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Abstract: Beijing is severely affected by land subsidence, and rapid urbanisation and building
construction might accelerate the land subsidence process. Based on 39 Envisat Advanced Synthetic
Aperture Radar (ASAR) images acquired between 2003-2010, 55 TerraSAR-X images acquired
between 2010-2016, and urban building information, we analysed the relationship between land
subsidence and buildings at the regional, block, and building scales. The results show that the surface
displacement rate in the Beijing urban area ranged from —109 mm/year to +13 mm/year between
2003-2010, and from —151 mm/year to +19 mm/year between 2010-2016; two subsidence bowls
were mainly distributed in the eastern part of the Chaoyang District. The displacement rate agreed
well with the levelling measurements, with an average bias of less than six mm/year. At the regional
scale, the spatial pattern of land subsidence was mainly controlled by groundwater extraction,
compressible layer thickness, and geological faults. Subsidence centres were located in the area
around ground water funnels with a compressible layer depth of 50-70 m. The block-scale analysis
demonstrated a clear correlation between the block construction age and the spatial unevenness of
subsidence. The blocks constructed between 1998-2005 and after 2005 showed considerably more
subsidence unevenness and temporal instability than the blocks constructed before 1998 during both
time periods. The examination of the new blocks showed that the spatial unevenness increased
with building volume variability. For the 16 blocks with a high building volume, variability, and
subsidence unevenness, the building-scale analysis showed a positive relationship between building
volume and settlement in most blocks, although the R? was lower than 0.5. The results indicate that
intense building construction in urban areas could cause differential settlement at the block scale
in Beijing, while the settlement of single buildings could be influenced by the integrated effects of
building volume, foundation structures, and the hydrogeological background.

Keywords: land subsidence; PS-INSAR; uneven settlement; building construction; Beijing urban area

1. Introduction

Land subsidence, a phenomenon of gradual land surface settling, is a geological hazard
caused mainly by anthropogenic activities such as subsurface fluid extraction, underground mining,
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and engineering construction. Currently, more than 50 cities in China have faced land subsidence issues,
and of these, Beijing has been among the most seriously affected cities since the 1950s [1]. Uneven land
surface settlement has been reported to cause damages to urban infrastructures, such as wall cracks
and pipeline ruptures, leading to losses in the national economy [1]. It is known that land subsidence
on the Beijing plains is mainly caused by an excessive withdrawal of groundwater and is controlled
by lithological and geological structures such as clay layer thickness, active faults, and aquifer types.
Chen et al. [2] investigated land subsidence processes between 2003-2010 in the Beijing plains area
and reported that land subsidence in this area is greatest where the compressible layer thickness is
approximately 50-70 m, and that the distribution of subsidence bowls is controlled by Quaternary
faults. Chen et al. [3] and Lei et al. [4] reported that groundwater-level variations in the second confined
aquifer had the greatest impact on the development of land subsidence, and significant differences
in the deformation gradient were found on both sides of the faults. Zhou et al. [5,6] investigated
the relationship between land-use types and subsidence rates and found that serious subsidence
occurred mainly in wetland, paddy fields, upland soils, vegetable land, and peasant-inhabited land.
Gao et al. [7] revealed that the inelastic and permanent compaction of the Beijing aquifer system was
due to the continuous decline in the water level of the northern subsidence area in Beijing, and elastic
deformation outside the subsidence area.

Although subsurface fluid extraction, e.g., groundwater over-exploitation, is a major factor
contributing to regional land subsidence in many cities in China and other countries [8,9], research has
shown that rapid urbanisation can also be a contributing factor, as building construction and space
utilisation usually develop consolidation processes [10]. A case study by Solari et al. [11] demonstrated
the correlation between the age of the construction of buildings and the subsidence rates in two small
urban areas in Pisa, Italy. Pretesi et al. [12] detected ground subsidence that was caused by the soil
consolidation process of a newly constructed building in Florence, Italy. Chen et al. [13] found that
land subsidence in the Loess Plateau region of China exhibited a high correlation with the distribution
of building land, and that subsidence rates increased with building density.

The investigation of the relationship between buildings and land subsidence requires the
continuous monitoring of land surface displacement over a large area. Compared to traditional
geodetic methods such as Global Positioning System (GPS) and levelling and deep soil settlement
surveys, the permanent scatterer interferometric synthetic aperture radar (PS-InSAR) technique has
become widely recognised for monitoring ground displacement over large areas in a timely and
cost-efficient way [14-16]. Studies have also found that the PS-InSAR technique has the capability to
obtain high-density and precise measurements of the construction area and linear objects in urban
areas based on high-resolution synthetic aperture radar (SAR) data. Liao et al. [17] determined the
long-term subtle deformation of large man-made structures in Shanghai with millimetre-scale accuracy
using the Persistent Scatterer Interferometry (PSI) method based on TerraSAR-X images. Qin et al. [18]
applied the PS-InSAR technique and 26 TerraSAR-X images to monitor surface deformation along
a rail transit in Shanghai. Chen et al. [19] monitored land surface deformation around the Beijing
Subway Line 6 area based on Radarsat-2 data between 2009-2012. Solari et al. [20] derived a time
series of ground subsidence in an urban area in Pisa, Italy during 1992 and 2010 based on European
Remote Sensing satellites (ERS) 1/2 and Envisat Advanced Synthetic Aperture Radar (ASAR) datasets
and identified the deformation of city buildings. Tapete et al. [21] monitored the deformation of linear
structures using measurement points from the InNSAR technique based on Radarsat-1 data and GPS
measurements, and analysed the uncertainty of the measurements. The utilisation of multi-source
datasets has demonstrated the capability of facilitating an analysis of the long-term temporal evolution
of ground deformation over urban areas.

