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Abstract: Dalian Jinzhou Bay International Airport (DJBIA) is an offshore artificial island airport,
where the reclaimed land is prone to uneven land subsidence due to filling consolidation and con-
struction. Monitoring and predicting the subsidence are essential to assist the subsequent subsidence
control and ensure the operational safety of DJBIA. However, the accurate monitoring and prediction
of reclaimed subsidence for such a wide area under construction are hard and challenging. This
paper utilized the Small Baseline Subset Synthetic Aperture Radar (SBAS-InSAR) technology based
on Sentinel-1 images from 2017 to 2021 to obtain the subsidence over the land reclamation area of
the DJBIA, in which the results from ascending and descending orbit data were compared to verify
the reliability of the results. The SBAS-INSAR results reveal that uneven subsidence is continuously
occurring, especially on the runway, terminal, and building area of the airport, with the maximum
subsidence rate exceeding 100 mm/year. It was found that there is a strong correlation between the
subsidence rate and backfilling time. This study provides important information on the reclaimed
subsidence for DJBIA and demonstrates a novel method for reclaimed subsidence monitoring and pre-
diction by integrating the advanced InSAR technology and Terzaghi Consolidation Theory modeling.
Moreover, based on the Terzaghi consolidation theory and the corresponding geological parameters of
the airport, predicted subsidence curves in this area are derived. The comparison between predicted
curves and the actual subsidence revealed by InNSAR in 2017-2021 is highly consistent, with a similar
trend and falling in a range of +25 mm/year, which verifies that the subsidence in this area conforms
to Terzaghi Consolidation Theory. Therefore, it can be predicted that in the future, the subsidence
rate of the new reclamation area in this region will reach about 80 mm/year £ 25 mm/year, and the
subsidence rate will gradually slow down with the accumulation of reclamation time. The subsidence
rate will slow down to about 30 mm/year &+ 25 mm/year after 10 years.

Keywords: Dalian Jinzhou Bay International Airport; SBAS-INSAR; Terzaghi consolidation theory;
subsidence monitoring; subsidence prediction

1. Introduction

Dalian Jinzhou Bay International Airport (DJBIA), constructed in 2010, is built on a
reclaimed artificial island with an overall planned reclamation area of 20.87 km?, and all
the reclaimed land will be used for the airport, which will be the largest offshore airport
worldwide after construction. Land reclamation is prone to unstable geological foundations
due to sediment consolidation [1-4]. Airports built on reclaimed land commonly suffer
from land subsidence, which will threaten the operational safety of the airport, especially
the land subsidence occurring in runway areas [5]. Therefore, it is essential to monitor and
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predict the ground subsidence in this area and assess its impact on the safe operation of
the airport.

Reliable surface deformation information can be obtained through traditional point-
measurement methods, such as level surveys or global satellite navigation and positioning
technology. However, traditional measurement methods was difficult to apply them to
ground subsidence monitoring at airports under reclamation. Interferometric synthetic
aperture radar (InSAR) is an emerging geodetic technology. It is capable of acquiring high-
accuracy and continuously covered surface deformation information, which is widely used
in the fields of ground subsidence monitoring [1,3,6,7], and landslide monitoring [8-12]. In
recent years, INSAR technology has been widely used in land subsidence monitoring at air-
ports. Such as Hong Kong Chek Lap Kok Airport [13,14], Shanghai Pudong International
Airport [15,16], Beijing Capital International Airport [17,18], Shenzhen Baoan Interna-
tional Airport [19,20], Kuala Lumpur International Airport, Malaysia [5], and Japanese
airports [21-23]. The land formed by the land reclamation airport is characterized by high
compressibility, low strength, and a large porosity ratio, which easily leads to ground
subsidence. Studies related to reclaimed land airport monitoring by InSAR have been
performed. Lu et al. [19] and Xu et al. [24] monitored ground subsidence at Shenzhen
Baoan International Airport based on the SAR data from 2007 to 2010 and 2015 to 2019,
revealing that the subsidence in the reclamation area was greater than in the ground, and
dynamic loads is an important factor that causing airport subsidence. Zhuo et al. [25]
conducted subsidence monitoring of Xiamen Xiang’an New Airport based on SBAS-InSAR
from 2018 to 2020 and identified the areas that may be affected in the future based on
the type of airport land use. Hong Kong Chek Lap Kok Airport [14] and Xiamen New
Airport [26] used SAR data and geological data combined with Terzaghi consolidation
theory for long-term subsidence monitoring of the reclamation airports. The above studies
used InSAR observation on reclaimed airport subsidence monitoring and made a detailed
analysis of subsidence. Integration of INSAR observation and geological condition of the
artificial land area to predict the subsidence trend deserves further study.

