across the city. The soil, ranging from
0 to 100 m in depth, is divided into ten engineering geological
layers based on their origin, geological age, soil behavior, and
physical and mechanical properties [58]-[64]. The soil found
at a depth of 50 m below the surface of Shanghai is princi-
pally composed of clay and sand deposits. This area is typically
used for underground space exploitation resulting in poor geo-
logical conditions, such as sand liquefaction and soft soil
deformation.

D. Previous Field Observed Ground Deformation

Previous investigations indicate that ground subsidence in
Nanhui New City has occurred since 1980 [64]. In East
Shuyuan Town, located in the north-eastern sector of the city,
cumulative settlement reached up to 75 mm from 1980 to
1995 with ground settlement at about 5 mm/year. In the West

Shuyuan Town, cumulative settlement was greater than 75 mm,
with a rate greater than 5 mm/year. In the central areas of
the city, cumulative settlement reached the greatest value of
100 mm. Throughout most of the southern area, cumulative set-
tlement was less than 75 mm and ground subsidence rate was
moderate. From 1996 to 2001, ground subsidence was accel-
erated, and a ground subsidence funnel was formed. In the
area around Wanxiang Town and Shuyuan Town, the highest
cumulative settlement nearly reached 200 mm, with a ground
settlement rate greater than 40 mm/year. In South Luchao Gang
Town, cumulative settlement was greater than 75 mm and the
annual ground settlement was up to 15 mm/year, as shown in
Fig. 2. A sharp increase in the amount of underground water
pumping caused this rapid subsidence. Generally speaking,
from 2001 to 2006, both the cumulative settlement and the rate
of annual ground subsidence were greater in the northern sec-
tor of the city than in the southern sector. The maximum annual
ground subsidence rate was approximately 15 mm/year reveal-
ing a general decrease when compared with rates over the last
5 years.

III. DATA AND METHODOLOGY

To perform our analysis, we retrieved LOS mean displace-
ment velocity maps as well as deformation time-series in
Nanhui New City, by using both the IPTA approach [27], [65],
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TABLE 11
ENVISAT ASAR ACQUISITION DATES, PERPENDICULAR BASELINES RELATIVE TO REFERENCE SCENE,
AND TIME INTERVALS RELATIVE TO REFERENCE SCENE

Day Month Year Baseline (m) Interval (days)
26 02 2007 -173 -315
02 04 2007 371 -280
07 03 2007 -198 =245
11 06 2007 146 =210
16 07 2007 31 -175
20 08 2007 231 140
29 10 2007 64 =70
03 12 2007 127 -35
07 01 2008 0 0
11 02 2008 313 15
17 03 2008 102 70
21 04 2008 205 105
26 03 2008 7 140
30 06 2008 -109 175
04 08 2008 30 210
08 09 2008 349 245
13 10 2008 -221 280
17 11 2008 205 315
22 12 2008 -149 350
26 01 2009 236 385
06 04 2009 198 455
11 05 2009 =264 490
20 o7 2009 -&8 560
24 08 2009 161 595
28 09 2009 166 630
02 11 2009 -80 063
o7 12 2009 245 T00
11 01 2010 -192 735
15 02 2010 226 T70
26 04 2010 238 340
31 03 2010 31 375

belonging to the PS group, and the SBAS algorithm [12] of
the SB group. We processed a total of NV = 31 SAR acquisi-
tions collected at VV polarization over ascending passes (Track
497 and Frame 616) by using the ENVISAT/ASAR sensor at
the ordered time epochs t = [t1,o,...,tx]|’, and spanning
the time interval between February 2007 and May 2010 (see
Table II). The available SAR images were independently pro-
cessed through the IPTA and the SBAS DInSAR processing
chains. A common master SAR image, namely the one col-
lected on January 07, 2008, was selected for both algorithms
and taken as a reference. From the available SAR images,
two different sets of differential SAR interferograms used
by the two distinctive processing chains were initially com-
puted. In particular, within the PS/IPTA processing chain, the
images were paired to identify a sequence of, say MFPT4),
common-master interferograms (i.e., in our case M (IPTA) —
30), and were evaluated with respect to the selected master
acquisition. Conversely, for the SBAS case, an appropriate set
of M(SBAS) — 78 SB SAR data pairs (see Table III) was
identified by imposing constraints on the maximum spatial

and temporal (baseline) separation between orbits, which
have been set in our analysis to 400 m and 1000 days,
respectively.

All the generated PS-IPTA and SBAS-DInSAR interfer-
ograms were flattened using an 80 x 80 m Shuttle Radar
Topography Mission (SRTM) DEM of the Shanghai area.
Precise orbital information was also provided to us by the
University of Delft. In regard to the SBAS case, to reduce
the amount of processed data and to mitigate noise effects,
a complex multilook operation [66] (with ten looks in the
azimuth direction and two looks in the range direction) was
independently performed on each interferogram. A space/time
noise-filtering procedure recently proposed in [67], and new
solutions for phase unwrapping operations [68], [69], repre-
senting further development of the SBAS processing chain,
were also applied.

