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Persistent Scatterer Interferometry (PSI) is a remote sensing measurement technology based on electromagnetic waves, capable of
simultaneously monitoring deformations in large urban building complexes with millimeter-level precision. However, relying
solely on the line of sight (LOS) deformation sequence based on a specific permanent scatterer cannot accurately analyze building
deformations, particularly in cases where high-rise buildings may simultaneously experience various deformation components
such as temperature-induced deformation, shrinkage, creep, and tilting. To accurately identify the deformation states of high-rise
buildings, the paper begins by systematically summarizing three typical deformation patterns from the unique perspective of
synthetic aperture radar (SAR) satellites. *ese patterns include Pattern I, characterized by temperature-induced deformation
alone, and Pattern II and Pattern III, which involve a combination of deformation in different directions relative to the SAR
satellite in addition to temperature-induced deformation. To accurately monitor the LOS deformation of high-rise buildings, the
paper introduces the concept of acquiring the evolutionary trends of temperature-related deformation coefficients and proposes
a methodology for recognizing and quantifying deformation in high-rise buildings. Subsequently, this study utilized freely
available Sentinel-1 satellite data to observe the deformation of nine high-rise buildings in Changsha, China.*e research findings
indicate that the thermal expansion coefficients of most high-rise buildings fall within the range of 6∼12×10−6/°C. High-rise
buildings that have been constructed for more than ten years almost no longer experience significant shrinkage or creep, while
new constructions may exhibit an initial shrinkage and creep of up to 1.2×10−4mm/mm. Additionally, the study results
demonstrate that super-tall buildings may exhibit centimeter-scale lateral deformations at their tops due to uneven shrinkage.
Findings from the study indicate that the proposed method can achieve cost-effective and sustainable deformation monitoring of
high-rise building clusters within a large urban area.

1. Introduction

*e global trend of urbanization is expected to lead to
a continual expansion of urban areas in the foreseeable
future [1]. Concurrently, the rapid concentration of pop-
ulations in urban areas unavoidably results in an increase in
the number of buildings, posing a contradiction with the
limited land area available. Consequently, many structures
are compelled to achieve larger useable areas by adopting

greater building heights. Meanwhile, the safety of high-rise
buildings is consistently threatened due to factors such as the
complexity of urban geological conditions [2], construction
in close proximity to other structures [3], and the utilization
of urban underground spaces [4]. An example is the tilting of
the 184-meter Millennium Tower in California, USA, caused
by changes in foundation conditions, resulting in horizontal
displacements exceeding 40 cm at its top [5]. *e changes in
geological conditions also resulted in the collapse of the
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Surfside Condominium in Miami, USA, in 2021 [6].
*erefore, it is essential to propose an efficient method for
screening building risks to ensure the safety of urban high-
rise building clusters during their service life. Given that the
overall deformation pattern of a building directly reflects its
overall stability, it is reasonable to deduce that accurately
identifying the overall deformation pattern contributes to
effective risk screening for high-rise buildings. However, the
complex deformation components of high-rise structures,
such as shrinkage [7] and temperature-induced de-
formations [8], pose challenges in accurately identifying the
deformation pattern.