During the last few decades in Beijing, urban areas have been rapidly expanding, and the land
surface has been intensely developed and utilised. Buildings impose extra loads on the land, and the
construction of buildings alters the natural processes of consolidation [22-24]. To date, only a few
studies have examined the relationship between land subsidence and urban development in Beijing.
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Chen et al. [25] found a weak positive correlation between Landsat-derived urban indices and land
subsidence between 2003-2010. Chen et al. [26] reported that the complexity of urban space utilisation
may affect uneven settlement at five settlement centres. Both studies only analysed settlement funnel
areas in which groundwater withdraw was the major control factor of land subsidence, and it is hard
to attribute land subsidence to the urbanisation in these areas. Jiao et al. [27] studied the western
Central Business District—a very small urban area—and found the skyscrapers with volumes over
3 x 10° m3 showed a higher land subsidence rate than smaller buildings.

The aforementioned literature review shows that the impact of building construction on land
subsidence have not been fully investigated in Beijing urban areas. How building construction impacts
the subsidence processes at different spatial scales is not clear. The present study aims to fill this gap.
The objective is to evaluate the relationship between building construction and land subsidence in
Beijing urban areas at regional, block, and building scales using the PS-InSAR technique. Building
characteristics, including the age of building construction and building volume, are considered. The
Chaoyang District, where both urbanisation and land subsidence have developed rapidly over the
past few decades, was selected as the study area. Five hydrogeological regions were partitioned
over the study area, with each demonstrating a similar groundwater level and compressible layer
thickness. Land subsidence data between 2003-2016 were derived based on 39 Envisat ASAR images
and 55 TerraSAR-X images. For each hydrogeological region, the relationships between building
characteristics, namely, the age of construction and building volume, with land subsidence, were
evaluated at both the block scale and the single-building scale. A detailed description of the study
area, datasets, and methodology is seen in Sections 2 and 3. Sections 4 and 5 present and discuss the
results. The main conclusions are summarised in Section 6.

2. Study Area and Dataset

2.1. Study Area

Beijing (39°28'-40°05'N and 115°25'-117°30’E) is an international metropolitan city with rapid
urban sprawl and a high intensity of human activities. In 2016, the population of Beijing reached
21,729 million, inhabiting an area of approximately 16,410 km?, of which 1410 km? was built-up
area. Beijing is affected by a monsoon-influenced semi-arid and semi-humid continental climate.
The temporal and spatial distribution of annual precipitation occurs unevenly, and 60.4% of the
precipitation is concentrated in the summer (July-September). Two thirds of the water sources for the
Beijing municipality come from groundwater. Groundwater is mainly withdrawn from the shallow
confined aquifer layer in single-layered structure areas, and the middle confined aquifer layer and
deep confined aquifer layer in multi-layered structure zones [4]. Since 1950, the Beijing plain area
has formed five major ground subsidence funnels in the Chaoyang, Tongzhou, Shunyi, Changping,
and Daxing Districts.

In this paper, we chose the Dongbalizhuang—dajiaoting settlement funnel and its surrounding area
in the Chaoyang District as the study area (205 km?). The groundwater level at the second confined
aquifer varies from —37 m to —10 m, and the thickness of the clay layer in the first 100 m depth ranges
from less than 50 m to 70 m. The Nanyuan-Tongxian geological fault is located across the study area
(Figure 1), and rapid urbanisation has occurred in this area since the 1980s. Currently, the development
in the study area is typical of urban areas in Beijing, with complex and intensive urban land use with
mixed low-rise and high-rise buildings, historic and modern buildings, and commercial and residential
buildings. Urban villages with considerable numbers of single-storey houses still exist.
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Figure 1. Study area and dataset coverage.

2.2. SAR Images and Validation Datasets

To determine the land subsidence evolution in the study area, two sets of SAR images comprising
39 descending single look complex (SLC) scenes collected by Envisat ASAR from 18 June 2003 to
25 August 2010 and 55 ascending scenes collected by the TerraSAR-X satellite with Stripmap mode
from 13 April 2010 to 24 May 2016 were utilised in this study (Figure 1). The spatial resolutions of the
Envisat ASAR and TerraSAR-X images were approximately 30 m and 3 m on the ground, respectively.
Although high spatial resolution SAR datasets such as the TerraSAR-X imagery are preferable for
identifying permanent scatterers in urban areas, this type of high-resolution satellite was not available
before 2008. Thus, Envisat ASAR images were used to derive surface deformation between 2003-2010.
The external Digital Elevation Model (DEM) that was applied for PS-InSAR processing to remove the
topographic phase and flatten effects came from Shuttle Radar Topography Mission (SRTM) with a
spatial resolution of 90 m (http://dds.cr.usgs.gov/srtm/).

Land surface deformation measurements collected from 12 levelling benchmarks from 2003 to
2010, five levelling benchmarks between 20102013, and 13 levelling benchmarks between 2015-2016
were used for validation (Figure 1). Due to the limited availability of long-term observations, none of
the in situ datasets covered the whole time span from 2010 to 2016.

2.3. Building Properties

From Google Earth, high-resolution images, and Baidu Street Map (map.baidu.com), the block
locations were visually interpreted and manually outlined in ArcGIS software. In our study, a “block”
refers to a gated community that is usually surrounded by main streets or roads. In the study area,
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a total of 178 blocks were identified. Most of the blocks were residential communities, and among them,
some communities had one or two commercial buildings. Apart from the residential communities,
several school campuses and commercial business districts were also located in the area. Sixteen blocks
were urban villages with similar low-rise buildings. It has been reported that many of these villages
have private wells, which may affect the local groundwater level. Previous research has shown that
the subsidence rate increases as the distance to the pumping well decreases [2]. Twenty-four blocks
were located within a 50-m buffer area of the Nanyuan-Tongxian geological fault. To minimise the
influence of local groundwater level variation and the fault on the uneven subsidence within the blocks,
we eliminated these blocks from further analysis. As a result, 138 blocks were selected with a total
of 6023 buildings. For each building, properties such as building height, base area, and construction
age were acquired from real estate companies. Building volume was estimated as the product of the
building base area and height. Volume was used to represent the load of the buildings.

