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Abstract

:

Many coastal cities reclaim land from the sea to meet the rapidly growing demand for land caused by population growth and economic development. Settlement in reclaimed land may delay construction and even damage infrastructures, so accurately predicting the settlement over reclaimed areas is important. However, the limited settlement observation and ambiguous final settlement estimation affect accurate settlement prediction in traditional methods. This study proposes a new strategy to solve these problems by using the Multitemporal Interferometric Synthetic Aperture Radar (MT-InSAR) method and takes the Xiamen Xiang’an International Airport, built on reclaimed land, as an example. The MT-InSAR is adopted to process the Sentinel-1 images to obtain the settlement history of the study area. The results show that settlement mainly occurs in the reclaimed areas, with the maximum average settlement rate exceeding 40 mm/y. We use the statistical properties of curve fitting to choose the best curve model from several candidate curve models to predict the settlement time series. The Asaoka method is used to identify the critical state between settlement and stability. We predict the consolidation time of the whole study area and reveal that the deformation rate is positively correlated with the consolidation time. The maximum remaining settlement time is over ten years since 24 December 2019. Therefore, manual compaction operations can be carried out to speed up settlement in the areas that need a long time to consolidate. The proposed method can be used to predict the settlement of similar reclaimed areas, and the predicted results can provide a reference for engineering construction.
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1. Introduction


Land reclamation from the sea has become an important strategy to promote economic growth and alleviate the population density in coastal areas [1,2,3]. However, the compaction of the underlying soft soil layers in reclaimed areas often leads to land subsidence, which may cause damage to undergoing construction and infrastructures [4,5]. Settlement monitoring and prediction are important in engineering geology [6], especially for reclaimed areas, where the underlying layers are highly compressible and require a long time for consolidation. Moreover, post-construction settlement prediction based on the foundation displacements can provide a reference for engineering construction, deformation early warning, and future land reclamation.



The methods used to predict the settlement include theoretical estimations based on the soil consolidation theory [7] and curve-fitting or prediction models based on deformation measurements [8]. The application of the former is limited by the few samples used and theoretical deviations due to different soil compositions. The latter relies on deformation observations, which are easy to obtain. Therefore, the second group of methods, such as hyperbolic curve [4,9,10], exponential function [11,12,13], and grey model [14,15,16], are well-applied in engineering settlement monitoring and prediction.



Land settlement is often monitored via in situ measurements and remote sensing technology. However, in situ measurements, such as Global Navigation Satellite System (GNSS), leveling, and extensometers, usually have low spatial resolutions due to labor intensity and high cost [17]. Therefore, with in situ measurements, it is difficult to obtain the detailed spatial distribution of deformation, which may lead to misunderstanding settlement behaviors. Interferometric Synthetic Aperture Radar (InSAR) has the ability to obtain the spatial–temporal distribution of deformation with promising accuracy. More importantly, it works in a non-contact style, so the acquisition of those data does not affect engineering construction. Consequently, InSAR has been widely used in measuring ground deformation, such as landslides [18,19,20], tectonic movements [21,22,23], volcano dynamics [24,25], and land subsidence [26,27,28,29], as well as oil and gas fields [30,31]. Moreover, the ability of long-term deformation time series retrieval of multitemporal InSAR (MT-InSAR) enables InSAR to predict the settlement of the reclaimed areas.



For settlement prediction, most studies have chosen prior functional models (e.g., hyperbolic function, Poisson function, exponential function) to predict the total amount and termination time of settlement. Kim et al. [9] introduced the hyperbolic model and persistent scatterer InSAR (PS-InSAR) to monitor the land subsidence in Mokpo City, South Korea. They showed that the prior hyperbolic model has better performance than the linear model. Hu et al. [11] used multisource remote sensing imagery to characterize landscape changes in Yan’an, China. They chose the exponential curve model to predict the consolidation time of the subsiding area. Deng et al. [15] combined PS-InSAR with Grey system theory to monitor and predict land subsidence in the Beijing Plain. The results indicated that this method can be an alternative to conventional numerical and empirical models for short-term prediction in cases in which there is a lack of detailed geological or hydraulic information. The method of combining InSAR with curve models to monitor and predict land subsidence has also been used in different scenarios [4,12,13,32]. Most studies chose curve models based on experience for settlement monitoring and prediction. The selected prior models, however, are likely not suitable to describe the deformation of the studied areas. Shi et al. [17] reported that different models lead to large variations in settlement predictions. They used exponential curve, hyperbolic curve, and quadratic curve to model the settlement time series. However, the quadratic curve failed to predict the settlement. The maximum difference in the final settlement amount predicted by the two curves can reach 0.2 m. In addition, it is not easy to identify the critical state between deformation and stability by the curve-fitting method, resulting in biased predictions of the total amount and the termination time of settlement.