*ere are several commonly used methods for the de-
formation measurement of buildings, including geodetic
measurements [9], sensor monitoring [10, 11], photo-
grammetric measurements [12, 13], laser scanning [14, 15],
and ground-based radar observations [16, 17]. While these
deformation measurement methods can achieve high pre-
cision, they are limited to monitoring deformations at
specific points or within local areas of a structure. *erefore,
when confronted with the practical demands of deformation
monitoring for extensive high-rise urban structures, these
commonly used methods for building deformation mea-
surement will manifest significant shortcomings, such as
limited field of view, high costs, and low efficiency. As
a novel method for extensive deformation monitoring,
space-borne synthetic aperture radar interferometry
(InSAR) is expected to overcome the limitations of the
abovementioned deformation measurement methods. *e
InSAR technique is a deformation measurement technology
based on electromagnetic waves, utilizing the phase differ-
ence between SAR images recorded at different moments to
compute the deformation of observed targets [18]. Multi-
temporal InSAR (MT-InSAR) techniques, utilizing a series
of SAR image sets, can now achieve deformation mea-
surements of observed targets at a millimeter-scale precision
[19]. Persistent Scatterer Interferometry (PSI) is a classic
MT-InSAR technique proposed by Ferretti et al. [20]. PSI
technology establishes a network by connecting all persistent
scatterers (PSs) with strong and stable backscattering
characteristics in the observed area, aiming to solve the line
of sight (LOS) deformations of all PSs relative to a specific
reference point [21]. PSs can often be identified along
roadsides and buildings [22], providing favorable conditions
for using PSI technology to monitor structural de-
formations. Regarding the accuracy of PSI, Ferretti et al. [23]
demonstrated the submillimeter-level deformation moni-
toring accuracy of the PSI technology, utilizing a precision-
moved artificial corner reflector. Karila et al. [24] and Yang
et al. [25] used C-band and X-band satellite data, re-
spectively, and compared the deformation results of PSs on
individual buildings with precise leveling measurements,
which confirmed the millimeter-level accuracy of PSI
technology in practical building deformation monitoring.

Early studies on large-scale building clusters using PSI
technology did not refine the research to the level of detailed
deformation analysis at the individual building scale
[26–28]. However, more recent studies have undertaken
a detailed analysis of the deformation of individual buildings

using the deformation-time series of PSs distributed on
building rooftops. Bianchini et al. [29] utilized PSI tech-
nology to identify the uneven settlement of buildings,
achieving results consistent with actual surveys. Liu et al. [4]
and Drougkas et al. [30] utilized the deformation results
from PSs on the top surface of the building to fit the inclined
plane of the structure, thereby enhancing the accuracy of
building risk assessment, although it did not consider the
interaction between the structure and soil layers. To address
the interaction between buildings and underlying soil layers,
Macchiarulo et al. [31] proposed an improved method for
building risk assessment by integrating ground settlement
results identified through PSI technology with an equivalent
beammodel of the structure. Additionally, there are scholars
who analyze the overall deformation of individual buildings
by examining the deformation results of PSs on the building
facade. Wu et al. [32] analyzed building deformations by
examining the LOS deformation-time curve of a specific PS
on the building façade, although the results of the analysis
are prone to significant interference from temperature-
induced deformations in tall buildings. Zhu et al. [33] uti-
lized a composite function incorporating linear and sine
functions to fit the seasonal deformation curve of PS on
buildings, enabling the analysis of building deformation
trends but introducing a complex iterative process. Gern-
hardt and Bamler [34] and Ma et al. [8] observed
temperature-induced deformations in reinforced concrete
high-rise buildings of a magnitude similar to the thermal
expansion coefficient of steel and concrete material using
high-resolution images from TerraSAR-X satellites. Sub-
sequently, by excluding the temperature-induced de-
formation components of PSs, the millimeter-scale
shrinkage, creep, and overall settlement of buildings can be
discovered.

Due to the complexity of the upper surfaces of high-rise
buildings, achieving a satisfactory density of PSs for the
identification of building deformation patterns is full of
challenges.*e feasibility of utilizing PSs on building facades
for refined monitoring of high-rise structures is more
promising, but the existing research in this area is relatively
limited. Moreover, current research relies on the utilization
of expensive high-precision imagery data, such as from
TerraSAR-X or COSMO-SkyMed, and involves intricate
decomposition of the LOS deformation components of PSs.
Additionally, existing studies have not systematically ana-
lyzed and summarized the deformation patterns of high-rise
buildings from the unique observational perspective of SAR
satellites.