The diagram blocks of the IPTA and SBAS processing
chains are shown in Fig. 3(a) and (b), respectively. For detailed
descriptions of both algorithms, the reader is referred to litera-
ture [9], [12], [29], [65], [70].
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TABLE III
SMALL BASELINE INTERFEROGRAMS USED WITHIN THE SBAS-DINSAR
PROCESSING CHAIN

Interferometric pair Perpendicular baseline (m) Interval (days)

2602200TENV_I 106200TENY -28.0734 103
2e02200TENV_0T05200TENY 231413 0
204200 TENV_1607200TENV 341.752 103
OF0S200TENY_1O6HNTENY =511 i5
OT05200TENY_160THOTENY —210. 880 T
OTOSZ0TENY_ZHHIZI0TENY =261 849 175
OTOS2OTENY_0312H0TENY -126.48 210
THOAZMOTENY _I60THHOTENY —178AT7 EH]
TIOGE2ZMTENY_Z082HI0TENY -378.739 T
TO62MTENY_0312207TENY =275.264 175
160T200TENY_ZS10200TENY =31.5478 103
160T2HTENY_0701 2008EMV 33010 173
16072 TENY_2008200TEM Y =200 0k 35
200820 TENV_0312200TENV 103.512 103
2008200 TENV_2010200TENV 168133 T
2010200 TENV_03122007ENV —64.6244 k3]
2010200TENY_1TO3HNBENY —38.0923 140
2010200TENY_0T0 1 HOBENY 650502 T
2U102M0TENY_ZH05HHBEN Y S RU2E 210
ZHM200TENY_102ZZOBENY -251.392 LIk
29102 TENY_Z2104H0RENY —233.504 175
O3 12200TENY_1TO3Z008EM Y 25,9323 103
OF12200TENY_1TO2208EMY —186.775 T
03 12200TENY_0T01 2008ENV 129.672 35
03 12200TENY_Z1042008ENV — 168 887 140
0312200TENV_26052008ENV 120.308 173
OT012008ENY_26052008ENV -8.15075 140
OO L200ZENY_1HO22008ENY 316439 15
OT012008ENY_1 TOI208ENY —103.745 Bt
OTO12008ENY_ZI04HBENY —208.549 105
TI2BENY_ZI0AHIOBENY 175808 T
THO22008ENY_1TO3200BENY 21273 a5
TIDI2ZNORENY_ZR05HIOBENY ME. 277 103
1TO3ZORENY_Z104HH0BENY —194.818 15
1T032M08ENY_26052008EMY 95,5791 T
21042008ENY_26052008EM WV 40,396 35
26052008ENV_D4082008ENY =331 T
26052008ENV_30062008ENY 1155303 35
J006ZMEENY_(MO82008ENY — 130068 15
S006200XENY_1T1 I 2008ENV -314.85 140
J006200FENY_I2122008ENV 411568 175
S0062IRENY_2601 2000ENY —345.928 210
C40B20IRENY_Z2122008ENY 180,24 140
CHOR200BENY_1T1HOBENY -175.774 L3
HOBZOBENY_ I3 HI2IORENY 252 465 b
G40R2N0BENY_DROSZI0REN Y -319.792 35
CAOB20RENY_Z601 209NV =2 B8 175
QROS2008ENY_1T1I2008ENY 144,103 0
OROG20FENY 260 | 200%EMY 112533 140
OROS2IZENY 06042005 EN Y 145,682 210
13102008ENY_Z2122008ENV —T2.2366 0
1310200ZENY_1O5200%ENV —-128.53 140
1T 2008ENY_22122008ENV 42403 210
ITH2M08ENY_06042009EN Y 356,022 15
1TH2008ENY_ 2601 HOSENY 55783 140
221 22BENY_1O52009ENY -31.1421 T
Z212200BENY_06042009ENY 49.734 103
Z2122008ENY_260 1 HOHENY 114,633 140
ZR012009TENY_DA0IZIHEN Y —350.428 103
TIOS20SENY_2I0T205EN YV —56,2932 0
200T2M9ENY_Z4082009EN YV —387.075 35
200T2OFENY_021 1 200%EN Y 36,7263 T
200TZOFENY_2R0G200HEN W 330,584 35
ZA08200GENY_ZROMR00FEN Y 170,922 T
24082009ENV_0TI22009ENV -294.135 15
24082009ENY_021 1 2009ENY 561265 140
2ROGZIGENY_1IO12010ENY —176.546 0
2R0G2IGENY_0TI22009ENY -240.517 a5
ZROS200UENY_O21 1 2008ENY -T.16543 115
Q21 12009ENY_10THMBENY —256.744 T
O2112008TENY_0TI2ZHONENY =126 15
0211 2009ENY_15022000ENY —h4 8651 103
0211 2009ENY_ 2604201 HENY 242422 T
OTI22009ENY_3 105201 HENY 360,681 103
OTI22009ENY 15022001 0ENY ~T7.6476 o
15022010ENV_3I0520010ENV 240,642 15
15022010ENV_26042010ENV 112,06 T
2604201 DENY 3105201 0ENY —327.257 kR