To solve the abovementioned problems, this study proposes a two-step settlement prediction method. In step one, sufficient deformation points provided via MT-InSAR are used to choose the best curve to model the settlement pattern. In step two, the predicted settlement time series and the Asaoka method [33] are used to predict the final settlement amount and consolidation time. The method is validated using the Xiamen Xiang’an International Airport (referred to as XXIA hereafter), China, a reclaimed airport under construction, as a case study.



This study is organized as follows: The study area and datasets are introduced in Section 2. Section 3 describes the processing flow of MT-InSAR and the deformation results of the XXIA. Section 4 describes the procedure of settlement prediction. In Section 5, we discuss the total settlement and the consolidation time of the study area. Some conclusions are drawn in Section 6.




2. Study Area and Datasets


Sentinel-1 images over the XXIA acquired between July 2015 and December 2019 were processed via MT-InSAR to obtain the deformation of the whole study area. Then, we chose the best curve function to model and predicted the deformation time series of the study area. The study area and datasets are described in subsequent sections.



2.1. Study Area


The XXIA, a planned 4F-class international airport, is located in the southeast of Dadeng Island, Xiamen City, China (Figure 1 and Figure 2). The construction of the XXIA started on 4 January 2022, and about 26 km2 of the XXIA will be built on reclaimed land. The land reclamation project of the XXIA has three phases (Figure 2); the first two phases have been completed, after which the reclaimed land experienced settlement [2,34]. Settlement monitoring and prediction of the reclaimed land are crucial to the safe construction of the XXIA. However, predictions of the total settlement amount and consolidation time of the XXIA have not yet been reported.




2.2. Datasets


A total of 128 ascending Sentinel-1 images acquired between 6 July 2015 and 24 December 2019 were collected to obtain the deformation time series of the reclaimed land (Table A1). Coverage of the Sentinel-1 data is shown in Figure 1. The main parameters of the Sentinel-1 images are summarized in Table 1. The images were acquired after the first and second reclamation phases were completed. In addition, the SRTM DEM with a resolution of 30 m was collected to simulate and remove the topographic phase in the differential interferograms.





3. MT-InSAR Processing and Deformation Results


3.1. MT-InSAR Processing


Sentinel-1 SAR images have small perpendicular baselines, so only the temporal baselines were considered selecting interferometric pairs. The maximum temporal baseline was set as 36 days. The interferometric pairs were processed via a multi-look operation (range × azimuth = 5 × 1) to form the interferograms. The SRTM DEM was used to remove the phase contribution of topography in the interferograms. After interferogram filtering and phase unwrapping, the first-order polynomial function model was used to remove the phase ramps. Some areas in the study area were reclaimed from the sea, so they have no external DEM data. We assumed the elevation of the reclaimed land to be 1 and selected high-quality interferograms to perform linear regression between topographic errors and perpendicular baselines to estimate and remove topographic errors. We used the amplitude dispersion of pixels [35], intensity, and coherence to remove poor-quality pixels. The singular value decomposition (SVD) [36] was used to calculate the phase time series of each pixel. We estimated the linear deformation using the least square method and then subtracted the phase contributions of linear deformation from the phase time series. The residual components in the phase time series mainly include nonlinear deformation, atmospheric artifacts, and noise. The atmospheric phases are highly correlated in space, while lowly correlated in time. Noise is lowly correlated in both space and time domains. Therefore, we used temporal and spatial filtering to extract nonlinear deformations from the residual phases. The final deformation time series of each pixel is the sum of linear deformation and nonlinear deformation. The least-square method was performed in the final deformation time series to estimate the average deformation rate of each pixel.




