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Abstract: In metropolitan areas, the static load of high-rise buildings may result in uneven settlement,
which seriously threatens residents’ living safety. Studying the response relationship between the
additional stress of high-rise buildings and foundation settlement plays an important role in ensuring
the safe development of metropolitan cities. Firstly, based on Persistent Scatterers Interferometric
Aperture Radar (PS-InSAR) technology, we used 68 descending TerraSAR-X images to obtain the
surface settlement in the study area from April 2010 to October 2018, which were validated with
leveling benchmark monitoring results. Secondly, we calculated the additional stress of the building
loads to quantify its effect on the uneven settlement in the Central Business District (CBD) of
Beijing. Finally, two sets of characteristic points were selected to analyze the response relationships
between foundation settlement and additional stress generated by building loads. The findings show:
(1) The surface settlement rate varied from −145.2 to 24 mm/year in the Beijing Plain. The InSAR
results agree well with the monitoring results derived from the leveling benchmark; the Pearson
correlation coefficients were 0.98 and 0.95 in 2011–2013 and 2015–2016, respectively. (2) The stress
results show that the depth of the influence of the static load of high-rise buildings was 74.9 m
underground in the CBD. (3) The spatial distribution pattern of the additional stress is consistent with
the foundation settlement. A characteristic point with greater additional stress in the same group
has a higher foundation settlement rate. This relationship has also been found between the uneven
foundation settlement and additional stress gradients. These findings provide scientific support for
mitigating economic losses due to foundation settlement caused by additional stresses derived from
building loads.

Keywords: surface settlement; additional stress; building loads; PS-InSAR

1. Introduction

Surface settlement threatens the safety of cities and damages infrastructure, through,
for example, sinking foundations and rupturing underground pipelines. More than
150 countries on the Earth have experienced surface settlement to various degrees, in-
cluding China [1], the USA [2], Italy [3], and Mexico [4]. The North China Plain has
experienced the most serious settlement on the Chinese mainland [1].

Persistent Scatterers Interferometric Aperture Radar (PS-InSAR) technology can be
used to determine the surface settlement information in urban areas with millimeter-scale
accuracy [5]. Using ENVISAT and ERS data from 1992–2010 and COSMO-SkyMed and
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TerraSAR-X data from 2008–2011, Tosi, et al. [6] obtained the surface settlement in Venice.
Chen, et al. [7] acquired surface settlement information around Beijing Subway Line 6
using Radarsat-2 data from 2010–2014. Based on ENVISAT SAR data from 2003–2010
and Sentinel-1A data from 2015–2016, Guan, et al. [8] assessed the evolution pattern of
surface settlement in the Lanzhou New District. Yang, et al. [9] obtained surface settlement
information in the eastern Beijing urban area based on ENVISAT data from 2003–2010
and TerraSAR-X data from 2010–2016. Jiao, et al. [10] acquired the surface settlement in a
central business district (CBD) located in Beijing using TerraSAR-X data from 2010–2013.

Surface settlement (SS) is the sum of all components of land surface election change,
including foundation settlement (FS), tectonic settlement (TS), settlement caused by aquifer
system compaction owing to decline of groundwater levels (SDGL) [11,12]. The relationship
between these can be expressed by Equation (1). Previous studies have shown that the
crust in the Beijing Plain is relatively stable and that TS can be ignored when compared
with FS and SDGL [7,10]. Thus, it is reasonable that TS was treated as 0 from 2010 to 2018.

SS = FS + TS + SDGL (1)

Beijing, an international metropolis, is an international, innovative, cultural, and
political center. With the acceleration of urbanization, a positive correlation was found
between the surface settlement rate, building density, and floor area ratio in 2002 [13]. In
2007, Jie, et al. [14] found that a positive relationship exists between surface settlement and
large-scale building loads and discussed the depth of the influence of building loads on
urban construction. In 2008 and 2010, Tang, et al. [15] and Cui, et al. [16] demonstrated
surface settlement caused by superimposed stress are derived from building loads by using
soil mechanics models. In 2009, Gong, et al. [17] found that the building load contributes
close to 30% of the surface settlement in Shanghai. In 2015, Chen, et al. [18] reported a
positive correlation between urbanization and surface settlement in Beijing. In 2018, Yang,
et al. [9] analyzed the relationship between surface settlement and buildings on multiple
scales and found a positive correlation between the surface settlement rate and building
volume. Parsons indicated that the settlement from building loads is at least 5–80 mm in
the city of San Francisco and that the most extreme examples were for the Millennium
Tower, which has settled over 400 mm during a decade [19].