In this paper, SBAS-INSAR was used to monitor the land subsidence at DJBIA based
on 50 Sentinel-1A ascending SAR images between March 2017 and April 2021. The SABS-
InSAR monitoring results reveal the regional distribution and time—-series characteristics
of airport subsidence. Based on the Terzaghi consolidation theory, the geological data of
the airport were used to calculate the deformation of the soil layer at any time during the
land reclamation process and to predict the subsidence development trend. The InSAR
results verified that the subsidence in 2017-2021 is consistent with the predicted curve of
the Terzaghi consolidation theory in the area. The integration of INSAR observation and
Terzaghi Consolidation Theory works well in this area and could make a great contribution
to the subsidence prediction.

2. Study Area and Data Source
2.1. Study Area

Dalian, in Liaoning Province (China), is located between the Yellow Sea and the Bohai
Sea, surrounded by the sea, and dominated by mountainous and hilly peninsular landforms.
The hills are northeast-southwest direction, with relatively flat terrain on the east and west
sides [27]. The study area, DJBIA, is in the sea area of Jinzhou Bay, Dalian City. DJBIA is
an offshore artificial island airport on the Chinese mainland, which consists of berms, the
runway, and the building area (Figure 1). The western bay of Jinzhou District, where the
airport is located, belongs to the high-risk area for geological disasters [28].

DJBIA can serve an average annual passenger throughput of 43 million and 550,000 tons
of cargo and mail [29]. Its construction aims to effectively alleviate the tight operating
resources and over-saturation of throughput at Dalian Zhoushuizi International Airport,
and provide strong support for economic and social development and comprehensive trans-
portation construction in Dalian. DJBIA has a total planned area of 20.87 km?, including a
terminal area of 500,000 m?2, with two 3600 m long teleparallel runways, 45 m, and 60 m
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wide, respectively [29]. The airport started to fill the land from the beginning of 2010. To
better analyze the characteristics of subsidence, the reclaimed area from 2010 to 2021 was
defined as six reclamation stages with a period of every two years. The spatial distribution
of the reclamation area and reclamation area in different stages is shown in Figure 2a. The
road to the airport has been completed in 2011, the building area and part of the terminal in
2013, all of the terminal and part of the heliport filled in 2015, and the focus on the runway
and building area filled from 2017 to 2021. As shown in Figure 2b, the largest increase in
filled area was 4.96 km? in 2015 and the accumulation of filled area will reach 11.29 km? by
April 2021.
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Figure 1. Overview of Dalian Jinzhou Bay International Airport: (a) Location of the study area;
(b,c) Satellite map of the study area.
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Figure 2. Spatial distribution of different reclamation stages: (a) Map of area change of the airport
from 2011 to 2021; (b) Statistical of the increasement and accumulation of reclamation area. Reclama-
tion data source: Google Earth.
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2.2. Data Source

In this paper, 50 images of Sentinel-1A ascending orbit and 15 images of Sentinel-1B
descending orbit from the European Space Agency (ESA) were acquired to monitor ground
subsidence at DJBIA. The main obtained include orbit, resolution, polarization mode, and
other parameter information, other detailed parameter information, as shown in Table 1.
The 30 m resolution SRTM DEM data provided by the National Aeronautics and Space
Administration (NASA) was used in the data processing, to remove the topographic phase.
It is worth noting that the study area in this paper is a new reclamation area, and the
airport area does not have the latest DEM in the SRTM data or other data. Considering
that the entire area is relatively flat (the fluctuation is within 5 m) and the spatial baseline
of the sentinel data is controlled within 100 m, the effect of elevation residuals on the
deformation of relatively flat terrain in this case of short vertical baseline interference pairs
can be neglected. Based on the 50 ascending images, a temporal baseline threshold of
100 days and a spatial baseline threshold of 221 m were set, and 132 pairs of interference
pairs were generated by the combination (Figure 3). Spatial and temporal baselines of
Sentinel-1 ascending and descending data are shown in Figure 3, Figure 4 respectively.