3. Methodology

First, land surface deformation over the study area from 2003 to 2016 was derived from
Envisat ASAR and TerraSAR-X datasets using the PS-InSAR technique. The results were evaluated
by a comparison with levelling measurements. The study area was then partitioned into five
hydrogeological regions. Each region had a similar groundwater level and compressible thickness
of the clay layer. For each region, the spatiotemporal pattern of land subsidence was analysed. The
relationship between land subsidence and building characteristics, including construction age and
building load, was then evaluated at both the block scale and building scale.

3.1. Land Subsidence Monitoring Using the PSI Technique

The PSI method is capable of detecting points with strong and stable radiometric characteristics
based on a stack of SAR data and deriving surface deformation information. In this study, the Stanford
method for persistent scatterers (StaMPS) PSI method developed by Hooper et al. [28] was used to
retrieve time series deformation from the Envisat ASAR images. First, the image acquired on 18 April
2007 was selected as the master image. The StaMPS selected initial persistent scatterer (PS) candidates
with a small dispersion index value (lower than 0.4 in this study). The phase stability analysis was
then performed for each PS candidate, and the probability that each pixel was a PS pixel was refined
based on the stability indicator. For PS pixels, the wrapped phase was corrected, and unwrapping
was then applied. The spatially correlated errors were eliminated with the aid of a high-pass filter in
time, and a low-pass filter in space. Finally, the time series deformation along the line-of-sight (LOS)
direction was derived.

The PSI method presented by Ferretti et al. [29,30] in SARPROZ software was used to obtain a
deformation time series from the 55 TerraSAR-X images. First, the TerraSAR-X image acquired on
1 November 2013 was selected as the master image by considering a shorter spatial baseline and
temporal baseline. Other images were co-registered to the master image. Second, a series of differential
interferograms were constructed with the aid of SRTM DEM and precise orbital data. Third, persistent
scatterer candidates (PSCs) were obtained with an amplitude difference dispersion index lower than
0.3. Then, multi-image grid phase unwrapping was conducted, and an atmospheric phase screen (APS)
was estimated and removed. Afterwards, PS points with a temporal coherence index greater than 0.75
were selected. This ensures that the selected PS points have a high coherence and show phase stability
over a long period of time. Finally, the displacement time series for each PS point along the LOS were
derived by separating the phase components of the interferometric phase. Research has shown that
use of the StaMPS and the PSI method in SARPROZ software yields consistent results for the same
datasets [31,32], while we found that StaMPS was more computationally intensive. Therefore, we used
SARPROZ software to process the high amount of TerraSAR-X datasets. Note that we used the same
reference points with known zero deformation in the overlapped area of two data frames. The vertical
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deformation rate was then estimated from the LOS deformation rate by assuming that the horizontal
movement of the land surface can be neglected [2,7].

3.2. Multi-Scale Analysis of the Relationship between Building Characteristics and Land Subsidence

In Beijing, lithology provides the geological background for land subsidence, and the spatial
variation in the groundwater level is closely related to the regional distribution of subsidence rates. To
minimise the impact of hydrogeological conditions on the subsidence-building relationship analysis,
the study area was partitioned into five hydrogeological regions based on the compressible thickness
of the clay layer and groundwater level at the second confined aquifer (Table 1 and Figure 2).
Compressible layer thickness was classified into three classes, including <50 m, 50-60 m and 60-70 m.
Groundwater level at the second confined aquifer was classified into four classes, including —37
to =32 m, —32 to —27 m, —27 to —22 m, and —22 to —17 m. Blocks were grouped based on the
construction age. There were a total of 25 blocks built prior to 1998, 65 blocks built between 1998-2005,
and 48 blocks built after 2005 (Table 1).

Table 1. Compressible layer thickness, groundwater level, and number of blocks within each region.

Region I II III v \'
Compressible Layer
Thickness (m) 50-60 50-60 60-70 60-70 <50
Groundwater Level (m)
at Second Confined Aquifer —37-32 —32--27 —32-=27 —2m22 —22--17
Before 1998 7 0 3 7 8
Number of 1998-2005 21 4 8 13 19
Blocks After 2005 22 6 0 12 8
Total 50 10 11 32 35
116°27'E 116°38'E
Tl Compressible layer thickness 60 — 70m | Compressible layer thickness 50 - 60m
Groundwater level -32 —-27m Groundwater level -37 - -32m
IV Compressible layer thickness 60 — 70m
Groundwater level -27 —-22m
z Z
Il Compressible layer thickness 50 — 60m
Groudwater level -32 —-27m
[ Before 199 N
I:I 1998 - 2005 V Compressible layer thickness <50m 0 2 4 8 A
[] After 2005 Groundwater level -22 —-17m Kilometres

116°27'E 116°38'E

Figure 2. Location and extent of five regions.



Remote Sens. 2018, 10, 1006 7 of 20

For each region, the spatiotemporal pattern of the vertical deformation rate during the two
observation periods was analysed. The spatial unevenness and temporal instability of the ground
deformation within the blocks and their relationship with the block construction age and building
volume variation was analysed. Further, the relationship between building-scale characteristics and
settlement was analysed.