3.2. Deformation Results


Figure 3 shows the average deformation rate in the line-of-sight (LOS) direction of the study area. The selected pixels were sufficient to show the spatial distribution of the settlement, and the deformation areas obtained in this study are generally consistent with the previous studies [2,34], although the monitoring periods were different. Four areas, areas—A, B, C, and D—suffered severe settlement, and the maximum settlement rate exceeded 40 mm/y. The settlement mainly occurred in the reclaimed areas, including the area reclaimed in the first phase (Figure 3d), the second phase (Figure 3e), and the reclaimed areas in the northwest (Figure 3a) and southwest (Figure 3b) of Dadeng Island. The settlement was particularly severe in the northeast of the area reclaimed in the second phase.



The first reclamation phase was completed before July 2015, earlier than the monitoring time of InSAR. According to the soil consolidation theory [7], some points (see Section 4) in area C have finished the primary consolidation and entered the second compression stage. The settlement rate in the area reclaimed in the first stage was around 15 mm/y, with a maximum settlement rate of 20 mm/y. For area C, the maximum settlement rate was observed in the southern part, but some points in this area had become stable after the reclamation. Among the four areas, area C was first reclaimed, so it had the minimum deformation rate, due to the longer time of consolidation. It is possible that areas A, B, and D will have a settlement pattern similar to area C in the time domain, as they had similar strategies of reclamation. Area D had the maximum average settlement rate, as it was reclaimed in the second phase, which was accomplished in March 2018 and has just entered the primary consolidation stage. Inside each area, the settlement rates were different. Specifically, in area D, the southern part was stable, but the northern part experienced serious settlement. One explanation is that this area underwent several reclamations at different times (see Section 5).





4. Methods of Settlement Prediction


The considerable number of measured points obtained from MT-InSAR provided a good opportunity for the settlement prediction of the XXIA. In this section, we discuss our methodology, according to which we chose the best model to describe the settlement pattern of the XXIA and then used the Asaoka method to estimate the termination time of settlement for predicting the total amount of settlement. The flowchart is shown in Figure 4.



4.1. Function Model Selection


To describe the settlement patterns of the reclaimed areas, we selected the best one from three traditional curve functions—namely, the hyperbolic model, Poisson curve model, and the exponential function model—according to the deformation time series of the XXIA obtained. The three utilized models are introduced below.



4.1.1. Hyperbolic Model


The hyperbolic model [4,9,10] is an empirical curve fitting method, suitable for fitting a large amount of measured data. The amount of settlement St at time t can be expressed as


   S t  =  S 0  +   t −  t 0    α + β  (  t −  t 0   )     



(1)




where S0 is the initial amount of settlement, t0 is the initial time of settlement, and α and β are two unknown parameters. Formula (1) can be rewritten as


    t −  t 0     S t  −  S 0    = α + β  (  t −  t 0   )   



(2)







As Formula (2) shows, (t − t0)/(St − S0) and (t − t0) are linearly related. α and β can be estimated by linear regression in t/St versus t, and then the hyperbolic model of the settlement can be determined.




4.1.2. Poisson Curve Model


The Poisson curve model [32] can be written as


   S t  = c / ( 1 + a  e  ( − b t )   )  



(3)




where St represents the amount of settlement at time t. a, b, and c are three unknown parameters, which can be determined by the three-stage calculation method.



Assume the total number of SAR images is n, and the time interval of each two images is equal. The settlement time series are y1, y2, y3, …, yn. The settlement time series is divided into three groups. Each group has r = n/3 items. Let d1, d2, and d3 be the reciprocal sum of the settlement in the following three groups:


   d 1  =   ∑   i = 1  r   1   y i    ;    d 2  =   ∑   i = r + 1   2 r    1   y i    ;    d 3  =   ∑   i = 2 r + 1  n   1   y i     



(4)




a, b, and c can be determined by the following formulas:


  b = ln    (   d 1  −  d 2   )     d 2  −  d 3    / r  



(5)






  c = r /  [   d 1  −      (   d 1  −  d 2   )   2     (   d 1  −  d 2   )  −  (   d 2  −  d 3   )     ]   



(6)






  a =      (   d 1  −  d 2   )   2   (  1 −  e  − b    )  c    [   (   d 1  −  d 2   )  −  (   d 2  −  d 3   )   ]   e  − b    (  1 −  e  − r b    )     



(7)







In this study, the SAR images used to retrieve the settlement time series were not acquired at equal intervals, so the settlement time series should be interpolated before applying the Poisson curve model.