With the expansion of the city, many skyscrapers have been built in Beijing. Analyzing
the relationship between foundation settlement and building loads may provide scientific
support for improving urban safety and reducing economic losses in the future. Additional
stress produced by building loads will accelerate the consolidation process of the soil [15,16].
Previous studies have mainly focused on the statistical relationship between the load and
foundation settlement; the index used to represent loads in those studies is unable to
represent the superimposed characteristics of additional stress derived from building loads.
Here, we innovatively calculated the additional stress of building loads to quantitate its
effect on foundation settlement. We selected the CBD of Beijing in Chaoyang District as the
study area, which has a high building density, and a large number of tall buildings were
built there between 2001 and 2018. First, we present the geological settings of the study
area in Section 2. The methodology is described in Section 3. Then, we present additional
stress maps and a foundation settlement map in Section 4. In Section 5, we calculate the
depth of the influence of additional stress generated by building loads and analyze the
response relationship between foundation settlement and the additional stress generated
by building loads. Finally, we summarize our conclusions in Section 6.

2. Study Area

Between 39◦27′–41◦04′ N and 115◦24′–117◦36′ E, Beijing is located on the northwest
fringe of the North China Plain and is an international metropolis. With over 21 million
inhabitants, Beijing covers an area of approximately 16,410 km2. Influenced by the typical
continental monsoon climate, Beijing has an annual average temperature of 11.3 ◦C and
an annual average precipitation of 598 mm, of which 70% falls from June to August [1].
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Owing to the acceleration of urbanization, water consumption in this metropolis has
increased dramatically [20]. Of the total water supply, 67% depends on groundwater, with
an annual pumping capacity of approximately 250 million cubic meters recorded after
1990, which greatly exceeds the natural replenishment capacity [10,20]. Over-exploitation
of groundwater has caused continuous decline of the groundwater levels in the east and
northeast of the Beijing Plain and the consolidation of aquifer systems, resulting in severe
surface settlement [21].

As a piedmont alluvial plain, Quaternary loose sediments are widely distributed in
the Beijing Plain, although the thickness of compressible layers varies widely [1]. From the
northwest to the southeast, the thickness of the sediments has gradually changed from thin
to thick; the aquifers have changed from a single layer (sand gravel) to a multi-layer (sand
and clay interbedded multi-layer) [22–24] (Figures 1 and 2 [25]). As shown in Figure 1a,
the Quaternary thickness of the compressible layer, ranging from 100 to 150 m, is relatively
uniform in the CBD. According to the characteristics of Quaternary sediments, the aquifer
system in the Beijing Plain is divided into four parts in the vertical direction, including
a phreatic aquifer (depth of bottom 0~−50 m), a first confined aquifer (depth of bottom
−50~−100 m), a second confined aquifer (depth of bottom −100~−180 m), and a third
confined aquifer (depth of bottom −180~−300 m). The CBD, with the phreatic and the first
confined aquifer, is located in the southeast of the Beijing plain. Figure 1a shows that the
groundwater level of the phreatic and the first confined aquifer in the CBD was steady from
2003 to 2018. Jiao, et al. [10] indicated that the surface settlement caused by the decline of
groundwater levels can be ignored in the study area. Based on the above description, we
think that the surface settlement being equal to the foundation settlement in the study area
would be a reasonable estimation.

Many skyscrapers were built in the middle and south part of the CBD from 2000 to
2018. This process dramatically increased the additional stress generated by the building
loads and accelerated the consolidation process of the soil, resulting in foundation settle-
ment. However, the buildings in the west part of the CBD are generally less than four floors,
producing a relatively low additional stress value. We analyzed the effect of the additional
stress generated by building loads on foundation settlement in different parts of the CBD.
The findings can help mitigate the effect of the geological environment and strengthen the
reliability of the response relationship between building loads and foundation settlement.
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Figure 1. (a):The red rectangle indicates the location of the central business district (CBD), superimposed on the Quaternary
thickness of the compressible layer. The green line represents coverage of TerraSAR-X images. (b): Location of Beijing in
China. (c): Optical Google Earth image of the CBD.
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Figure 2. Hydrogeological profile A–A′ (Figure 1 shows the location).