Free access to Sentinel-1 satellite imagery data provided
economical access to recognition of the deformations in
high-rise buildings. Sentinel-1 is a C-band SAR satellite
launched by the European Space Agency in 2013. It covers an
area of 250 km in interferometric wide (IW) mode, with
medium resolutions of 5 and 20m in range and azimuth
directions, respectively [35]. *e objective of this study is to
utilize freely available Sentinel-1 data with relatively lower
resolution, omit the process of removing temperature-
induced deformations, and propose an efficient de-
formation pattern recognition method for high-rise
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buildings. *e significance of the methodology proposed in
this paper lies in its integration of architectural theoretical
knowledge from civil engineering with PS-InSAR technol-
ogy, enabling the development of an efficient and accurate
method for identifying anomalous deformations in high-rise
buildings, thus facilitating the widespread application of
InSAR technology in urban building health monitoring.

*e paper is organized as follows: Firstly, the back-
ground of the research and the current status of related
studies are introduced. Secondly, the paper introduces the
principles of PSI technology and proposes a method for the
recognition of deformation patterns in high-rise buildings
based on the temperature-related deformation coefficient.
*irdly, the temperature data and SAR image set required
for the study are validated. Finally, the proposed method is
used to recognize deformation patterns in nine high-rise
buildings, followed by a comparative analysis.

2. Methodology

Figure 1 schematically illustrates the basic principles of InSAR
technology for measuring architectural deformations. Ini-
tially, satellites pass over the construction area multiple times,
emitting electromagnetic waves and recording the amplitude
and phase information of the electromagnetic echoes in SAR
images. Subsequently, the building’s LOS deformation
(denoted as DLOS) can be calculated based on the in-
terferometric phase between SAR images and the geometric
relationship between the building and the satellite [36]. *e
space-borne SAR system provides a broad observational field
for InSAR technology, and its susceptibility to weather
conditions is minimal due to the characteristics of electro-
magnetic waves. *ese advantages provided the possibility of
achieving a cost-effective, large-scale, and sustainable mon-
itoring approach for high-rise buildings [37, 38].

2.1. PSITechnology. In this study, SAR image processing was
conducted using the SARproz software, which has been
validated for its reliability in previous research [39], with the
main processing workflow illustrated in Figure 2. Initially, to
mitigate decorrelation effects, a master image is selected
based on the minimum temporal-spatial baseline principle,
and the remaining slave images are registered to the master
image, forming N-1 interferometric pairs [39, 40]. Sub-
sequently, the External Digital Elevation Model (DEM) is
introduced for the interferometric processing of the images,
and an appropriate amplitude stability index and temporal
coherence threshold are determined for the identification of
PSs. *e PSs are then connected to form a Delaunay tri-
angulation network, and the interferometric phase
unwrapping is performed to obtain the actual phase dif-
ferences between the PSs. Furthermore, atmospheric delay
phases are estimated and removed to enhance the accuracy
of deformation retrieval. Finally, the deformation sequences
of PSs throughout the observation period are estimated
using the interferometric phase calculation model, and these
PSs will subsequently undergo geographic coding for vi-
sualization on Google Earth.

PSI technology accurately determines LOS deformations
of observed targets by fitting the interferometric phase of
PSs, employing a polynomial calculation model as illustrated
in the following equation [41]:

ψ � φref + φtop + φdef + φatm + φnoi, (1)

where φref represents the reference ellipsoid phase, φtop is the
terrain phase, φdef is the deformation phase, φatm indicates
the atmospheric delay phase, φnoi represents the noise phase.
*e deformation phase can be obtained using the following
equation derived from the above formula:

φdef �
4π
λ

t · v +
4π

λRsinθ
B · ε + φres, (2)

where λ represents the radar wavelength, R is the slant range
from the radar to the ground target, and θ is the radar
incidence angle; B denotes the spatial vertical baseline; ε
represents DEM elevation error; t is the time baseline; v

represents the linear deformation rate along the LOS di-
rection; and φres is the residual phase of PSs, including
nonlinear deformation, atmospheric phase, and noise.