4.1.3. Exponential Function Model


The exponential function model [11,12,13] assumes that the settlement rate decreases along the exponential curve with time. The model is expressed as follows:


   S t  =  S ∞  − (  S ∞  −  S 0  )  e   (   t 0  − t  )  / η    



(8)




where St represents the settlement amount at time t, t0 is the initial time of settlement, η is the unknown parameter, and S0 and S∞ represent the initial settlement amount and the final settlement amount, respectively. Nonlinear regression can be used to apply Formula (8).




4.1.4. Optimal Model Selection


Most studies used a few points to evaluate the prediction ability of models. However, these previously selected points may not be able to describe the settlement characteristics of the whole study area. Moreover, settlement prediction based on a small number of points is not very useful in practical engineering. The optimal prediction model based on sufficient measurements can help monitor the whole study area, guide the construction process, and provide a reference for the prediction of settlement in similar cases. The application of MT-InSAR greatly contributes to the optimal model selection.



As mentioned in Section 3.2, the area reclaimed in the first phase has been subsiding for a long time. The settlement pattern can be well-represented by the long-term settlement time series of the monitored points, which helps the prediction model selection. Therefore, the settlement time series of the monitored points (4217 points) in the area reclaimed in the first phase was used to choose the optimal model from the above three models to predict the settlement. Points P1–P6 (Figure A1) were chosen to display the settlement time series and the three fitted curves (Figure 5, Figure 6 and Figure 7). As shown in Figure 5, Figure 6 and Figure 7, the three fitted curves were consistent with the settlement time series. In terms of the determination coefficient R2 and root-mean-square error (RMSE) of points P1–P6 in the curve-fitted models, the Poisson curve had the worst performance among the three models. Thus, the hyperbolic curve and exponential curve were used to predict the settlement.



We calculated the R2 and RMSE values of the 4217 monitored points to qualitatively choose the optimal curve model. Figure 8 shows the distribution of R2 of the three fitted curves. R2 of the Poisson curve was mainly concentrated around 0.984, whereas that of the hyperbolic curve was concentrated around 0.992, and the exponential curve had the highest frequency when the correlation coefficient reached 0.996. The statistical histograms of RMSE (Figure 9) showed that the maximum RMSE of the fitted exponential curves was about 7 mm, far less than that of the fitted Poisson and hyperbolic curves. The fitted exponential curves also had the minimum mean RMSE. Therefore, the exponential curve model had the best performance among the three curve models and, therefore, was determined as the optimal settlement prediction model in the study area.





4.2. Method of Total Settlement Prediction


Although curve functions are applicable in settlement prediction, they can hardly determine when the foundation becomes stable. We used the Asaoka method [33] to identify when the settlement ends, which can obtain a reliable final settlement estimation using a large amount of measured data. Then, the total settlement was determined by combing the exponential curve model and the Asaoka method.



The Asaoka method is derived based on the Mikasa one-dimensional consolidation equation [33]. This method approximates the consolidation differential equation by the following equation:


  S +  λ 1    d S   d t   +  λ 2     d 2  s   d  t 2    + … +  λ n     d n  s   d  t n    = μ  



(9)




where S is the total final settlement, and λ1, λ2, … λn, μ are constants.



The first-order differential of Formula (9) provides high accuracy for practical engineering applications, so Formula (9) can be rewritten as


  S +  λ 1    d S   d t   = μ  



(10)







The time is divided into j (j = 1, 2, 3, …) equal parts. For time tj, the settlement is Stj, and we thus obtain


   S   t  j + Δ t     =  γ 0  +  γ 1   S   t j     



(11)




where γ0 is the settlement value, and γ1 is a constant. Linear fitting is performed on a series of scattered points (   S   t j    ,  S   t  j + Δ t      ) to obtain the parameters γ0 and γ1, and the final settlement of the foundation is expressed as      S  t → ∞   =  γ 0  /  (  1 −  γ 1   )   .