3. Methodology and Data

Figure 3 presents the flowchart followed in this study. Firstly, we applied the PS-InSAR
method on 68 TerraSAR-X images to collect surface settlement information. Then, the accu-
racy of the results was validated using the leveling results. Secondly, the additional stress
generated by the static load of the buildings was calculated. Finally, superposition and
characteristic points analyses were applied to analyze the response relationship between
additional stress and foundation settlement.

Figure 3. The flowchart of this study.
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3.1. Data Source

Using 68 TerraSAR-X images collected from the descending orbit between April
2010 and October 2018, surface settlement information was obtained using the PS-InSAR
technique. Covering an area of 838.4 km2, the green box in Figure 1 shows the coverage
of the TerraSAR-X images. The TerraSAR-X radar satellite sensor was launched by the
German Aerospace Center in June 2007. With a revisiting time of 11 days and a wavelength
of 3.1 cm, the satellite works in HH polarization mode and X-band. The spatial resolution
of TerraSAR-X images is up to 3 m when the radar satellite sensor operates in StripMap
mode [10]. High-density persistent scatterer (PS) points can be identified in urban areas
owing to the high resolution of TerraSAR-X images. The parameters of the selected
TerraSAR-X images are shown in Table 1. The topographic phase was removed from the
interferograms using Shuttle Radar Topography Mission digital elevation model (SRTM
DEM) data with a 90 m resolution.

Table 1. Detail parameters of selected TerraSAR-X images.

Parameter Value

Orbit direction Descending
Polarization HH

Spatial resolution (m) 3
Band X

Numbers of images 68
Wavelength (cm) 3.1

Incidence angle (◦) 33.1–33.2
Track No. 8

Repeat observation period (day) 11
Date range April 2010–October 2018

Eighteen leveling benchmarks—12 and 10 leveling benchmarks measuring precise
ground deformation data during the 2011–2013 and 2015–2016 periods, respectively—were
used to validate the reliability of the PS-InSAR results. Their locations are shown in
Figure 1a. Geological data of two boreholes—named 61-D57 and 61-D65, respectively—
were collected (more information is available at http://zk.cgsi.cn/ (1 April 2021)). Their
locations are shown in Figure 1c. Considering that the geological structure is similar in
a certain range, we think that the geological structure of group 1 and 2 characteristic
points are the same as that of the boreholes of No. 61-D65 and No. 61-D57, respectively.
Supplementary Tables S1 and S2 show the detailed soil structure and detail mechanical
and physical parameters of the soil in the boreholes of No. 61-D65 and No. 61-D57,
respectively. The main difference between the soil strata of the two borehole datasets is
that the proportion of clayey silt accounts for a smaller proportion in the shallow soil layer
in the borehole of No. 61-D57 than that of the borehole of No. 61-D65, especially within
a depth of 10 m. The compressibility modulus of clayey silt is much smaller than that of
other type soil.

3.2. SARPROZ Software Processing of the TerraSAR-X Dataset

The PS-InSAR technique was proposed by Ferretti [5]. This method detects points with
stable and strong scattering characteristics as persistent scatterers (PSs). The phase caused
by surface settlement can be obtained using the phase unwrapping method to remove
the atmospheric, topographic, reference ellipsoid and residual phases (including thermal
noise and orbital phase).This technique was implemented in SARPROZ to obtain surface
settlement. First, we chose the image captured in April 2015 as the master image, and
co-registered another 67 TerraSAR-X images to the master image with sub-pixel accuracy.
Second, 67 interferograms were generated when the setting time baseline threshold was set
to 300 days and the space baseline threshold was set to 300 m. Then, the terrain phase was
removed with the aid of the SRTM DEM. Third, PSs whose amplitude stability index was
greater than 0.75 were selected as persistent scatterer candidates (PSCs). Then, the Delaunay
network and phase unwrapping were conducted to remove the atmospheric phase screen

http://zk.cgsi.cn/
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(APS). Afterward, PSs with a temporal coherence greater than 0.7 were selected. Lastly, the
deformation time series of each PS along the line-of-sight (LOS) direction was obtained. As
horizontal movement was negligible [1], the surface settlement rate was estimated using a
simple trigonometric relation [1] with the aid of the LOS displacement rate.