To have a common grid for the subsequent analyses, all IPTA
and SBAS DInSAR products were subsequently geocoded to
the SRTM DEM of the area. Note also that both DInSAR
products provide relative measurements, computed with respect
to a common reference point that is assumed stable. In our case,
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this point was identified in the zone just outside the reclama-
tion platforms with Type A and Type B soil characteristics (see
Fig. 4), where the reclamation process is nearly concluded, and
in the vicinity of the levelling benchmark as identified with
a red star in Fig. 4(a).The area under consideration is almost
stable, as confirmed by the average ground settlement rate of
0.4 mm/year, as recorded at the levelling benchmark from May
2009 to May 2010 [see Fig. 4(b)].

Finally, as a result of the IPTA and SBAS pro-
cessing steps, we retrieved two independent sets of
(geocoded) DInSAR displacement time-series, namely
{dF(e,n, T) VP = (e,n) € SUPTA) 1 ¢ t} and
{dSB)(e,n,7)VP = (e,n) € SBB), 1 € t}, computed
in correspondence to highly coherent PS and DS target
locations, SUFPTA) and S(SBAS) into the geocoded domain,
respectively.

For the IPTA case, we retrieved a network of about 20K
coherent PS targets (about 6K of which were located in
the reclaimed platforms), obtained by imposing a thresh-
old of 1.1 rad for the standard deviation value between
the displacement time-series and a 2-D regression-model in
the temporal/perpendicular baseline plane (see [27] for more
details). Conversely, for the SBAS case, a network composed
by almost 35K DS targets was identified by using a temporal
coherence [71] threshold of 0.7.

At this stage, the two sets of DInSAR products were jointly
analyzed to isolate a group of very coherent and phase-
preserving scatterers in the reclaimed areas of Shanghai. These
were used to investigate the validity of a geotechnical model
derived from laboratory tests, to then predict the future evolu-
tion of displacement in reclaimed platforms.

The description of the cross-comparison strategy we adopted
to jointly investigate PS-IPTA and SBAS deformation prod-
ucts, as well as the results of such an analysis, is reported in
Section IV. There is a twofold justification for performing a
cross-comparison analysis between advanced IPTA and SBAS
DInSAR techniques over the investigated ocean-reclaimed
lands of Shanghai. First, it allows for isolation of a group
of very stable DS and PS targets with high accuracy defor-
mation measurements. Second, but not less important, the
proposed PS-SBAS cross-comparison analysis is profitable for
assessing the retrieval accuracy of DInSAR-based deformation
time-series in the presence of SAR scenes characterized by
rapidly time-varying geometrical and electromagnetic condi-
tions, which lead to significant temporal decorrelation artifacts
in the generated interferograms. As a matter of fact, very
few cross-comparison analyses have been conducted to date
between the two families of PS and SB techniques [35], [50],
[51], [53], [72], [73]. Those that have been conducted were at
regional scale over urbanized and/or from moderate to high
coherence levels. To our knowledge, no comparison analy-
sis has singularly focused on regions subject to severe and
long-lasting reclamation processes.

IV. JOINT ANALYSIS OF PS-IPTA AND SBAS RESULTS

We applied the PS-IPTA and SBAS processing chains to
the available set of SAR images, and as previously stated,
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Fig. 3. Diagram block of the implemented (a) PS-IPTA and (b) SBAS processing chains.

we preliminarily identified two sets of coherent PS and DS
targets, namely SUPT4and S(SBAS)  respectively. We show,
in Fig. 5(I) and 5(II), the geocoded mean deformation veloc-
ity maps of Nanhui New City, as retrieved by applying the
IPTA and SBAS processing chains, respectively. The maps
only portray the coherent PS/DS targets that correspond to
the sets of SUPTA) and S(SBAS) points, whereas incoher-
ent targets have been discarded. The maps are superimposed
on the Landsat image of the area taken on June 6, 2000. It
is evident that both techniques identify the main deformation
features of the Nanhui New City and are, at most, consistent
with each other. As expected, PS targets are primarily detected
on man-made infrastructures and buildings. Alternatively, only
a few targets are present in other areas such as North and
East of Dishui Lake, where land reclamation has not been
completed and thus remains rural. The DS targets are clearly
detectable in these rural areas. However, SBAS suffers from
temporal decorrelation noise effects in lands that were still
reclaiming during the time the SAR images were taken. IPTA
and SBAS-DInSAR results, in correspondence to homologous
PS/DS target locations, show a maximum (subsidence) defor-
mation rate of approximately 5 cm/year and indicate a stable
pattern in the central and western sections of the new city. The
reclaimed projects were completed in these areas before 1950
and sediments were consolidated over a period of 60 years,
with an average ground settlement rate less than 7 mm/year
(green spots). Localized areas with moderate to high defor-
mation rates (higher than 2 cm/year) are clearly identifiable in
both the northern and southern districts of the urban area (see
orange spots). We observe an overall good agreement between
the two deformation maps as shown in Fig. 5(I) and (II), except
for the aforementioned areas in North Dishui Lake and just in
the near proximity of coastline where the difference between