5. Discussion


5.1. Settlement Time Series Prediction


The consolidation rate of the foundation is affected by many factors, such as foundation treatment ways, the reclamation materials, and the thickness of the underlying alluvial layers, so it varies over regions [7]. It may take years or even more than ten years for some regions to reach stability under natural conditions. The prediction of the settlement time series helps locate the areas that need a long time to stabilize, so as to apply manual intervention, such as tamping and strengthening, to unstable areas and ensure that the construction is carried out on schedule. In addition, understanding the settlement behaviors can provide prior information for the planning of engineering projects.



Using the exponential curve model and the Asaoka method, we predicted the settlement time series in the XXIA. Figure 10 shows the predicted settlement curves and the settlement termination time for points P7–P12 (locations of points P7–P12 are shown in Figure A2). Their final settlement amount and the settlement termination time were different. As Figure 10 shows, under the current loads, the final settlement amount of P8 will reach about 11 cm in late 2027, and P9 will become stable within one year after December 2019. However, P7, P8, P10, and P11 need a long time for consolidation, which may be longer than ten years, exceeding the planned time of construction. Therefore, an artificial compaction process should be performed to speed up consolidation.




5.2. Consolidation Time Prediction of the Whole Study Area


The areas reclaimed in the first and second phases have the same geological structure and foundation treatment methods, so the settlement patterns should be similar. Therefore, we extended the optimal prediction model and the final settlement calculation method determined in Section 4 to the whole study area to analyze consolidation. We show the time required for each point to reach stabilization intuitively in Figure 11.



As Figure 11 shows, a large number of points that require more than ten years to stabilize were observed in the southern part of the area reclaimed in the first phase, the northeast part of the area reclaimed in the second phase, the northwest of Dadeng Island, and the southwest of Dadeng Island. In the interior of Dadeng Island, almost all points reached stability. Combining with the deformation rate map of the study area (Figure 3), we found that the locations of the areas with large deformation rates were coincident with that of the areas needing long settlement duration. The points with long consolidation times were mostly distributed in the reclaimed area. The type and thickness of the reclamation materials, the completion time of reclamation, and the effect of foundation treatments all affect the settlement duration. In this study, Dadeng Island and its reclamation areas were divided into five parts—namely A, B, C, D, and E. In what follows, we discuss their remaining consolidation time separately and analyze the main reasons that affect consolidation in each area.



Area A is the original land of Dadeng Island. As can be seen from Figure 11b and Figure 12, most of this area is covered by buildings, farmland, planting, and fishery farming areas, which had no changes during the InSAR monitoring period, except for a few scattered areas (Figure 3). The deformation results acquired by Liu et al. [2] and Zhuo et al. [34] also showed that there was no large-scale heavy subsidence in area A. By analyzing the optical images (Figure 12), we found that the subsidence in a few scattered areas was caused by city road construction (white dotted rectangle and Figure A3) and farmland. City road construction started between 29 April 2017 and 10 July 2017. It is reasonable that the construction activity may cause land subsidence. Therefore, the prediction results are in line with the actual condition, which further proves the reliability of the proposed method.



Area B was reclaimed in the second phase. Most of this region, except for the northeast part, needs two to ten years to consolidate. The northeast part was reclaimed before 13 April 2015, when the reclamation of the rest part of area B had not yet started (Figure 12). Therefore, when settlement in the northeast part ends, the remaining part of area B may still be in the primary consolidation stage or secondary compression stage. Similarly, areas C and E have varying consolidation times over different parts.



Area D was reclaimed in the first phase, but its northern and southern parts had different deformation rates (Figure 3). The southern part needs 4 to 10 years for consolidation. The northern part needs a shorter time to consolidate, and some parts have stopped subsiding. The first phase of the reclamation project was from March 2014 to 16 June 2015. As shown in Figure 11e, during the foundation treatment, different types of landfill materials were used in the north and south. The different landfill materials led to the different remaining settlement times.



In foundation treatment and engineering construction, special attention should be paid to the areas that need long consolidation times. However, it is worth noting that the prediction method used in this study may not be appropriate to predict the settlement in some parts of area A. Similar to the abovementioned description, farmland and some construction activity exist in area A (dry land of Dadeng Island). The subsidence patterns of farmland and some construction activity may be different from that of reclaimed areas. Therefore, the interpretation of the predicted settlement should rely on actual deformation patterns.