3.3. Calculation of Additional Stress Generated by Building Loads

According to the information provided by the construction company, we found that
buildings weigh approximately 1300 kg/m2 and bear 200 kg/m2 in the CBD, and soil
weighs 1980~2230 kg/m3 within 100 m underground [26]. We calculated the weight of
every building in the CBD by multiplying 1500 kg by the building area and subtracting the
weight of soil displaced by the foundation of the building. To simplify this complicated
calculation, we considered that the building loads act on the centroid of the building. We
generated a set grid of points along the latitude, longitude, and vertical dimensions in 10
m intervals. The additional stress of different depths at each point in the generated grid
was calculated by adding the additional stress generated by each building load in the CBD
using Equation (2) [27]. Each parameter in Equation (2) is defined in Table 2.

σ =
n
∑

i=1

3Pi
2π

(Z−Zi)
3[

(X−Xi)
2+(Y−Yi)

2+(Z−Zi)
2
]5/2

Pi = ( 1.5∗Ai∗Hi
2.9 − Ai ∗ Di ∗Ws) ∗ g

(2)

Table 2. Parameters in Equation (2).

Parameter Definition

σ Additional stress of different depths at each point in generated grid
n Total number of the buildings in the CBD
Pi Gravity of building i in the CBD
X Longitude of a point in the generated grid in UTM projection coordinates
Y Latitude of a point in the generated grid in UTM projection coordinates
Z Depth of a point in generated grid in UTM projection coordinates
Xi Longitude of building i in UTM projection coordinates
Yi Latitude of building i in UTM projection coordinates
Zi Foundation depth of building i in UTM projection coordinates
Ai Area of building i
Hi Height of building i
2.9 Floor height of building (Unit is m)
1.5 Weight per square meter (Unit is t)
Di Foundation depth of building i
Ws Density of soil displaced by the foundation of the building
g Local acceleration of gravity (g = 9.81 m/s2).

UTM, Universal Transverse Mercator.

3.4. Calculating the Foundation Settlement Caused by Additional Stress Generated by Building
Loads by Using Layered Summation Method

As an extension of the layered summation method, the foundation settlement of soil
compression generated by additional stress caused by building loads can be calculated by
using Equation (3):

S =
n

∑
i=1

P(hi)

E(hi)
hi (3)

where S is the final cumulative foundation settlement of soil compression caused by addi-
tional stress, P(hi) is the additional stress at a depth of h meters, E(hi) is the compressibility
modulus at a depth of h meters (we think that this parameter is a constant in each soil
layer), n is the number of the soil layer and hi is the thickness of soil layer No. i.

The compression ratio of soil was calculated by using Equation (4) to represent the
proportion of the soil compression process:

R =
St

Sf
(4)
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where R is the compression ratio of the soil, St is the cumulative foundation settlement,
and Sf is the final cumulative foundation settlement of the soil compression caused by
additional stress.

Based on Equations (3) and (4), Equation (5) was derived to calculate the foundation
settlement rate:

v =
Sf∗R2− Sf∗R1

T2 − T1
(5)

where Sf is the final cumulative foundation settlement, T1 and T2 are two observation
times, v is the average settlement during the two observation times, and R1 and R2 are the
compression ratios of the soil at observation times T1 and T2, respectively.

Based on Equations (3)–(5), we derived Equation (6) to calculate the foundation
settlement rate gradient:

∆Sf =
n
∑

i=1

∆P(hi)
E(hi)

hi

G =∆Sf∗R2− ∆Sf∗R1
T2−T1

(6)

where ∆Sf is the final differential cumulative foundation settlement of soil compression
caused by additional stress, ∆P(hi) is the differential additional stress at a depth of h meters,
E(hi) is the compressibility modulus at a depth of h meters (we think that this parameter
is a constant in each soil layer), n is the number of the soil layer and hi is the thickness of
soil layer No. i. T1 and T2 are two observation times, G is the foundation settlement rate
gradient during the two observation times, and R1 and R2 are the compression ratios of the
soil at observation times T1 and T2, respectively.