deformation values is larger. Note that detection of coastline
ground deformation in our case is very critical, due to its con-
tinuous changes during the period of observation, thus affecting
the accuracy of DInSAR measurements. Nonetheless, SBAS-
DInSAR measurements corresponding to the DS targets that
encompass the entire coastline are generally in agreement with
in situ levelling data (see those reported in [74]).

We start the cross-comparison analysis by first focusing on
the difference in the mean LOS velocities as estimated by the
PS-IPTA and SBAS techniques. To perform such a compari-
son, coherent DS and PS targets should fall inside the same
cell of the geocoded grid. However, this is not generally guar-
anteed. To overcome this limitation, we applied the following
strategy.! We first identified each PS target of SUFT4) and
for the given pth generic PS point, we compared the IPTA
displacement time-series, say d(PS)(ep, n,,T) VT € t,tothe
(average) displacement time-series of the () DS targets that
are located in near proximity of the considered pth PS tar-
get. More precisely, we concentrated on an area of about
200 x 200 m centred on the position of the pth PS target.
We then identified the () displacement time-series, namely
d(5B) (eq,ng,7) Yg=1,...,QV7 € t, which corresponds to
its neighboring DS targets. We concluded by computing a
(weighted) average DS-SBAS displacement time-series as
follows:

5 T(Qu)dSB) (eg,mg,7)

q=1

dSB) (e, n,, ) = Vret (1)

Q

> T'(Qq)

g=1

!Actually, here we are more interested in the spatial low-pass (LP) dis-

placement signal components, associated more to ground movement and less
to relative motion of man-made structures w.r.t. the ground.
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Fig. 4. Nanhui New City: (a) Distribution of alluvial deposits within Type A (purple) and Type B (pink) dredger fill areas. (b) Vertical displacement time-series
of the ground, as measured from May 2009 to May 2010 in correspondence with the levelling station identified with the red star in (a).

where the weights represent the SBAS temporal coher-
ence values that correspond to the () DS targets. At first,
we computed the (average) DS mean displacement rate,
namely V55)(e,,n,), via a simple one dimensional (1-D)
linear regression of the (average) displacement time-series
dSB)(e,,n,, t) as a function of time t.

We started our analysis by comparing the IPTA
VP9 (e, n,) and the SBAS VB)(e, n,) velocities.
The good agreement between these two different DInSAR-
based measurements can easily be (and synthetically) checked

by plotting IPTA velocities versus SBAS velocities, as shown
in Fig. 6(a). Note that points located away from the line of
equation V(PS) = V(SB) correspond to critical areas, where
reclaiming procedures were still active from 2007 to 2010,
most of which were located near the coastline. However,
discrepancies larger than 3 mm/year represent only 10% of
the entire population of common DS/PS targets. However,
this percentage diminishes to about 1% if we consider veloc-
ity differences larger than 10 mm/year. We also portray, in
Fig. 6(b), the histogram of the SBAS/IPTA velocity differences
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Fig. 5. SBAS/PS-IPTA intercomparison analysis results: (I) SBAS LOS mean deformation velocity map, superimposed on a Landsat image of the area and
portraying pixels with temporal coherence values greater than 0.7, only. (I) IPTA LOS mean deformation velocity map of the study area; only “good” PS targets
are shown. (III) Map of the LOS velocity difference between IPTA and SBAS DInSAR products. To highlight the velocity value differences for most pixels only the
DS/PS targets with IPTA/SBAS velocity difference values less than 3 mm/year are shown here. The standard deviation values of the IPTA/SBAS difference time-
series are less than 1 cm. Plots (a)-(d) show the comparison between SBAS (continuous lines) and IPTA (black stars) deformation time-series in correspondence
to pixels labelled as (a)—(d) in (III). The standard deviation values of these time-series differences are also shown for each selected point.

computed in correspondence to the homologous DS/PS
targets. Numerically, the average displacement difference
between IPTA and SBAS measurements in common pixels, is
—1.5 mm/year. This is equal to 0.9 mm/year if we exclusively
focus on the two Type A/Type B reclaimed regions, which
are highlighted by red and blue contour lines, respectively, in
Fig. 5(11D).