4. Results

4.1. Land Surface Deformation Derived from the PSI Techniques and Validation

A total of 167,690 pixels and 1,099,639 pixels were detected as PS points from the Envisat ASAR
and TerraSAR-X datasets, respectively. As illustrated in Figure 3, the deformation rate ranged
from —109.1 mm/year to +13.1 mm/year during 2003-2010 for the Envisat ASAR datasets and
from —150.5 mm/year to +19 mm/year during 2010-2016 for the TerraSAR-X datasets. Figure 3a
clearly shows five settlement funnels in the Chaoyang, Shunyi, and Changping districts in the
Beijing plain. The two settlement funnels with the highest subsidence rates were located within
the TerraSAR-X data frame (Figure 3b). At the Laiguangying settlement funnel, the maximum
deformation rate reached —92 mm/year from 2003 to 2010, and —151 mm/year from 2010 to
2016. At the Dongbalizhuang-dajiaoting settlement funnel, the maximum deformation rate reached
—109.1 mm/year and —141.5 mm/year from 2003 to 2010 and 2010 to 2016, respectively.

116°0'E 116°30'E 116°20'E 116°40'E

Huairou l‘Mi)'““ Changping " ';‘5"5_—5_@“):’1/_ ~
g : k]

- e

40°0'N

40°0'N
39°50°'N
39°50°'N

{ :
Fangffmn :

/ 0 37575 (e
/ | ipmere

116°0'E 116°30'E 116°20'E 116740'E

Fangshan

Displacement Rate (mm/year) -77 - -61 ®-29--13
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® -125--109 -93 --77 -45 - -29 ® 3-19
Settlement area L: Laiguangying D: i -dajiaoti TerraSAR-X
{a)g gying D: Dongbalizhuang da}lao(t:;g 1 i

Figure 3. Average displacement rate derived from the (a) Envisat Advanced Synthetic Aperture Radar
(ASAR) datasets during 2003—2010 and (b) TerraSAR-X datasets during 2010-2016. The red outline
shows the boundary of the study area.

The deformation rates during the two periods were further assessed by 30 in situ levelling
measurements collected from 2003 to 2010, 2010 to 2013, and 2015 to 2016. The PS pixels closest to the
levelling benchmarks were selected. As there were no measurements available throughout the time
period from 2010 to 2016, we calculated the average displacement rate during 2010-2013 and 20152016
from the cumulative displacement time series derived from the TerraSAR-X datasets. Figure 4 shows
that the deformation rate measurements from the PSI techniques and levelling benchmarks are in good
agreement. The average biases of the estimates from the PSI techniques are —1.57 mm/year (root mean
square error (RMSE) = 2.45 mm/year, R? = 0.90) for 2003 to 2010, 4.53 mm/year (RMSE = 8.01 mm/year,
R? = 0.98) for 2010 to 2013, and 5.00 mm/year (RMSE = 9.06 mm/year, R? = 0.86) for 2015 to 2016. The
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StaMPS method applied to Envisat ASAR datasets and the SAR PROcessing tool by periZ (SARPROZ)
method applied to TerraSAR-X datasets have different procedures; for example, StaMPS does not
require any priori assumptions for the temporal nature of the deformation for PS selection. However,
the validation results using levelling measurements indicate that reliable land deformation results
were derived from both PSI methods. This supports the following analysis on the relationship between
land subsidence and building characteristics.

-10
+ 2003-2010 N=12, R*=0.90 ﬁ?’f‘
= 30 4 2010-2013 N=5, R2=0.98 A
g 0 2015-2016 N=13,R:=0.86 .~
g0
g -~
3 70 A0
& -
§ 90 1 o
o 4

8 o A%
%-110 9
& a7
& -130

150 L —

-150 -130 -110 -90 -70 -50 -30 -10
Levelling measurement (mm/year)

Figure 4. Comparison of the displacement rates derived from the permanent scatterer interferometric
synthetic aperture radar (PS-InSAR) technique and levelling measurements.

4.2. Spatiotemporal Characteristics of Land Subsidence at Each Region

Tables 2 and 3 list the deformation rate statistics in each region and within the blocks during
2003-2010 and 2010-2016. There were a total of 14,729 PS pixels (90 pixels/km?) and 163,072 PS pixels
(939 pixels/km?) detected by the Envisat ASAR and TerraSAR-X datasets, respectively, in the five
regions. Note that the point density from the TerraSAR-X datasets was over 10 times that from the
Envisat ASAR datasets. This is mainly due to the differences in spatial resolution of the two datasets.
The StripMap mode of TerraSAR-X acquisition provides up to 3-m resolution, while Envisat ASAR
acquisition provides 30-m resolution imagery. During both time periods, the mean deformation rate
in region I (—75.2 mm/year and —93.1 mm/year), region II (—68.1 mm/year and —94.0 mm/year),
and region III (—53.8 mm/year and —64.1 mm/year) were much higher than those in regions IV and
V. Regions [, II, and III also had higher deformation rate standard deviations (SDs) (>15 mm/year)
than regions IV and V, indicating a greater unevenness in the subsidence of regions I, II, and III. Thus,
we considered regions I, I, III, i.e., the regions with most severe subsidence, as the subsidence centre.

Table 2. Deformation rate of persistent scatterer (PS) points during 2003-2010 within regions and
blocks. SD: standard deviations.

Region I II II1 v \'
Total Number of PS points 3288 2305 2103 2520 4513
Mean Deformation Rate of PS points 759 681 _538 264 _138
(mm/year)
SD of Deformation Rate of PS Points 167 11.0 119 106 85
(mm/year)
Number of PS Points within Blocks 975 261 254 968 1727
Mean Deformation Rate within Blocks 696 648 601 _259 ~108
(mm/year)
SD of Deformation Rate within Blocks 202 8.6 104 9.4 57

(mm/year)




Remote Sens. 2018, 10, 1006 9 of 20

Table 3. Deformation rate of PS points during 2010-2016 within regions and blocks.