4. Results
4.1. Surface Settlement Measured by PS-InSAR

Based on the PS-InSAR technique, 395,778 pixels were selected as PS points during
the observation periods between April 2010 and October 2018. Due to the high resolution
of TerraSAR-X images, the density of the selected PS points was 472 pixels/km2. As the
deformation along the horizontal direction in the Beijing Plain can be ignored, the surface
settlement velocity was calculated using Equation (7) [1]:

V =
Vlos

cos ϕ
(7)

where V and Vlos represent the displacement rate along the vertical and LOS directions,
respectively; ϕ is the incidence angle of the InSAR. Figure 4a shows that the average surface
settlement rate varied from −145.2 to 24 mm/year and that surface settlement mainly
occurs in Chaoyang and Tongzhou Districts, where groundwater has been excessively
extracted in the past several decades. To produce a surface settlement rate map of the
CBD, the kriging interpolation method was used at the PS points. Figure 4b shows that the
cumulative foundation settlement varied from −383 to −5 mm in the middle and south
of the CBD, where many skyscrapers are located, and that the cumulative foundation
settlement varies from −52 to 17 mm in the west part of the CBD, where the buildings are
generally less than four floors.

4.2. Accuracy Verification of PS-InSAR Results

We selected 18 leveling benchmarks, which, as shown in Figure 1a, are distributed in
the image coverage area, to verify the accuracy of the PS-InSAR results. Because there were
no precise leveling measurement data available during the observation periods from 2011 to
2018, based on the PS-InSAR results, the average surface settlement velocity was calculated.
The annual displacement rate of the selected leveling benchmark was compared with the
average displacement rate of the PS points within 100 m of the leveling benchmark from
2011 to 2013 and 2015 to 2016. Figure 5 shows that the PS-InSAR monitoring results agree
well with the monitoring results derived from the leveling benchmarks from 2011 to 2013
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and 2015 to 2016, and the Pearson correlation coefficients were 0.98 and 0.95, respectively.
With a root mean square error (RMSE) of 3.7 mm/year, the maximum, minimum, and
mean deviations of the measurement results were 9.7, 0.2, and 3.8 mm/year for 2011 to
2013, respectively. With an RMSE of 3.9 mm/year, the maximum, minimum, and mean
deviations of the measurement results were 9.4, 0.2, and 4.2 mm/year for 2015 to 2016,
respectively. The comparison of the results indicated that the surface settlement results
derived from PS-InSAR technology were highly accurate.

Figure 4. Surface settlement rate maps during observation periods between April 2010 and October 2018. (a): Coverage
of the selected TerraSAR-X images and the red rectangle shows the boundary of the CBD. (b): Cumulative settlement in
the CBD.
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Figure 5. Comparisons of surface settlement rates derived from the PS-InSAR technique and leveling measurement rates.
The accuracy verification from (a): 2011 to 2013 and (b): 2015 to 2016.

4.3. Additional Stresses Induced by Building Loads

According to building information provided by the relevant departments, the weight
of buildings in the CBD was calculated. Then, a set of grid points was generated along the
longitude, latitude, and vertical dimensions in 10 m intervals. Using Equation (2), the addi-
tional stress of every point in the generated grid was calculated. We produced additional
stress maps (Figure 6) at different depths in the CBD using a kriging interpolation tool.

Figure 6. Additional stress maps at different depths in the CBD.
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5. Discussion
5.1. Depth of the Influence of Additional Stress Generated by Building Loads

According to the corresponding engineering construction standards (Code for design
of building foundations, namely GB 50007-2002), the additional stress generated by build-
ing loads cannot cause stratum deformation when the additional stress is less than 20% of
the pressure generated by the gravity of the soil above this depth [1]. Figure 7 reveals that
this condition can be satisfied when the stratum depth reaches 74.9 m underground, which
indicates that the depth of the influence of additional stress generated by the static load of
high-rise buildings is 74.9 m in the CBD. Supplementary Tables S1 and S2 list the detailed
mechanical and physical parameters of the soil in the CBD.