It is worth noting that the PS displacement signals, espe-
cially in correspondence to buildings and/or man-made struc-
tures, also take into account possible differential movements
between these structures and the ground, whereas SBAS signals
(computed on multilook interferograms) are typically sensitive
to the ground deformation.

In addition to conducting comparisons of the mean defor-
mation velocities, we also directly compared the differ-
ence of the estimated time-series, i.e., dF%)(e,,n,,7) —
J(SB)(ep,np, 7) p=1,...,P V7 €t. We then calculated

the standard deviation of the difference, namely op, which
can be considered as a further quality factor for the correct
identification of a set of very coherent DS/PS targets (to be
used for the following analyses). The histogram of the stan-
dard deviation of the difference between the PS-IPTA and
SBAS deformation time-series is shown in Fig. 7. As a result,
the IPTA/SBAS standard deviation values for all of Nanhui
New City and in the Type A/Type B regions measured 6
and 5 mm, respectively. Note that the measured values of
the (average) mean displacement velocity and displacement
time-series are in good agreement with those expected by
previous intercomparison investigations, and demonstrate that
the reclaimed regions (after a certain period following the
end of reclamation, and during consolidation phases) can be
accurately monitored through DInSAR-based analyses. To give
even greater evidence that most of the areas under investiga-
tion exhibit a good fit between PS and DS displacements, we
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observe that almost 87% of the whole set of PS targets retrieved
using the IPTA processing are characterized by a IPTA/SBAS
standard deviation difference less than 10 mm and a mean
velocity difference less than 3 mm/year. Moreover, this per-
centage is reduced to 78% if calculated over Type A/Type B
regions. The map of the velocity difference computed in corre-
spondence to this subset of points is shown in Fig. S(III). It
is evident that most of the points have a velocity difference
less than 1 mm/year (green points). Spotted areas with dif-
ferences of 2-3 mm/year are also present over the southern
sector of coastline. PS/DS targets exhibiting larger velocity
differences and standard deviation values are not shown in
Fig. 5(IIT). Furthermore, four points located in the two Types
A and B dredger fill platforms, and labelled as (a), (b), (c), and
(d) in Fig. 5, were selected. In correspondence to these four
pixels, Fig. 5 shows both the comparison between IPTA and
SBAS displacement time-series and the values of the measured
IPTA/SBAS standard deviation. Note that PS time-series have
more fluctuations than the SBAS ones. These differentiations
are due to the presence of localized displacement components
in the PS time-series relevant to the differential movements of
man-made structures with respect to the ground, and the fact
that SBAS time-series are computed at a multilook resolution
scale.

Finally, as a result of this cross-comparison analysis, we
identified a set of very coherent points in both Types A
and B dredger fill platforms, characterized by a (measured)
IPTA/SBAS velocity difference of less than 1 mm/year and
an IPTA/SBAS standard deviation difference less than 5 mm.
Based on these selected points, some additional tests, aimed at
analyzing and/or forecasting the temporal evolution of displace-
ment in next years, were performed.

Our results demonstrate that, even in a critical region, such as
the one represented by a reclaimed land, DInSAR accuracy is
mostly preserved, and is in good agreement with that provided
by previous studies [54], [57], [64], [76], [77]. The principal
results are summarized in Table IV.

As a final remark, we observe that DInSAR measurements
only represent the component of the deformation along the
sensor-to-target LOS direction [1]. However, as confirmed by
previous studies [54] in reclaimed areas, it is reasonable to
assume that most of the deformation is vertical. Accordingly,
to perform the following analyses, we imposed that the defor-
mation is typically vertical, and thus converted all IPTA and
SBAS-derived LOS measurements in vertical movements using
the following relation:

diSpyert = dispros/cos 2)

where disp,.-+ and disprog are the vertical and LOS deforma-
tion components, respectively, and ¥ is the sensor side-looking
angle.

V. GEOTECHNICAL ANALYSIS FOR SETTLEMENT
MEASUREMENT

In this section, we present one model describing the tem-
poral evolution of deformation in reclaimed areas, as derived
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from geotechnical estimates of the ground displacement signals
affecting reclamation areas.