Region I II III v \'
Total Number of PS Points 35,159 20,743 18,348 29,687 59,135
Mean Deformation Rate of PS Points _931 _940 641 304 136
(mm/year)
SD of Deformation Rate of PS Points 223 16.4 184 134 10.7
(mm/year)
Number of PS Points within Blocks 15,023 5710 2527 16,419 25,978
Mean Deformation Rate within 890 _916 _820 30,0 112
Blocks (mm/year)
SD of Deformation Rate within Blocks 252 124 129 130 8.9

(mm/year)

We further selected the PS pixels within the blocks. The number of PS pixels within the blocks
accounted for approximately 29% (Envisat ASAR) and 40% (TerraSAR-X) of the PS pixels in the whole
region. However, the density of the PS pixels in the blocks was higher than the overall PS pixel density
due to the existence of buildings (120 pixels/km? from Envisat ASAR and 1876 pixels/km? from
TerraSAR-X). Although the Envisat ASAR PS pixel density is much lower than the TerraSAR-X PS
pixel density, there is still an average of over 30 PS pixels within each block, enabling further statistical
analysis within the blocks. For each region, the mean and SD of the deformation rate within the blocks
had a similar pattern as those of the whole region, indicating that the subsidence rates in these blocks
can represent the overall regional situation (Tables 2 and 3).

A comparison between Tables 2 and 3 shows that the settlement rate increased significantly
from 2003-2010 to 2010-2016 in all of the regions and blocks except for in region V. The SD of the
settlement increased in all of the regions and blocks. In the subsidence centre area (regions I, II, and
III), the increments in the mean and SD of the subsidence rates were even more notable. Specifically,
the mean settlement rate increased from 75.2 mm/year to 93.1 mm/year in region I, from 68.1 mm/year
to 94.0 mm/year in region II, and from 53.8 mm/year to 64.1 mm/year in region III. Figure 5 also
shows that the spatial distribution of the subsidence rate is similar during the two time periods at each
region, while the magnitude of the subsidence rate during 20102016 is significantly higher than that
during 2003-2010.

Region 1 Region 1l

:~\\ﬂ oaE) () 3 g
W -3 tmmyear™ \-/ W -Fmnvyear
[ -136mmyycar W as1mmvyear W-1demmyear T —
Region IV .. Region V o] Region IV e '? Region V "j
L2 / ] .
/ A
[\
e Building construction age
e
S =i [ efore 1998
i) . ) @ 11998 - 2005
> S
EB ] Adfter 2005
7

Za
! M 13m T dJ
~ G 4
> ] 5
- dmm/year v

B Stmmiyear

(a) (b)

Figure 5. Deformation rates of each region during (a) 2003-2010 and (b) 2010-2016.
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4.3. Block-Scale Building Characteristics and Subsidence

From the two SAR datasets, the PS pixels within the blocks were extracted, and the average
and range of the cumulative settlement were calculated for each block. In this study, we define the
range, denoted as R(s), as the difference between the 95th percentile and the 5th percentile of the
cumulative settlement within a given block during 2003-2010 based on the ASAR datasets or during
20102016 based on the TerraSAR-X datasets. The 95th percentile and 5th percentile were used in order
to eliminate the outliers of PS-InSAR-derived cumulative settlement. R(s) was utilised to represent the
spatial variation or unevenness of the land subsidence within each block. For each PS point derived
from the ASAR dataset, we found the closest PS point derived from the TerraSAR-X dataset within
a 5-m bulffer area. The settlement velocity change, which was denoted as Av, from 2003-2010 to
2010-2016 was then calculated for the pairs of PS points. The range of the velocity change R(Av), i.e.,
the difference between the 95th percentile and 5th percentile velocity change within each block, was
calculated to represent the stability of the block settlement. The basic assumption was that blocks are
relatively stable if there was no change in the displacement velocity during the two periods, or if the
velocity change was similar across the block area; a high R(Av) within the block indicates poor stability.

Table 4 summarises the average cumulative settlement and velocity change within the blocks
constructed before 1998, between 1998-2005, and after 2005. In the subsidence centre area (regions I-I1I),
the average cumulative settlement ranged from 563.2 mm to 574.3 mm between 2003-2010, and from
552.9 mm to 612.8 mm during 2010-2016; the average velocity change ranged from 14.5 mm/year to
17.5 mm/year. In the areas far from the subsidence centre (regions IV and V), the average cumulative
settlement ranged from 144.8 mm to 176.2 mm between 2003-2010, and from 126.7 mm to 134.6 mm
between 2010-2016; the velocity change varied from 6.1 mm/year to 7.4 mm/year. Note that there
were six blocks constructed after 2005 in region I that had no PS pixels detected in the Envisat
ASAR dataset due to the lack of permanent scatterers; hence, we did not include these blocks in the
statistical calculation based on the Envisat ASAR dataset. The blocks constructed during the three time
periods did not have considerably different settlements, regardless of the dataset used (Envisat ASAR
TerraSAR). The velocity changes were also similar.

Table 4. The average cumulative settlement (5), average settlement velocity change (Av), average

range of cumulative displacement (R(s)), and average range of velocity change (R(Av)) of PS pixels

within blocks.
Region Construction age (N) § (mm) A/v R(s) (mm) R(Av)
20032010 2010-2016 ™™V/yean) 5403 5010 2010-2016 (Mm/year)
Before 1998 (10) 5743 612.8 175 52.1 477 5.8
[-ITI 1998-2005 (33) 596.9 552.9 145 86.2 93.2 11.0
After 2005 (28) * 563.2 % 578.6 15.8 82.1* 925 105
Before 1998 (15) 144.8 130.2 7.4 633 64.5 7.0
v,V 1998-2005 (32) 165.8 1267 6.1 70.1 73.7 7.2
After 2005 (20) 176.2 134.6 6.2 68.9 788 8.7

*: Among the 28 blocks constructed after 2005 in regions I-III, six blocks had no PS pixels detected by the Envisat
ASAR dataset. Thus, they were not considered in the statistical calculation based on the Envisat ASAR dataset.