Table 1. Basic information of the Sentinel-1 images.

Parameter Value
Satellite Sentinel-1A Sentinel-1B
Orbit Ascending Descending
Azimuth/Range pixel spacing 13.99m/2.33 m 13.99m/2.33 m
Radar wavelength 5.6 cm 5.6 cm
Polarization mode \AY \AY
Revisit period 12d 12d
The angle of incidence 39.2° 39.1°
Temporal coverage 2017.03-2021.04 2019.12.20-2021.04.13
Number of images 50 15
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Figure 3. Spatial and temporal baselines of Sentinel-1 ascending data.
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Figure 4. Spatial and temporal baselines of Sentinel-1 descending data.

DJBIA was reclaimed through rock excavation, and the major foundation filled in
the site is soft soil, which can be approximately divided into highly compressible silt and
clay [30,31]. This kind of foundation condition will result in large foundation subsidence.
In order to calculate the subsidence of the reclamation area, geological parameters, such as
initial pore ratio, compression coefficient, and the water gravity [30,32] were selected for
further analysis in this paper. Detailed information is shown in Table 2.

Table 2. Experiment data in the airport.

Parameter Corresponding Values
Permeability Coefficient o =0.0342 m/year
Initial Porosity Ratio ko = 0.806
Compression Coefficient B=352x10"*kPa!
Water Gravity Gw =10.101 kN/m?
Maximum Drainage Distance H=-194m
Solidification Stress I' =250 kPa
Coefficient of Consolidation C=17.3959

3. Methodology

In this paper, the subsidence rate of the airport was firstly monitored based on SBAS-
InSAR technology, and the subsidence prediction curve of the area was derived by com-
bining the Terzaghi consolidation theory model with the geological sampling data of the
airport. Then, the ground subsidence rate results were compared with the subsidence
prediction curve to verify the applicability and accuracy of the prediction curve of the
Terzaghi consolidation theory. Finally, the development trend of airport subsidence is
determined based on this prediction curve. The detailed technology flow chart is shown in
Figure 5.
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Figure 5. Flowchart of Integration of SBAS-INSAR and Terzaghi consolidation theory.

3.1. SBAS-InSAR Technology

In 2002, Berardino et al. proposed SBAS-InSAR as a novel technology with great
prospects for application in the field of monitoring ground subsidence over long-term time
series [33,34]. The technology has better applicability and reliability in areas of changing
ground cover because it can reduce the negative effects of incoherence and DEM errors.
To detect ground subsidence at the airport, the paper used the SBAS plug-in in ENVI
software for step-by-step calculation. It includes three main steps: data pre-processing,
interferogram generation, and deformation result generation.
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The detailed steps of SBAS-INSAR technology are as follows:
Assuming that there are N +1 SAR images covering the same area acquired according
to the time series, the image acquisition time series is:

t=[ty,..., tn]" M

After selecting one of them as the master image for registration, in all the free combi-
nations of differential interferometric pairs selected to meet the time baseline and spatial
baseline thresholds, M differential interferograms can be obtained, then there are:

N+1

N+1) )

<MIN(——
BN

Combined with the orbit data and external digital elevation model data to remove
the flat and terrain effects. The noise is effectively removed by multi-viewing and filtering.
In order to obtain the accumulation of deformation on the radar LOS (Line of Sight,
LOS), the minimum cost flow (MCF) method is used to perform phase unwinding of M
interferometric pairs [35,36]. Suppose that the jth differential interferogram is generated
by acquiring the SAR image from the moment of image t4 and the main image g, then
the corresponding phase unwrapping at any pixel point in the jth interferogram can be
expressed as:

3¢/ = plt5) = 9(Ea) 00}y + 0@lop+ OPhun + 0P} ©

where 8¢/ is the interference phase at the point; ¢(t4) and ¢(t3) are the phase values at t 4
and tp moments, respectively, with respect to the initial moment f¢; J (pii efr ) goiopo, ol

6 (pﬁz vise indicate the phase difference caused by deformation phase (along with the radar
LOS), terrain error, atmospheric delay, and noise, respectively. In order to enhance the
accuracy of the deformation monitoring results in the study area, these error terms need to
be effectively estimated and eliminated.