Settlement due to reclamation will continue over the life-
time of the reclamation facility, and can be distinguished in
a primary consolidation phase and in a secondary compres-
sion stage of the alluvial deposit creep of the reclamation fill
[54]. The majority of settlement due to primary consolidation
takes place immediately after the completion of the reclama-
tion process, and may continue for dozens of years. To generate
a complete time-settlement curve for reclamation fill and make
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TABLE IV
2007-2010 GROUND SUBSIDENCE DERIVED BY OUR DINSAR-BASED INVESTIGATION AND FROM PREVIOUS STUDIES
Ground subsidence monitoring Annual rate of subsidence (mm/year)
methods
Type A of dredger fill Average value 22
IPTA Type B of dredger fill Average value 9
Dredger fill Average value 18
Type A of dredger fill Average value 24
SBAS Type B of dredger fill Average value 8
Dredger fill Average value 20
Centrifuge modelling test' [54] 19
Step benchmarks of littoral area” [58] 13
Levelling and GPS benchmarks of
Shanghai’ [54],[75] 12
Levelling benchmarks of reclamation
area in Nanhui city [74] Average value 16

INote that these are modelled deformation values, not measured ones.
2Note that these measurements are not freely available for comparison purposes, and the exact locations of them is

unknown.

long-term predictions of the magnitude of consolidation set-
tlement, geotechnical models have been established by using
settlement monitoring data and geotechnical tests [54], [59].

A geotechnical centrifuge model has been used for conduct-
ing some tests on geotechnical problems, with the aim to assess
stability and capacity of building foundations. Geotechnical
materials (e.g., soils) have nonlinear mechanical properties,
which depend on stress state and stress path. The basic princi-
ple of centrifuge is to recreate the stress conditions that would
exist in a full-scale construction (prototype), using a model
on a reduced scale. This is obtained by subjecting the model
components to an enhanced body force, which is provided by
an increased gravitational acceleration. The one-to-one scaling
of stress enhances the similarity of geotechnical models and
makes it possible to obtain accurate data to help solve complex
geotechnical problems. Centrifuge model testing provides data
to improve our understanding of basic mechanisms of deforma-
tion, and allows us to obtain experimental data for verification
of numerical models [76].

Centrifuge modeling has the ability to reproduce the same
stress levels as the prototype in a small-scale model. This CMT
is a useful tool for the simulation and prediction of long-term
subsidence [77], [78]. Of particular interest, due to the allu-
vial soil characteristics of Shanghai, is the model settlement
derived by Yang et al. [54] from laboratory centrifuge tests.
This laboratory model permits us to analyze ground settlement
caused by self-weight consolidation [79]. In this model, the
relationship between self-weight consolidation settlement and
time t is considered as follows:

(t-9)"
sonr(l) = Smi (t— o)
where t is the consolidation time (including both primary
consolidation and secondary compression phases). In (3), S,
represents the asymptotic (total) settlement assumed at infi-
nite time, k and A are model parameters that influence the
model curvature, and the time delay factor ¢ has also been
introduced to make the family of curves more general and to

3
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take into account a (variable) starting time for the consolida-
tion phase. Notice that the deformation is equal to zero in the
model (3) in correspondence to the time: = §. By using such
a model, and depending on the model parameters’ values, most
of the ground displacement in reclamation areas is expected to
principally occur during the first years after the completion of
the reclamation procedure, while a residual deformation sig-
nal can continue to occur in reclaimed areas, even for a few
decades after the end of reclamation, although with very short
rates.

By profiting from highly accurate IPTA/SBAS DInSAR
products corresponding to previously identified sets of very
coherent targets in Types A and B reclamation platforms (see
Section III), we preliminarily tested the accordance between
the considered model (3), which is suitable for the Shanghai
area due to its soil characteristics [54]-[61], and the measured
DInSAR-based deformation values.

A. Fitting of the Geotechnical Model With DInSAR-Based
Deformation

For model fitting, we used about 450 points located in the
Types A and B areas. These points were identified by searching
for the very accurate PS/DS pixels located in the two reclaimed
platforms, as shown in Fig. 4, characterized by an (measured)
IPTA/SBAS velocity difference of less than 1 mm/year and
an IPTA/SBAS standard deviation difference less than 5 mm.
These types of pixels are shown in Fig. 8(I). The model fitting
operation was carried out by considering the four model param-
eters S,,,, k, A\, and ¢ of (3), and for each coherent PS/DS target,
by searching for the best-fit curve in the least-squares sense’
between the model and the (measured) DInSAR-based defor-
mation. The quality of the nonlinear curve fitting was checked
by calculating the standard deviation of the difference between
the DInSAR time-series and the best-fit model. On average, the
obtained standard deviation is 1 mm, thus showing good agree-
ment between the two datasets. Note also that the accuracy
of DInSAR-based measurements in Type A/Type B regions
is equal to 5 mm (as evaluated in Section IV). Accordingly,
the estimated model confidence is globally at about 6 mm.
The obtained results are very promising, although they would
require further validations to be carried out in future years via
additional DInSAR-based analyses.