6. Conclusions


In this study, we focused on settlement time series, final settlement amount, and consolidation time prediction over reclaimed areas using the dense deformation measurements obtained from InSAR. The proposed method consists of two steps: (1) optimal curve model selection; (2) final settlement prediction using the Asaoka method. The Xiamen Xiang’an International Airport, a planned reclaimed area, was chosen as the study site to validate our method. A total of 128 Sentinel-1 images were used to obtain the deformation history of the study area. We analyzed the InSAR-derived deformation results and discussed the predicted settlement. The following main conclusions were drawn from this research:




	(1)

	
Settlement mainly occurred in the reclaimed areas, with the maximum average settlement rate exceeding 40 mm/y between 6 July 2015 and 24 December 2019. Different parts in one reclaimed area had different settlement rates, due to the uneven construction progress;




	(2)

	
The exponential curve model showed the best performance in fitting the settlement time series obtained from MT-InSAR over the area reclaimed in the first phase. The Asaoka method was effective in the determination of deformation and stability;




	(3)

	
The settlement time series and the final settlement of the reclaimed land could be predicted by combining the exponential curve model and the Asaoka method. Predicted consolidation time indicated that some areas need more than ten years to stabilize (since 24 December 2019). Manual consolidation should be applied to those regions to ensure construction speed.









We provided an alternative method to predict the settlement over reclaimed areas that have no in situ measurements and subsurface information. In this study, no in situ measurements or geotechnical models were used to predict the settlement, which may lead to deviation from the actual final settlement. In the future, InSAR, in situ measurements, geotechnical models, and subsurface information can be integrated to conduct precise and wide-coverage settlement predictions.
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Table A1. Acquisition dates of Sentinel-1 images.






Table A1. Acquisition dates of Sentinel-1 images.





	Satellite
	Pixel Spacing (Ran × Azi)
	Acquisition Dates (Year/Month/Day)





	Sentinel-1
	2.3 m × 13.9 m
	2015/07/06, 2015/07/18, 2015/08/11, 2015/08/23, 2015/09/04, 2015/09/16, 2015/09/28, 2015/10/10, 2015/10/22, 2015/11/03, 2015/11/15, 2015/11/27,2015/12/09, 2015/12/21, 2016/01/14, 2016/01/26, 2016/02/07, 2016/02/19, 2016/03/02, 2016/03/14, 2016/03/26, 2016/04/07, 2016/04/19, 2016/05/01, 2016/05/13, 2016/05/25, 2016/06/06, 2016/06/30, 2016/07/24, 2016/08/05, 2016/08/17, 2016/08/29,2016/09/10, 2016/09/22, 2016/10/04, 2016/10/16, 2016/10/28, 2016/11/09, 2016/11/21, 2016/12/03, 2016/12/15, 2016/12/27, 2017/01/08, 2017/01/20, 2017/02/01, 2017/02/13, 2017/02/25, 2017/03/09, 2017/03/21, 2017/04/02, 2017/04/14, 2017/04/26, 2017/05/08, 2017/05/20, 2017/06/01, 2017/06/13, 2017/06/25, 2017/07/19, 2017/07/31, 2017/08/12,

2017/08/24, 2017/09/05, 2017/09/17, 2017/10/11, 2017/10/23, 2017/11/04, 2017/11/16, 2017/11/28, 2017/12/10, 2017/12/22, 2018/01/03, 2018/01/15, 2018/01/27, 2018/02/08, 2018/02/20, 2018/03/04, 2018/03/28, 2018/04/09, 2018/04/21, 2018/05/03, 2018/05/15, 2018/05/27, 2018/06/08, 2018/06/20, 2018/07/02, 2018/07/14, 2018/07/26, 2018/08/07, 2018/08/19, 2018/08/31, 2018/09/12, 2018/09/24, 2018/10/06, 2018/10/18, 2018/11/11, 2018/11/23, 2018/12/05, 2018/12/17, 2018/12/29, 2019/01/10, 2019/01/22, 2019/02/03, 2019/02/27, 2019/03/11, 2019/03/23, 2019/04/04, 2019/04/16, 2019/04/28, 2019/05/10, 2019/05/22, 2019/06/03, 2019/06/15, 2019/06/27, 2019/07/09, 2019/07/21, 2019/08/02, 2019/08/14, 2019/08/26, 2019/09/07, 2019/09/19, 2019/10/01, 2019/10/13, 2019/10/25, 2019/11/06, 2019/11/18, 2019/11/30, 2019/12/12, 2019/12/24
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Figure A1. Locations of points P1–P6. 