Firstly, by selecting more uniform Ground Control Points (Ground Control Points,
GCPs) for orbit refinement and re-flattening, not only the orbit parameters can be corrected,
but also the residual phase and phase jumps can be estimated and removed [37]. Then, the
residual elevation and deformation rate are estimated based on the linear model, and the
wrapping phase will be unwrapped twice [38]. Finally, the atmospheric phase is removed
by spatial high-pass filtering and temporal low-pass filtering [39]. After removing the above
error phase components, the time series deformation information in the LOS direction is
obtained by the SVD method.

Due to SAR radar satellite side-view imaging, LOS displacement as a component of
real displacement can be acquired [24]. When the horizontal displacement is much smaller
than the vertical component, the LOS direction displacement is dominated by vertical
subsidence [24,25,40]. As the airport region is relative flat and not like the mountainous
area in the InSAR processing, based on the imaging geometry relationship, d,,; can be
converted to ground subsidence d,, based on the incidence angle 0 [41], as in Equation (4):

d, = djs/ cost 4)

where d,, is the vertical displacement component; d;,; is the LOS displacement; 6 is the
radar incidence angle.

3.2. Terzaghi Consolidation Theory

Terzaghi consolidation theory is commonly used to calculate the deformation of a
saturated soil layer at any time during infiltration consolidation. The basic assumptions of
consolidation theory are as follows: at the point when more than 80% of the pore volume in
the soil is filled with water, the soil can be considered saturated although a small amount
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of gas is present, it is mostly a closed [42]. To find the deformation of the saturated soil
layer at any time during infiltration consolidation, the Terzaghi consolidation theory can
be established to solve the problem. The Terzaghi theory of consolidation makes many
simplifications and assumptions about the changing parameter conditions of the soil during
consolidation. Firstly, the external load is applied to the soil instantaneously and at once,
and remains constant throughout the consolidation process. Secondly, the soil and water
do not produce compression deformation, and the soil compression is caused by drainage.
Finally, parameters such as permeability coefficient o and compression coefficient 3 of the
soil during consolidation remain constant during consolidation [30].

In this paper, based on the basic assumptions of the conventional Terzaghi consol-
idation theory, a differential unit soil body with a height of dj, in the soil body is taken
for analysis. The volume compression of the soil is equal to the difference between the
inflow and outflow of water from the unit body, which is used to establish the consolida-
tion differential equilibrium equation. Additionally, used Darcy’s law and the effective
stress principle to solve the equation and obtained the differential equation of Terzaghi
consolidation theory [43,44]. As shown in Equation (5):

2

onz ot
where C is the coefficient of consolidation (m?/ year); P is pore water pressure (kPa); The
coefficient of consolidation C and the degree of time consolidation D, of the soil can be
expressed by Equations (6) and (7):

1+ ko
C=u 6
5. ©®)
n2C
8¢ HZ

where « is the permeability coefficient (m/year); k¢ is the initial porosity ratio; § is the
compression coefficient (kPa™'); G, is the water gravity (kN/m?) and H is the maximum
drainage distance (m).

Determining and deriving the relevant parameters can calculate any time soil consoli-
dation subsidence S;(m) [45]. As shown in Equation (8):

_ B
St = Dcl +k0')’H (8)

where 7 is the Solidification Stress (kPa).

After obtaining the subsidence prediction curves according to the above calculation
method and geological parameters, they were compared with the ground subsidence results
monitored by SBAS-InSAR technology. Finally, the curves were used to predict the rate
and trend of subsidence in the study area.