Table 4 compares the average R(s) and R(Av) within the blocks constructed during the three time
periods. The spatial unevenness of the subsidence in the newly constructed blocks was higher than
that in the old blocks, as shown by both the Envisat ASAR and TerraSAR-X datasets. In the subsidence
centre area, the blocks that were built prior to 1998 had an average unevenness of 52.1 mm between
2003-2010, and 47.7 mm between 2010-2016; the blocks built after 2005 had an average unevenness of
82.1 mm between 2003-2010 and 92.5 mm between 2010-2016. In addition, the newer blocks had a
greater increase in displacement unevenness from 2003-2010 to 2010-2016. For example, in regions IV
and V, the subsidence unevenness of the old blocks (constructed before 1998) increased from 63.3 mm
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to 64.5 mm, and that of the new blocks (constructed after 2005) increased from 68.9 mm to 78.8 mm.
Figure 6 illustrates the percentage of blocks with each interval of R(s). As illustrated in Figure 6, in the
subsidence centre area, only 20% of the old blocks had a subsidence unevenness over 80 mm between
2003-2010; in contrast, the unevenly subsiding blocks (R(s) > 80 mm) accounted for 48.4% and 40.9%
of the newer blocks, respectively. Between 2010-2016, the percentage of unevenly subsiding old blocks
decreased to 10%, while for newer blocks, the percentages were 48.4% and 43%. Similarly, in regions IV
and V, the percentage of unevenly subsiding old blocks was lower than that of the unevenly subsiding
new blocks. In the study area, there were four groups of adjacent blocks with new blocks close to old
blocks. The described pattern, that is, that newer blocks had greater spatial unevenness and temporal
instability than older blocks, was more evident at the local scale (Figure 7). Figure 7e illustrates
the settlement range for each block of each group. The figure clearly shows that blocks constructed
between 1998-2005 and after 2005 had greater R(s) values than the neighbouring old blocks.

In addition, Table 4 shows that newer blocks have greater R(Av) values than older blocks. In
regions I, II, and III, none of the old blocks had R(Av) values greater than 15 mm/year, while 24.2% of
the blocks that were constructed between 1998-2005, and 13.6% of the blocks constructed after 2005,
had R(Av) values greater than 15 mm/year. Similarly, the old blocks had lower R(Av) values than
the newer blocks in regions IV and V. The percentages of blocks with R(Av) >15 mm/year were 0%,
9.4%, and 5% for old blocks, blocks constructed between 1998-2005, and blocks constructed after 2005,
respectively (Figure 8). As R(Av) represents the spatial variability of changes in subsidence velocity
within the blocks, these results show that the new blocks were less stable than the old blocks.
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Figure 6. Percentage of blocks with different intervals of R(s) within blocks in (a) regions I, II, and III
derived from the ASAR datasets; (b) regions I, II, and III derived from the TerraSAR-X datasets;
(c) regions IV and V derived from the ASAR datasets; and (d) regions IV and V derived from the
TerraSAR-X datasets.
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Figure 8. Percentage of blocks with different intervals of R(Av) within blocks in (a) regions I, II, and III,
and (b) regions IV and V.

We further focussed on the 48 blocks constructed after 2005 (28 blocks in regions I, II, and 1II,
and 20 blocks in regions IV and V) and analysed the relationship between subsidence and building
volume for these blocks. The 48 blocks were selected because they had a greater spatial unevenness
and temporal instability of land subsidence than the old blocks. Compared with the blocks that were
constructed between 1998-2005, they also had a greater increase in R(s) from 2003-2010 to 2010-2016;
therefore, we speculated that the ground settlement within these blocks was more susceptible to the
impact of building construction. Figure 9 shows the relationship between the range of cumulative
displacement (R(s)) derived from the TerraSAR-X datasets and the range of building volume within
the 48 new blocks in regions I, II, IV, and V. Note that there were no new blocks in region III. Except
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for in region I, R(s) increased with the building load range, i.e., greater differences in building load
corresponded to greater unevenness in the settlement within the blocks. For example, in region V, three
blocks had building volume differences greater than 2 x 10° m® and average R(s) values that reached
93 mm, which was a greater value than that of the blocks with small differences in building volume.
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Figure 9. Average range of cumulative settlement (R(s)) between 2010-2016 for blocks with different
building volume ranges in (a) region I, (b) region II, (c) region IV, and (d) region V. The numbers above
each bar denote the number of blocks.

4.4. Building-Scale Subsidence and Building Volume

A building-scale analysis was performed on the 16 new blocks (seven in region I, 1 in region II, 5
in region IV and 3 in region V) with building volume differences greater than 10° m3 since they have
relatively high subsidence unevenness. We calculated the cumulative displacement of each building
from 2010 to 2016 using the co-registered PS points derived from the TerraSAR-X datasets, and analysed
the relationship between building volume and displacement. Table 5 lists the coefficient, intercept, and
R? values of the linear regression model with building volume (10° m?) as the explanatory variable,
and building cumulative displacement as the response variable. Despite low R? values (0.1-0.43), most
of the blocks (13 out of 16) showed a negative relationship (negative coefficient) between building
volume and displacement; that is, building settlement increased with the magnitude of building
volume. For example, in the Dafangju block community in region II, the buildings in the west subsided
by approximately 740 mm between 2010-2016, while those in the east only subsided by approximately
635 mm in the same period. The volume of the western buildings was approximately 3.3 x 10° m?,
and that of the eastern buildings was approximately 0.3 x 10° m? (Figure 10a). In the Jintaixianfeng
block community, there was a building cluster in the southeast with a greater subsidence rate than
that of the other buildings. An examination of the building cluster showed that the buildings were
commercial high rises with a volume of approximately 1.5 x 10° m?, while the other buildings had a
volume of approximately 0.4 x 10° m? (Figure 10b). However, in the remaining three blocks, a similar
pattern was not found. For example, in the Huamao block of region V, there were three high-rise
buildings constructed between 2005-2008 with 28-36 floors above the ground and four basement floors
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comprising a commercial centre. However, the displacement rate of these skyscrapers was obviously
lower than that of the surrounding low-rise buildings.