*e above equation can estimate the linear deformation
rate of the observed target. However, it introduces signifi-
cant bias when estimating the nonlinear deformations in-
duced by temperature in high-rise buildings. *erefore, the
following equation is used to improve the estimation of
high-rise building deformation [42]:

φdef �
4π
λ

t · v +
4π

λRsinθ
B · ε +

4π
λ

T · k + φres, (3)

where T represents the temperature change between two
images and k is the coefficient of thermal expansion. By
performing second-order differencing on the connected PSs
using the Delaunay triangulation network, the differential
phase model can be obtained as follows:

∆φdef �
4π
λ

t · ∆v +
4π

λRsinθ
B · ∆ε +

4π
λ

T · ∆k + ∆φres. (4)

Temperature-
induced
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DLOS2

DLOS1
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Figure 1: InSAR measurement principle diagram.
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Using (5) transforms the problem of solving the de-
formation phase into an optimization parameter estimation
problem that aims to maximize the coherence coefficient c.
In the equation, ∆ψi

obs is the observed phase difference, ∆ψi
m

is the fitted value, and N is the number of PSs.

c �
1
N
�

N

i�1
exp j∆ψi

obs − ∆ψi
m(∆v, ∆ε, ∆k)� ). (5)

Based on the given reasonable range of linear de-
formation rates, building height, and accurate temperature
information, by optimizing the three parameters Δv, Δε, and
Δk in (5), the LOS deformation of PSs can be obtained.
Despite the evident temperature-induced deformation
characteristics observed in the computed LOS deformation,
it is noteworthy that such deformations are coupled with
structural inclinations and other deformation components
[8]. *erefore, this study categorizes such LOS deformation
of tall buildings as temperature-related deformation and
endeavors to propose an efficient method to overcome the
interference caused by temperature-induced deformation,
aiming to identify various deformation patterns of the high-
rise building.

2.2. Deformation Patterns. When PSI technology is in-
vestigated for observing high-rise buildings, it is easy to
identify PSs distributed along the height direction on the
building facade. Since high-rise buildings are constructed on
deep foundations, utilizing hard rock as a bearing layer, the
building can be approximated as a vertical cantilever beam
with the bottom end fixed to the ground, and the thermal
expansion and contraction deformation of the building will
be accumulated towards the top free end. Consequently, it
can be found that on an annual time scale, these identified
PSs often exhibit a sinusoidal temperature-related

deformation pattern that is highly correlated with temper-
ature and height. *erefore, to overcome the interference of
fluctuating PS deformation-time curves in building de-
formation analysis, a thorough and systematic analysis of the
deformation characteristics of high-rise buildings is
essential.

2.2.1. Pattern I: Stable Temperature-Induced Deformation.
To simplify the problem, the following assumptions were
made before analyzing the deformation patterns of the high-
rise building:

(1) It is assumed that only two PSs, namely PStop and
PSbot (the subscripts “top” and “bot” respectively
denote the top and bottom of the building), are
located on a straight line on the building facade.

(2) It is assumed that the absolute values of temperature
increase and decrease are equal, and that the tem-
perature change is smooth. Additionally, it is as-
sumed that the duration of temperature increase is
equal to the duration of temperature decrease.

Figure 3(a) depicts the scenario where the building
experiences only temperature-induced deformation. *e
structure undergoes expansion and contraction during time
intervals of temperature increase and temperature decrease,
respectively. In this paper, D

top

LOS and Dbot
LOS, respectively,

denote the LOS deformations at the high and low points of
the building. *e LOS deformation is defined as negative
values when moving away from the satellite. Figure 3(b)
illustrates the stable deformation-time curve for the PSs,
where ti represents the moment of image acquisition, and Ti

denotes the corresponding temperature at the moment of
image acquisition. *is paper defines such stable de-
formation as Pattern I, characterized by the stable nature of
the enclosed area (Ai) between two PS deformation curves.