4. Results and Discussion
4.1. Analysis of Spatial and Temporal Subsidence Characteristics of DJBIA

The subsidence rate maps of DJBIA were retrieved from the SAR data from March 2017
to April 2021 as shown in Figure 6a, where the negative value denotes the subsidence (i.e.,
the displacement was far away from the satellite) and the reference point (no subsidence)
was chosen away from the reclamation area shown as a red point. Figure 7b—e shows the
coherence coefficient, differential interferogram, distribution of elevation residuals, and the
error map in the time-series processing, respectively. It can be seen that the area has a high
coherence coefficient, a clear interferogram, and small residuals in the time series analysis
(maximum less than 4 mm/year). Since the study area is under long-term construction and
exploitation, special consideration needs to be given to the possible errors due to inaccurate
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external elevation information. According to the demand of the landfill here, the elevation
error is about 10 m. Based on the results of related studies [46] and the better baseline
control of the sentinel data (all vertical baselines are less than 150 m), it is projected that this
part of the elevation error will cause the deformation measurement error of interference
pair to be less than 2 mm and can be further weakened during the time-series analysis.
The inversion results of the elevation residuals in Figure 7d also shows that the elevation
residuals of the airport building area, terminal, and heliport are small (between 0.3 and
3 m). Therefore, the measurement errors caused by elevation errors can be controlled. In
addition, we introduced the descending orbit data for the same period (December 2019
to April 2021), where the descending orbit data are missing from June-November 2019. It
can be found that the deformation results are highly consistent with the ascending orbit
results regarding the spatial distribution (Figure 7a). In the runway end area, the number of
effective monitoring points becomes more as the backfill progresses, and there is a partial
normal decrease in the deformation magnitude. The comparison of the time-series residual
results with the ascending and descending orbit results in Figure 6e confirms that the
InSAR results of this study are reliable. In summary, the INSAR monitoring results have
high accuracy. Because of the lack of data from the descending orbit, the results of the
ascending orbit were used for subsequent analysis to ensure data integrity. Since the study
area is dominated by vertical ground deformation with minimal horizontal deformation,
the absence of horizontal deformation is assumed here to approximate the ascending orbit
deformation results to ground subsidence, which is convenient for subsequent 5-year long
time series analysis and model building.

Figure 6. (a) Average annual vertical subsidence rate of Jinzhou Bay International Airport;
(b-e) Subsidence rate along profiles AA’, BB/, CC/, and DD/, respectively; The blue points P1, P2, P3,
and P4 in (a) were shown in Figure 8 with their accumulated subsidence; The red point in (a) denotes
the reference point.
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As shown in the spatial distribution of subsidence, most areas of the reclamation area
are undergoing significant subsidence. From the vertical subsidence results in Figure 6a
after ascending orbit decomposition, it can be seen that during the monitoring period from
March 2017 to April 2021, some areas of the airport, such as the runway, terminal, and
heliport areas of the airport are in a severe subsidence. It is revealed from the combination
of Figures 6a and 8 that the accumulation of subsidence in the terminal was over 300 mm
and the maximum vertical subsidence rate reached —160 mm/year. Moreover, the time
series of subsidence areas in Figure 8 was near linear in the short term, but the subsidence
rate was highly associated with the backfilling time, i.e., the longer the reclaimed time, the
lower the subsidence rate.

ertical subsidence p
rate(mm/year) /

Figure 7. (a) Average annual subsidence rate distribution derived from descending track; (b) Average
coherence coefficient diagram; (c) Differential interferogram (20200817-20200910); (d) Distribution of
elevation residuals; (e) The error map of mean velocity results.
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Figure 8. The accumulation subsidence in different areas of the airport. The location of P1-P4 were
shown in Figure 6.
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In order to further reveal the vertical ground subsidence spatial difference in DJBIA,
four typical vertical subsidence areas with complete data, obvious vertical subsidence,
and belonging to different reclamation stages were taken for vertical subsidence rate
analysis. Figure 6b—e show these four more severe subsidence areas and selected profile
lines AA’-DDY, respectively, and the corresponding four average annual vertical subsidence
rate profile lines are shown in Figure 9a-d. Ground subsidence can be observed in all four
profile line graphs, and there are inconsistent patterns in the curves of the subsidence areas
for different reclamation periods and differences in the magnitude of ground subsidence.
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Figure 9. Vertical subsidence rate profiles (the location of the profile are marked in Figure 6).
(a—d) profiles along AA’, BB’,CC’, DD, respectively.

As shown in Table 3, the earlier the time of reclamation, the lower the vertical subsi-
dence rate. In Figure 9, the different periods of completed reclamation are indicated by the
colors corresponding to the periods of reclamation in Figure 2, where two different periods
of reclamation are included in Figure 9a,d, respectively. By quantitatively analyzing the
correlation between different reclamation periods and ground subsidence, it is found that
the dividing line of the drastic change in the vertical subsidence rate coincides with the
boundary of reclamation in different periods. The ground subsidence magnitude in the
reclaimed area of DJBIA is closely related to its reclamation completion time, which means
that significant subsidence occurred in the area where the reclamation was completed in
the recent period, and the rate of subsidence decreases with time. This subsidence pattern
is more consistent with the subsidence patterns of other offshore reclamation areas, for
instance, the Hong Kong Chek Lap Kok Airport [14] and Shanghai Lingang New City,
China [15].