Figure A1. Locations of points P1–P6.
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Figure A2. Locations of points P7–P12. 






Figure A2. Locations of points P7–P12.
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Figure A3. Optical images of the white dotted rectangle area in Figure 12. Optical image acquired on (a) 16 June 2015, (b) 24 June 2016, (c) 10 July 2017, (d) 2 June 2018, (e) 26 July 2019, and (f) 7 December 2019. 






Figure A3. Optical images of the white dotted rectangle area in Figure 12. Optical image acquired on (a) 16 June 2015, (b) 24 June 2016, (c) 10 July 2017, (d) 2 June 2018, (e) 26 July 2019, and (f) 7 December 2019.
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Figure 1. The Xiamen Xiang’an International Airport (XXIA): (a) coverage of Sentinel-1 images and the location of the XXIA; (b) optical image of Dadeng Island; (c) location of the XXIA in Fujian Province, China. 
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Figure 2. Optical images of the XXIA, Dadeng Island, and Xiaodeng Island: (a) illustration of the three phases of land reclamation. The yellow, white, and red lines are the boundaries of the reclaimed land in the first, second, and third phases, respectively. The blue line represents the dry land of Dadeng Island; (b–d) optical images of the study area acquired in December 2011, December 2015, and December 2019, respectively. The green lines delineate the boundaries of Dadeng Island and Xiaodeng Island. 
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Figure 3. Average deformation rate map of the study area. Positive values denote the deformation toward the satellite. Negative values denote the deformation away from the satellite: (a) average deformation rate map of the whole study area; (b–e) enlarged view of areas outlined by dotted lines in (a). 
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Figure 4. Flowchart of the settlement prediction. 
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Figure 5. Hyperbolic curve fitting of (a) P1, (b) P2, (c) P3, (d) P4, (e) P5 and (f) P6. Locations of points P1−P6 are shown in Figure A1. 
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Figure 6. Poisson curve fitting of (a) P1, (b) P2, (c) P3, (d) P4, (e) P5 and (f) P6. Locations of points P1−P6 are shown in Figure A1. 
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Figure 7. Exponential curve fitting of (a) P1, (b) P2, (c) P3, (d) P4, (e) P5 and (f) P6. Locations of points P1−P6 are shown in Figure A1. 
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Figure 8. R2 of (a) Hyperbolic curve fitting, (b) Poisson curve fitting and (c) Exponential curve fitting. 
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[image: Remotesensing 14 03081 g008]







[image: Remotesensing 14 03081 g009 550] 





Figure 9. RMSE of (a) Hyperbolic curve fitting, (b) Poisson curve fitting and (c) Exponential curve fitting. 
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Figure 10. Predicted settlement curves of (a) P7, (b) P8, (c) P9, (d) P10, (e) P11 and (f) P12. Locations of points P7−P12 are shown in Figure A2. t is the consolidation time, and d is the final settlement. 
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Figure 11. (a) The time needed for stabilization since the acquisition date (24 December 2019) of Dadeng Island and its reclamation areas: (b) optical image of area A acquired on 13 April 2015; (c) optical image of area B acquired on 13 April 2015; (d) optical image of area C acquired on 6 February 2015; (e) optical image of area D acquired on 16 October 2014; (f) optical image of area E acquired on 1 June 2016. 
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Figure 12. Optical images of the study area acquired on (a) 16 June 2015, (b) 24 June 2016, (c) 29 April 2017, (d) 10 July 2017, (e) 2 June 2018, (f) 26 July 2019, and (g) 7 December 2019. 
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Table 1. Acquisition dates and parameters of the collected Sentinel-1 images.
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	Sensors
	Direction
	Incidence Angle
	Path-Frame
	Number of Images
	Temporal

Coverage





	Sentinel-1
	Ascending
	33.91°
	142-75
	128
	6 July 2015–24 December 2019
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