Figure 7. The depth of the influence of the static load of building loads in the CBD.

5.2. Response Relationship between Foundation Settlement and Static Load of Buildings
5.2.1. Spatial Response Relationship between Foundation Settlement Rate and Static Load
of Buildings

To explore the spatial response relationship between the foundation settlement rate
and the static load of buildings, the foundation settlement rate map was overlaid on the
additional stress maps at different depths. Figure 8 reveals that their spatial distribution is
highly consistent. The additional stress in the western part of the study area is much smaller
than in the south and middle parts of the study area at the same depth. We found that the
foundation settlement rate range is −5.9 to 2 mm/year in the west part of study area, and
−47.9 to −0.5 mm/year in the middle and south parts of study area. To present the spatial
relationship between the foundation settlement rate and additional stress, Figure 8 only
shows the PS points with a settlement rate greater than 24 mm/year.
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Figure 8. Foundation settlement rate map and additional stress maps at different depths in the Beijing CBD.

To better understand the response relationship, two sets of characteristic points,
including groups 1 and 2 in different parts of the study area, were selected. Notably, the
characteristic points in each group had similar geological environments. The additional
stress generated by building loads at different depths for the two sets of characteristic
points are displayed in Figure 9. We found that the foundation settlement rates at points
A, B, and C in group 1 were −3.5, −13.7, and −22.7 mm/year, respectively. Figure 9a
shows that the additional stress of Point C is greater than that of Point B at the same depth
and that the additional stress of Point B is greater than that of Point A at the same depth.
We found that a characteristic point with greater additional stress generally has a larger
settlement rate. This phenomenon is also found at characteristic points in group 2.
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Figure 9. Additional stress generated by building loads at different depths. Characteristic points in (a): group 1 and
(b): group 2.

5.2.2. Quantitative Response Relationship between Foundation Settlement Rate and Static
Load of Buildings

We calculated the final cumulative foundation settlement at the characteristic points
by using Equation (3). For the characteristic points in group 1, we found that the final
cumulative foundation settlement at points A, B, and C were 40.8, 152.2, and 250.3 mm,
respectively. For the characteristic points in group 2, we found that the final cumulative
foundation settlement at points A, B, and C were 471.6, 272.2, and 44.2 mm, respectively.
Figure 10 shows the time series settlement of the characteristic points. For the characteristic
points in group 1, the cumulative foundation settlement from April 2010 to October 2018 at
points A, B, and C were 29.5, 116.5 and 193.3 mm, respectively. For the characteristic points
in group 2, the cumulative foundation settlement from April 2010 to October 2018 at points
A, B, and C were 287.5, 155.5, and 22.3 mm, respectively.

We calculated the compression ratio of the two sets’ characteristic points and found
that the compression ratio of the characteristic points A, B, and C in group 1 were 72.3%,
76.5%, and 77.2%, respectively, and that of the characteristic points A, B, and C in group 2
were 61%, 57.1%, and 50.5%, respectively. The compression ratio of the characteristic points
in group 2 was significantly smaller than that of the characteristic points in group 1 from
April 2010 to October 2018, indicating that the characteristic points in group 2 will take
more time to complete the consolidation process. We found that a characteristic point in the
same group with greater additional stress had a higher compression ratio, which indicates
that a characteristic point with greater additional stress will require less time to complete
the consolidation process and has a higher settlement rate.

Figure 10a shows that the settlement rate of the characteristic points in group 1
decreases with time. This phenomenon was not found for the characteristic points in
group 2. This phenomenon should be attributed to the proportion of clayey silt in shallow
soil strata.
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Figure 10. Time series settlement of characteristic points. (a): shows characteristic points in group 1. (b): shows characteristic
points in group 2.