The areas with vertical subsidence rates greater than —100 mm/year at DJBIA are
located in the corner locations at the airport with the edge locations, which is in the recla-
mation areas completed in 2018-2019 and 2020-2021. The reclamation of the middle area
of the airport was completed in 2012-2013 and 2014-2015, and its vertical subsidence rate
was smaller but reached —70 mm/year to —80 mm/year. Overall, the vertical subsidence



Remote Sens. 2022, 14, 2332

12 of 16

rate exhibits an emission-like progression from the middle to the edge regions. There is a
certain pattern of vertical subsidence rate in the areas where reclamation was completed
at different periods. From Figure 10, it can be seen that the maximum, minimum, and
median values of vertical subsidence rate are in different reclamation periods. The red
points indicate the average vertical subsidence rate. The INSAR subsidence monitoring
points in Figure 10 mean that the subsidence rate on the InNSAR high-coherence points in
Figure 6 shown by counting the magnitude of the rate, and the arcs next to the subsidence
points represent the normal distribution curves of these points. The data of this figure are
the same as shown in Figure 6 but they are shown in another way to reveal the relationship
between reclamation time and vertical subsidence rate. The figure shows that the average
vertical subsidence rate of the main body of the airport is: 2020-2021 reclamation area
(—80 mm/year) > 2018-2019 reclamation area (—76 mm/year) > 2016-2017 reclamation
area (—74 mm/year) > 2014-2015 reclamation area (—66 mm/year) > 2012-2013 reclama-
tion area (—31 mm/year), which shows that the more recent the reclamation completion
time is, the greater the average vertical subsidence rate is.

Table 3. Subsidence rate of profile in different periods.

Profile Name Reclamation Time (Year) Maximum Subsidence Rate (mm/Year)
AA’ 2012-2013 2014-2015 —-91 —-97
BB’ 2014-2015 —-93
cc’ 2016-2017 —-99
DD’ 2018-2019 2014-2015 —108 —98
0 Legend
[J2012-2013 reclamation area
[12014-2015 reclamation area
g =20 . [J2016-2017 reclamation area
ES Al []2018-2019 reclamation area
E N E12020-2021 reclamation area
E ot N
° \
& o] R
8 T e
g —60 |- = -
o
g Up Quartile
2 o AverAage
= -80 Median
S
g Down Quartile
>
-100 -
InSAR subsidence
monitoring points
~120 ] 1 ] ] 1

ion area
2012-2013 ‘“"‘“fgfﬁzm 5 reclama’o”

ared

s rea . ca . (13
2017 rec\ama‘\‘z“;mg rec\amaﬁgng;\ reclamation &
i 2018~ 2020~

Figure 10. Temporal distribution of average vertical subsidence rates in different reclamation areas.

4.2. Terzaghi Consolidation Theory Verification and Prediction

The process stages of land reclamation are coast reclamation, blowing, subsidence,
and soft foundation treatment, in which subsidence is an inevitable problem of land
reclamation. This subsidence is a characteristic of subsidence exhibited by the compaction
of the reclaimed soil layer, which generally tends to stabilize in value after more than
20 years [47]. During this time, the ground will continue to subsidence to different degrees.
The ground subsidence related to land reclamation is primarily induced by three main
mechanisms, which include the initial consolidation of alluvial clay deposits after land
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reclamation, the secondary compression of alluvial clay deposits after land reclamation in
the long term, and the creep of the fill-in land reclamation [24,26,48,49]. In particular, the
initial consolidation of the filling soil in land reclamation accounts for the largest proportion
of the total subsidence, which is generally more than 70% in the case of airports in land
reclamation [14,50]. Moreover, the subsidence process of secondary compression and filling
creep is much slower than the subsidence process of initial consolidation [24]. Terzaghi
consolidation theory can provide an excellent explanation for this phenomenon.