By analyzing the retrieved displacement models, we obtained
some preliminary predictions about the expected cumulative
deformation (calculated with respect to the first SAR acquisi-
tion of February 26, 2007) in 2015, 2020, and 2025, as depicted
in Fig. 8(I)-(III). As evident, the eastern areas (where recla-
mation procedures started more recently) are expected to be
subject in the near future to larger and more long-lasting defor-
mations than in the western sectors. From these models, we

Note that DInSAR-based measurements are still calculated with respect to
the first SAR acquisition time. However, at that time the consolidation phase
was still active, so we searched for the correct time delay of the family of curves
in (3) to best-fit the model and DInSAR measurements.

1775

Legend

A Sclected Points
¢ 0-20
20-50
50 - 100
100 - 150
150 - 200
° 200 -250
* 250 -500
[JITypeA
I1ype B

30°56'0"N

30°52'0"N

ML LI IDecimal degrees
00.00450.009  0.018

121°57'0"E

LrLs Decimal degrees
00.004 0.008 0.016

121°57'0"E

30°56'0"N

LI Tbecimal degrees
00.004 0.008 0,016

30°52'0"N

121°54'0"E 121°570"E
Fig. 8. Cumulative displacement (estimated with respect to the first SAR time
acquisition in February 2007) in January for each year of 2015, 2020, and
2025, as retrieved by the prediction models that best fit the PS/DS DInSAR
time-series observations. Type A is distinguished in the two East and West
subsections, labelled here as ES and WS, respectively. Deformation values are
expressed in millimetres.



1776

IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 8, NO. 4, APRIL 2015

o
!IIIIIlI\I

Displacement model (mm)

1I||II|I1I|II1|I

-40

L
2005 2020

3
H

|

|

\

|

1

Time (year) |} Te
1
(a) !
= |
< 2 [ T T T I' T T ]
e r | -
o — ' —
£ o— 4 -
/N e s o e =
E
. - ]
s -
5] - ]
= - -
g - =
g = .
= - ]
g -F =
g - ]
8 — -
= S —
[ - ]
2 C -
a - ! L L L L L
2005 2010 2015 2020 2025 2030 2035 2040
Time (year)

(b)

Fig. 9. Prediction model analysis. (a) Prediction model relevant to the pixel labelled as (a) in Fig. 8. (b) Modelled displacement rate relevant to the same pixel,
obtained by simply computing the first derivative of the curve in (a). Note that T is the time in correspondence to which the modelled displacement rate equals
0.5 mm/year, which in our experiments represents the threshold value corresponding near to the end of the ground consolidation phase.

eventually retrieved the (average) value of the total consolida-
tion time for Types A and B regions, with the aim to globally
characterize the present and near future state of the ground
settlement consolidation phase in the Nanhui New City.

B. Consolidation Time Estimation

As a final experiment, we exploited the retrieved best-fit
models and figured out the consolidation time at 70%, 80%,
and 90% of the expected, model-based total consolidation
settlement for all the selected points in Types A and B regions.
To achieve this task, we adopted the following strategy. We
considered the best-fit model that corresponded to the location
of a given PS/DS target on the reclaimed areas, depending
on the four model parameters S,,, k, A\, and §. We assumed
that the ground settlement consolidation phase was completed
when the (expected) residual deformation rate was less than
0.5 mm/year. Accordingly, we evaluated the model displace-
ment rate by calculating the first derivative si,,-(t) of the
obtained time-varying model. As an example, see Fig. 9(a)
and (b), which is relevant to pixel (a) in Fig. 8 located in
the Type B region. Reclamation procedures in Type A/Type
B regions in Nanhui New City [see Fig. 1(c)] reached its
completion between 2004 and 2006. However, given we did
not have precise information about the (true) reclamation end
time, we imposed in our analysis that, on average, completion
time was reached for both the regions on January 2005. We
then estimated the duration of consolidation time with respect
to that date. However, it is worth remarking that neither
the end time of consolidation phase nor the shapes of the
best-fit models depend on the exact knowledge of reclamation
completion time, but only on the consolidation time duration

itself. Accordingly, the end time of the consolidation phase was
estimated as follows:

Te : soyr(Te) = 0.

Finally, “rough” estimates of the x-percentage
consolidation time duration was obtained as follows:

Te(x) P ScMT (Te(x)) [somr (Te) — scmr(0)]. (5)

“

total

~ 100

Best-fit models, as well as end times of consolidation phases
for the four point targets labelled as (a)—(d) in Fig. 8, located in
Type A/Type B regions, have been evaluated and are shown in
Fig. 10. We also estimated the values of the standard deviation
between the model and the DInSAR-based measurements for
the four pixels (a)—(d), reported in Fig. 10.

We first analyzed the consolidation time of duration relevant
to the Type B area (see Table V). Our results indicate that 70%
of the consolidation settlement was completed 5 years after the
completion of construction, corresponding (approximately) to
2010. In addition, 90% of the settlement is thought to have
occurred after about 9 years. This is in agreement with what was
expected in a previous study conducted in the Type B regions
[80] suggesting that in 2014, the Type B area should be nearly
stable. We anticipate verification of the validity of these affir-
mations in future studies, as soon as the archive of SAR images
acquired by the COSMO-SkyMed [81] sensors’ constellation
are large enough to permit us to carry out a “sound” DInSAR
analysis.