Table 5. Parameters of the linear regression model between building volume and building deformation.
Deformation = a x volume (10°) + b.

Region I II
a —149.5 —36.0 —216.4 —-17.9 0.35 —49 —1.8 —10.5
b —3354 3665 —319.6 —841.1 8404 —400.2 —665.1 —679.0
R? 043 0.10 0.12 0.23 0.21 0.11 0.11 0.35
Region v A%
a 114 —5.80 —94 —-7.8 —16.5 45 —6.2 —10.0
b —165.5 —1139 —66.8 —280.9 —83.0 —69.9 —48.6 —45.7
R? 0.12 0.10 0.15 0.24 0.13 0.24 0.08 0.33
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Figure 10. Cumulative displacement within the (a) Dafangju block and (b) Jintaixianfeng block.

5. Discussion

5.1. Causes of Land Subsidence at the Regional Scale

As illustrated in Tables 2 and 3 and Figure 5, land subsidence between 2003-2010 and 2010-2016
presented similar spatial patterns. The settlement funnels in the Chaoyang district were clearly present
in both time periods, and the deformation rates in regions I, II, and III were significantly higher than
those in regions IV and V. We overlaid the contour map of the average groundwater table in the second
confined aquifer between 2003-2010 and 2010-2016 on the displacement map, and found that the
spatial variation in the land subsidence rate was generally consistent with the groundwater level
contours (Figure 11a,b). However, the distribution of the subsidence bowl did not exactly align with
the groundwater depression cone, which may be affected by the compressibility of the soil structure
and the geological fault zone [7]. The comparison between Figure 11a,b shows that the groundwater
level decreased considerably from 2003-2010 to 2010-2016. Correspondingly, the subsidence bowls
expanded, and the subsidence rate increased during the two time periods. By comparing the land
surface displacement time series derived from the TerraSAR-X data with the confined groundwater
level changes at two observation wells between 2005-2014 [33], we found that the land subsidence
trend was closely related to temporal variations in the groundwater level (Figure 11c,d). When
the groundwater level declined, the magnitude of displacement increased correspondingly. Intense
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groundwater withdraw is the predominant cause of subsidence in the Beijing plain area, since regional
drops in piezometric levels could reduce pore pressure and increase effective stresses [4].

The thickness of the soft clay layer provides the lithology and structural background for land
subsidence in the Beijing plain area. In our study area, the highest deformation rate occurred in regions
I, II, and III, where the compressible clay layer thickness reached 50-70 m. Thicker compressible soil
tends to have a relatively high deformation rate when piezometric levels decrease. For each region,
the mean and SD of the deformation rate within the blocks had similar patterns as those of the whole
region, indicating that the subsidence rate of these blocks can represent the overall regional situation
(Table 1). The spatial-temporal deformation rate pattern revealed that regional-scale land subsidence
was mainly caused by drops in the groundwater level and mainly controlled by structures, including
the compressible thickness of the clay layer and faults.
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Figure 11. (a) Compressible thickness and groundwater level at the second confined aquifer
superimposed onto an interpolated cumulative land deformation map. (b) Cumulative displacement
derived by PS-InSAR and groundwater level at (c) the eastern Chaoyang and (d) eastern Balizhuang
observation wells.
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5.2. Effects of Building Characteristics on Block-Scale Subsidence Unevenness

The spatiotemporal evolution of land subsidence in the study area was mainly controlled by the
aforementioned hydrogeological factors at the regional scale. Therefore, no substantial differences
in cumulative settlement (5) and the subsidence rate change (Av) were discovered among the three
types of blocks classified by the age of construction in either the subsidence centre area (regions I, II,
and III) or the area far from the subsidence centre (regions IV and V). However, we did find that newer
blocks had a higher spatial unevenness of subsidence than older blocks. In addition, the increase
in displacement unevenness from 2003-2010 to 20102016 and the spatial variation of the velocity
change in the new blocks were higher than those in the old blocks. In contrast, the old blocks were
more stable than the new blocks. These observations were the most obvious in the four groups of
blocks with new blocks and old blocks near each other (Figure 7). At such a local scale, the lithology
features and groundwater conditions were similar; thus, the contribution of groundwater variations to
displacement unevenness was limited. On the other hand, the construction of buildings could lead to
significant load changes, thus resulting in uneven subsidence within blocks. As the old blocks had
been built more than 10 years before the TerraSAR-X data acquisition time, the primary consolidation
processes may had completed before this period; thus, the old blocks were more stable than the nearby
new blocks.

Solari et al. [11] reported a positive relationship between the building construction age and
settlement rate in small urban areas in Pisa, Italy. Dong et al. [34] also presented that the construction
of urban infrastructure induces local-scale uneven subsidence in Shanghai, China. Stramondo et al. [10]
detected some local areas affected by subsidence rates greater than 10 mm/year in Rome, and revealed
the effect of building construction on land subsidence. Pratesi et al. [12] reported that the subsidence
of newly constructed building displayed a sharp slope of displacement velocities during the first
year of completion of construction in Florence, Italy. In these studies, regional subsidence showed
homogeneous spatial patterns in urban areas, while localised high deformation rates were detected
in some newly developed buildings or districts. Unlike these studies, the urban area in our study
showed great spatial variation in deformation associated with variations in the groundwater level
and geological condition. Even within the same region, spatial subsidence gradients were visible.
Therefore, it is difficult to attribute the difference in the deformation rate of the new and old blocks to
the contribution of building construction, because these differences may also be caused by groundwater
variations. Nonetheless, a comparison of the settlement unevenness across the blocks, instead of the
settlement itself, could minimise the impact of groundwater in such a small area. From our results,
the higher spatial unevenness and temporal instability within the new blocks confirmed that the effect
of building construction on subsidence could be revealed at a local scale.