From Figure 11, the subsidence rates of different reclamation area subsidence points
in the reclamation area of DJBIA are taken during the period from March 2017 to April
2021. The subsidence points of the reclamation area in 2012-2013, 2014-2015, 20162017,
2018-2019, and 2020-2021 are indicated by orange, light green, light red, light yellow, and
dark green points, respectively. The overall subsidence is undergoing the most significant
rapid subsidence phase after the reclamation is completed.

ot 10 3

= <
< N —~
[ — =
= &8

é —l 0 — 1 _20 > \>’
g )
o
8 § ~
<
S 40k 1-40 3 g
(] (]
54 =]
= g <=
5 S

< z g

=t o .Q
n — - —

Z —60 60 22
= — 2
17} ) =

—_—

8 / 2013 Reclamation Subsidence Points g é’

«E 80 1 /' 2015 Reclamation Subsidence Points = —80 ‘S 8
q>) L 2017 Reclamation Subsidence Points S

— as [ 2019 Reclamation Subsidence Points o
g ¢ }' 2020 Reclamation Subsidence Points A~
- |
o—100 |- vs, —— Prediction curve for Terzaghi consolidation theory™] -100

< 1 — :Z| Predicted curve rate within +£25mm/year

—-120 1 . 1 L 1 : 1 L 1 ) 1 ~120
0 10 20 30 40 50

Time after reclamation completion (year)

Figure 11. Prediction based on Terzaghi consolidation theory.

Based on the Terzaghi consolidation theory and combined with certain geological
sampling data, such as permeability coefficient, initial pore ratio, and compression coeffi-
cient of DJBIA [30-32], the subsidence prediction curve of the area is obtained as shown
in the red curve. As shown in Figure 11, the red prediction curve obtained by combining
the geological parameters of the area with the Terzaghi consolidation theory shows that
the reclamation area of the area in 2020 has an annual average vertical subsidence rate of
about 82 mm/year in the first year, and the results of INSAR monitoring reveal that the
first two years of vertical subsidence are within the range of 80 £ 25 mm/year, which is
highly consistent with each other. Additionally, the trend of decreasing deformation in the
following years is also highly consistent. The predicted subsidence in the reclaimed area in
2013 was around 32 mm/year, and the real subsidence was about 30 & 25 mm/year, which
confirmed the applicability and feasibility of the Terzaghi consolidation theory and the cor-
responding parameters used in this paper at Jinzhou Bay Airport. Meanwhile, the results
not only show the entire airport is currently in a more significant and rapid subsidence
phase, but also the vertical subsidence rate of the airport reclamation area is gradually slow-
ing down over time. In addition, the future vertical subsidence rate of the newly reclaimed
area in the region is about 80 &= 25mm/year, and the subsidence rate will gradually slow
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down with the accumulation of reclamation time, and the vertical subsidence rate will slow
down to about 30 &+ 25mm/year after 10 years. It is demonstrated that this theory can
provide an important reference to the prediction of land reclamation subsidence.

5. Conclusions

In this study, the time-series subsidence results of DJBIA from 2017-2021 were obtained
by using the SBAS-InSAR technology based on 50 Sentinel-1A ascending images, and the
Terzaghi consolidation theory was integrated to predict the future subsidence of DJBIA in
time series. The prediction based on the current stage can generally identify the subsidence
rate and trend in the study area, which is important for the control of the current and future
construction. The main findings of this paper are listed in the following.

(1) Extensive and significant uneven ground subsidence is occurring throughout the
land reclamation area of the airport, especially in the runway, terminal, and building
areas, with the maximum subsidence rate exceeding —100 mm/year. By analyzing the
maximum subsidence rate in four typical areas and the average regional subsidence rate
in six different reclamation periods, it shows that there is a large connection between the
ground subsidence rate and the reclamation time in this area, which means that the earlier
the reclamation completion, the larger the subsidence rate.

(2) Based on Terzaghi consolidation theory and on-site geological parameters, a pre-
dicted subsidence rate curve was derived for the area, which was in high agreement
with the InNSAR monitored subsidence results in 2017-2021, verifying the applicability
of the proposed prediction model based on Terzaghi consolidation theory for this land
reclamation airport.

(3) The prediction model reveals that subsidence in the entire reclamation area is in a
relatively significant and rapid stage at this stage, and the overall subsidence rate of the
reclamation area will be decreasing dramatically as time goes by. The subsidence in the
newly reclaimed area in the first two years is within the range of 80 £ 25 mm/year, and it
will slow down to about 30 £ 25mm/year after 10 years.
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