Type A area was reclaimed after Type B area. Thus, Type
A takes longer x-percentage total consolidation time than does
Type B (See Table V). The average total consolidation time for
Type A typically ranges from about 10 to 20 years. However,
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Fig. 10. Comparison between SBAS (black stars) and model-predicted (continuous lines) best-fit (vertical) displacement time-series, evaluated in correspondence
to the four points labelled as (a)—(d) in Fig. 8. We also highlight in (a) the times corresponding to 70%, 80%, and 90% of the entire reclamation ground consoli-
dation, estimated by assuming that reclamation processes were nearly completed in January 2005. The standard deviation values between the best-fit model and
SBAS deformation time-series relevant to the four DS targets are also indicated. Note also that in correspondence to points (a)—(d), IPTA and SBAS time-series
are nearly identical since those pixels belong to the cluster of high-quality points. For this reason, we have only shown the SBAS time-series.

TABLE V
ESTIMATED TOTAL CONSOLIDATION TIMES IN RECLAIMED REGIONS

Consolidation % 8% 20%
degree

x-percentage total

consolidation time (year)

Type A area 9.8 13.8 20.4
Type B area 5 6.7 9.2
Western (WS) Type A area 7.8 10.9 15.7
Eastern (ES) Type A area 13.4 19.3 29.2

the selected points located in the eastern sector of the Type A
region, which are adjacent to the coastline under reclaiming,
are more critical with respect to the ones located in the central
sections of the Type A area. For this reason, we split the entire
Type A area into two sectors for our analysis, and estimated
the average of the x-percentage total consolidation time for the
eastern sectors (ES) and western sectors (WS) separately. As
shown in Table V, the average values measured in the WS are
less dispersed and range from about 8 to 15 years, indicating
that this sector will be stable in about 10 years from the comple-
tion of reclamation. Alternatively, the average values measured

for the ES have greater fluctuation and range from 13 to 29
years. This is due to the fact that the reclamation of the ES was
not completely finished in 2010.

With respect to previous studies conducted in other reclaimed
areas (i.e., Hong Kong International Airport), our results
suggest that the consolidation stage will take more time. We
believe this is reasonable because the settlement of fill material
after land reclamation depends on the type of fill, the method
of placement, and the use of the filled area. Moreover, the
presented models only concentrate on the consolidation settle-
ment of dredger fill, and do not take into account the presence
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of other potential additional deformation signals due to, for
instance, the load of buildings and/or other deformation sources
present in the investigated area.

VI. CONCLUSION

We present, in this work, the results of a study aimed
at combining DInSAR-based displacement observations with
one geotechnical model to gain insight about the present and
future evolution of the ground consolidation phase in coastal
reclaimed areas of the Shanghai megacity. We predominantly
focused our analysis on two reclaimed zones in Nanhui New
City, which are characterized by inherently different dredger
fills. A cross-comparison analysis between DInSAR products
derived by applying the SBAS and the PS-IPTA processing
chain to a set of ENVISAT SAR images has allowed us to
identify a grid of about 400 measurement points in reclaimed
areas. The results of this analysis showed that the accuracy of
the DInSAR displacement measurements is very high. The PS-
SBAS cross-comparison investigation, which represents one of
the first attempts specifically carried out in reclaimed areas,
verified that the average PS/SBAS LOS velocity difference
over reclaimed platforms is approximately 1.2 mm/year. The
relevant standard deviation of the difference time-series is
approximately 5 mm, despite the increased level of noise due
to temporal decorrelation artifacts. These numbers suggest that
during the first stages of the completion of the reclamation
processes, both PS and SB DInSAR methods were able to iden-
tify clusters of points that preserve high levels of accuracy.
As a result, we obtained a three-dimensional (3-D) space/time
characterization of the on-going deformations that affect the
reclaimed platforms. Furthermore, by using a population of
about 400 high-quality measurements points, we were able to
test the relation between DInSAR observations and geotech-
nical models of the displacement time-evolution. As a result,
we eventually recovered some predictions regarding the time
of ground consolidation completion in the two identified areas
subject to reclamation over recent years, thus obtaining rough
estimates of the predicted time duration. Overall, the results
of our investigation are very promising; however, they require
additional improvement and confirmation through future anal-
yses as soon as additional data are available to better constrain
the model with data. Fortunately, the availability of a large set
of new SAR data acquired by the COSMO-SkyMed constella-
tion over the Shanghai basin, characterized by improved spatial
and temporal resolutions with respect to the ENVISAT sensor,
will be profitable for the achievement of this task.
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