For the new blocks that were constructed after 2005, the deformation unevenness was found
to be related to the variations in building loads within the blocks. In the study area, most of the
residential buildings in the blocks had a construction period less than five years. The intense building
construction in a small area disturbed the balance of stresses in the overlying strata. Greater building
load variation indicated greater differences in building structures or founding techniques, and thus
differential settlement [10]. Skyscrapers may produce greater downward pressure, which consolidates
the soft clay layer, than low-rise buildings, and thereby may cause greater subsidence.

5.3. Effects of Building Volume on Building-Scale Subsidence

The magnitude of the imposed building load has been demonstrated as a factor promoting
consolidation and high displacement rates [11]. In our study area, the analysis of the 16 blocks showed
that building settlement increased with building volume in most blocks. Similarly, Jiao et al. [18]
reported that buildings with a volume of over 3 x 10° m® had higher subsidence rates than
small-volume buildings in the western CBD area. We also found that the R? of the positive relationship
was relatively low, and a few blocks, such as those in the Huamao Centre, even showed an opposite
trend. A possible explanation for this is that the load contribution to ground settlement also depended
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on the type of foundation and corresponding depth [10]. For example, the three high-rise buildings in
the Huamao Centre had four basement floors that each had a depth of at least 18 m. The foundation
piles of these buildings may reach down to the substrate. The use of long piles or super long piles in
high or super high buildings can effectively reduce settlement, and the increase in the building load
does not cause the same proportion of ground settlement. Nonetheless, pile foundation construction
may cause ground deformation in surrounding areas as a result of the stress transfer effect [34],
and thus affect the spatial unevenness of the subsidence within a block.

6. Conclusions

In this study, we analysed the relationship between ground subsidence and building characteristics
in the Beijing Chaoyang and Tongzhou districts using the PS-InSAR technique. First, 39 Envisat ASAR
images between 20032010 and 55 TerraSAR-X images between 2010 to 2016 were used to obtain surface
deformation. The results showed that the ground deformation rate in the Beijing urban area ranged
from —109 mm/year to +13.1 mm/year from 2003 to 2010, and from —151 mm/year to +19 mm/year
from 2010 to 2016. There were two obvious subsidence bowls in the eastern part of the Chaoyang
District. The displacement rates that were estimated by the PS-InSAR datasets agreed well with the
levelling observations, and the average biases were 1.57 mm/year at 12 levelling benchmarks from 2003
to 2010, 4.53 mm/year at five levelling benchmarks from 2010-2013, and 5.01 mm/year at 13 levelling
benchmarks from 2015-2016. The study area was partitioned into five hydrogeological regions with
similar groundwater levels at the second confined aquifer and compressible layer thicknesses. A total
of 138 blocks with 6023 buildings were selected and analysed in the five regions. Based on the land
subsidence monitoring results, we analysed the land subsidence pattern and its relationship with
different building characteristics at regional, block, and building scales, and the following conclusions
were drawn:

(1) At the regional scale, the spatiotemporal evolution of land subsidence was mainly controlled by
declines in the groundwater level, compressible layer thickness, and geological faults. The spatial
pattern of the land subsidence rate distribution was consistent with groundwater level contours
during the two time periods, and the highest deformation rate occurred in regions I, II, and III,
where the compressible clay layer thickness reached 50-70 m. Geological faults also affected the
subsidence unevenness at a regional scale. The mean and SD of ground displacement increased
significantly from 2003-2010 to 20102016 in almost all of the regions. For each region, the mean
and SD of ground displacement within the blocks showed a similar spatiotemporal pattern as
that within the whole region.

(2) At the block scale, we analysed the relationship between the age of block construction and
the deformation at the subsidence centre area (regions I, II, and III) and the area far from the
subsidence centre (regions IV and V). Interestingly, we found that newly constructed blocks
(constructed between 1998-2005 and after 2005) had a considerably higher spatial unevenness
of ground settlement than the old blocks (constructed before 1998), especially during the time
period of 2010-2016, as shown by the TerraSAR-X dataset. This pattern was more obvious for
the block cluster with adjacent new and old blocks. The temporal instability of the deformation
within the new blocks was also greater than that within the old blocks. For the new buildings,
we found that subsidence unevenness was related to the variation in building volume within the
block. Greater variations in building volume corresponded to greater subsidence unevenness.
The block-scale results indicated that intense building construction within a small area could
disturb the balance of stresses in the overlying strata, and thus cause differential settlement.

(3) At the building scale, an analysis of 16 new blocks with a building volume range over 10° m3
demonstrated a weak positive relationship between single-building settlement and building
volume in 13 blocks. However, in the remaining three blocks, we found the settlement rates
of some high-rise buildings were lower than those of low-rise buildings. Single-building
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settlement can be caused by the combined effects of load magnitude, foundation structure,
and foundation depth.

In summary, the impact of building construction on land subsidence was difficult to determine
at the regional scale in a Beijing urban area, as hydrogeological conditions are the main drivers of
subsidence, as reported in previous research. At the block scale and single-building scale, we found
block construction age and building volume could affect the spatial unevenness and instability of
subsidence. As the urban area in Beijing is characterised by complex land use and varied building
properties, the impact of building construction on subsidence might be a combination of effects from
these factors. Nevertheless, our conclusion implies that building construction contributed to the spatial
unevenness of ground displacement at the local scale, and attention should be paid to those uneven
settlement blocks.
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