5.3. Response Relationship between Foundation Settlement Gradient and Additional Stress Gradient
5.3.1. Spatial Response Relationship between Foundation Settlement Rate Gradient and
Additional Stress Gradient

Uneven foundation settlement may cause pipeline ruptures and wall cracking, re-
sulting in huge economic losses. Additional stress derived from building loads may play
a key role in affecting the spatial distribution of uneven settlement in the Beijing CBD.
Figures 11 and 12 present the foundation settlement rate gradient map and the additional
stress gradient maps, respectively, at different depths in the CBD. We found that the spatial
distributions of these two phenomena agree well. Figure 12 shows that the additional
stress gradient in the western part of the study area is much smaller than in the south and
middle parts of the study area at the same depth. We found that the foundation settlement
rate gradient ranged from 0–2.4 mm/10 m in the west part of the study area, and 0.1–19.6
mm/10 m in the middle and south parts.

Figure 11. Foundation settlement rate gradient map in the Beijing CBD. The black polygons represent
the building outlines.
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Figure 12. Additional stress gradient maps at different depths in the CBD.

Figure 13 depicts additional stress gradients at different depths of the characteristic
points. Figure 13a shows that the additional stress gradient of Point C is greater than
that of Point B at the same depth, and that the additional stress gradient of Point B is
greater than that of Point A at the same depth. As shown in Figure 11, the foundation
settlement rate gradients at points A, B, and C in group 1 were 2.9, 6.6, and 14.2 mm/10 m,
respectively. This phenomenon is also found at the characteristic points in group 2. Based
on the above findings, we conclude that a positive correlation exists between the additional
stress gradient and uneven foundation settlement.

Figure 13. Additional stress gradients at different depths. Characteristic points in (a): group 1 and (b): group 2.
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5.3.2. Quantitative Response Relationship between Foundation Settlement Rate Gradient
and Additional Stress Gradient

We calculated the final differential cumulative foundation settlement at the charac-
teristic points using Equation (6). For the characteristic points in group 1, we found that
the final differential cumulative foundation settlement at points A, B, and C were 3.2, 15.6
and 34.3 mm, respectively. For the characteristic points in group 2, we found that the final
differential cumulative foundation settlement at points A, B, and C were 60.3, 31.6, and
4.6 mm, respectively. Combining these findings with Figure 13, we found that a character-
istic point with a greater additional stress gradient generally has a larger settlement rate
gradient. Figure 14 shows the time series foundation settlement rate gradients of the two
sets’ characteristic points.

Figure 14. Time series foundation settlement rate gradients of characteristic points in groups (a): 1. and (b): 2.

6. Conclusions

Using PS-InSAR technology and 68 TerraSAR-X images, we determined the surface
settlement from April 2010 to October 2018 in the Beijing CBD. The additional stress
generated by the static load of buildings was calculated. Based on the research results, the
depth of the influence of the additional stress generated by building loads was analyzed.
The response relationship between the foundation settlement rate and the additional stress
generated by building loads, and the response relationship between uneven foundation
settlement and additional stress gradients were analyzed in the CBD of Beijing. The main
findings are as follows:

(1) The PS-InSAR results showed that the average surface settlement rate varied from
−47.9 to −0.5 mm/year in the middle and south of the CBD and that the average
foundation settlement rate varied from −5.9 to 2 mm/year in the west part during
the observation periods. The deformation rates derived by the PS-InSAR technology
agreed well with those of the leveling benchmarks, and the correlation coefficient
and mean deviation were 0.98 and 3.8 mm/year for 2011 to 2013, and 0.95 and
4.2 mm/year for 2013 to 2015, respectively.

(2) Comparing the corresponding conditions, we found that the influence depth of the
additional stresses generated by building loads on foundation settlement was 74.9 m
in the CBD.

(3) By comparing the spatial distribution of the additional stress generated by building
loads and that of the foundation settlement rate, we found a positive response rela-
tionship between them. By analyzing two sets of characteristic points, we found that
a characteristic point with greater additional stress generally has a larger settlement
rate. We used the same method to explore the response relationship between un-
even foundation settlement and additional stress gradients and also found a positive
correlation between them.
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In summary, the additional stresses derived from building loads may play an impor-
tant role in controlling the distribution of foundation settlement, especially for uneven
foundation settlements in the CBD of Beijing.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/rs13163063/s1, Table S1: Detailed mechanical and physical parameters of the soil in the
borehole of No. 61-D65, Table S2: Detailed mechanical and physical parameters of the soil in the
borehole of No. 61-D57.
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