N SAR images

Master Image

N-1 Slave
Images

Co-registration

PS Identification

Amplitude Stability
Index

DEM

Temporal Coherence
Threshold

Delaunay Triangulation Network

APS Collection

Interferometric
Processing

Displacement Time Series

Google Earth

PS Visualization

Geocoding

Parameter Estimation

Displacement Estimation

Temperature

Figure 2: PSI workflow.
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2.2.2. Pattern II: Deformation Away from the Satellite.
As depicted in Figure 4(a), the integration of Pattern I and
deformations away from the satellite (involving building
shrinkage, creep, and tilting) is termed Pattern II, resulting
in a negative DLOS. Due to the cumulative nature of the
upward deformation in buildings, it will result in the ab-
solute value of D

top
LOS being greater than Dbot

LOS. *erefore, in
the scenario of Pattern II, the negative trend in the de-
formation curve of the higher-positioned PS on the building
is more pronounced. In Figure 4(b), it can be observed that
area Ai exhibits the characteristics of A1 >A2 and A1 <A3. It
is essential to indicate that the overall displacement of the
building does not affect area Ai because it does not alter the
relative deformations of the two PSs. *erefore, Pattern II
can naturally exclude the component of overall building
deformation caused by the slight instability of reference
points in the PSs’ deformation-solving process, such as
resulting in the entire building deforming away from the
satellite direction.

2.2.3. Pattern III: Deformation toward the Satellite. As
shown in Figure 5(a), Pattern III deformation will emerge
when the building experiences the deformation tilting to-
ward the satellite in addition to the deformation associated
with Pattern I. In this case, Figure 5(b) presents the opposite

results compared with Figure 4(b), indicating A3 <A1 and
A2 >A1. Like the analysis in Section 2.2.2, by quantifying the
size of Ai, Pattern III can naturally exclude the component of
overall building deformation that may arise from the in-
stability of reference points in the PSs’ deformation-solving
process, causing the entire building to deform towards the
satellite.

2.3. Temperature-Related Deformation Coefficient. As
demonstrated in Section 2.2, based on various assumed
conditions, accurately recognizing the magnitude of Ai

enables the recognition of deformation patterns. How-
ever, in practical scenarios, the assumptions introduced in
Section 2.2.1 are generally invalid. *e nonfulfillment of
assumption (1) has minimal impact because, in structural
engineering, it is assumed that the distances between two
points within the same plane of a building remain con-
stant [43]. *us, PSs at different positions within the same
horizontal plane can equally represent the lateral de-
formation of the structure. However, the nonfulfillment of
assumption (2) would pose computational challenges for
Ai. *erefore, the concept of the temperature-related
deformation coefficient was proposed to address the
challenge of computing Ai and facilitate the recognition of
deformation patterns in tall buildings.

contraction expansion
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Figure 3: Deformation analysis of buildings under Pattern I. (a) Deformation characteristics of buildings. (b) LOS deformation char-
acteristics of PSs.
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Firstly, considering the scenario where only PStop and
PSbot points exist on the building. Figure 6 illustrates the
straightforward process for calculating temperature-related
deformation coefficients. At each moment ti if a slice can be

taken, the DLOS values of PStop and PSbot at that specific time
can be extracted, denoted as D

top

LOS and Dbot
LOS. In the figure, T0

and Ti represent the temperatures at t0 and ti, respectively,
while H

top

PS and Hbot
PS represent the heights of the upper and
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Figure 4: Deformation analysis of buildings under Pattern II. (a) Deformation characteristics of buildings. (b) LOS deformation
characteristics of PSs.
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Figure 5: Deformation analysis of buildings under Pattern III. (a) Deformation characteristics of building. (b) LOS deformation
characteristics of PSs.
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lower PS points. Subsequently, the temperature-related
deformation coefficient, namely αi, can be defined by the
following equation:

αi �
D

top

LOS − D
bot
LOS

Ti − T0( � H
top

PS − H
bot
PS� )

. (6)

It is noteworthy that αi is comparable across different
temperature conditions and various building heights, as the
DLOS is normalized in both temperature and height di-
mensions. However, in practice, solving αi using only two
PSs often yields highly discrete results due to the inherent
noise or errors in LOS deformations estimated by PSI
technology. In such situations, an improvement algorithm is
proposed based on (6). Figure 7 illustrates the scenario
where multiple PSs are present on the building facade, along
with the approach for solving the coefficient αi. In Figure 7,
each PS is denoted as PSi (where i� 1, 2, . . ., N), the de-
formation of each PS is denoted as Di

LOS (where i� 1, 2, . . .,
N), and the heights are represented as Hi

PS (where i� 1, 2,
. . ., N). It is noteworthy that the possible tilting deformation
and temperature-induced deformation are linearly corre-
lated with height. Similarly, shrinkage and creep also exhibit
an approximately linear relationship with height [44].
*erefore, the temperature-related deformation coefficient
αi can be determined through a linear fitting method, as
illustrated in Figure 7, and represented by the following
equation:

D
i
LOS/ Ti − T0( � � αiH

i
PS + bi. (7)

For a specific PS, the value of Di
LOS/(Ti − T0) is a con-

stant, and the Hi
PS remains fixed. *erefore, (7) can be

represented as

D
i

� αiHi + bi, (8)

where bi is attributable to the overall offset error caused by
PS localization and the variation in αi. *e objective of the
linear fitting is to minimize the standard deviation in (9),
resulting in the fitting results being highly sensitive to

extreme outliers among certain PSs. *erefore, significant
errors in the values of αi will be easily identified and ex-
cluded from the analysis. Such significant errors might stem
from inaccurate temperature inputs at certain instances or
deformation noise caused by adverse weather conditions.

σi �

���������������

�

N

i�1

D
i
− f Hi( �� )

2

N
.

�
�

(9)

2.4. Quantification Methodology for Building Deformation.
In-depth analysis of building deformations requires not only
a qualitative examination of the deformation patterns but
also the quantitative identification of the magnitudes of
deformation. In the following, a method for quantifying
building deformations using the coefficient αi is proposed.

*rough the optimized solution of αi, when the building
deformation follows Pattern I or experiences overall set-
tlement and uplift, αi will remain stable. In this study, αi is
considered as stable status when the absolute deviation
(|Δα|) between αi and its mean value is generally less than
1.0×10−6/°C.*is level of stability is deemed acceptable, as it
is smaller than the building material’s thermal expansion
coefficient. *e value of |Δα| can be calculated using the
following equation:

|Δα| � αi −�
N

i�1
αi/N

���������

���������
. (10)

When the building undergoes Pattern II deformation, αi

will continuously increase within the cooling period and
decrease within the warming period. In the case of Pattern
III, the variation trend of αi is reversed. In these two sce-
narios, the variation rate k of αi can first be determined
through linear fitting. Subsequently, for a building with
a height H, the LOS deformation at the top (Dtop

LOS) over
a time span (∆t) can be calculated as follows:

k · ∆t · H · T1 − T0( �
����

���� � D
top

LOS

����
����. (11)

Step1 Identifying PSs

PSbot

PStop

……

PSbot

PStop

…
…

Step2 Extracting deformation curves of PSs

DLOS

t

di

tit0

0

Step3 Slope calculation

DLOS/(Ti – T0)

Hi
PS

k=αi

0

(ti, DLOS, Ti, HPS )
top top

(ti, DLOS, Ti, HPS )
bot bot

Figure 6: Simple calculation scenarios of temperature-related deformation coefficient.
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It is noteworthy that since the value of αi for the first
image corresponds to zero, the variable ∆t represents the
time span relative to the time of acquiring the second image.
T1 and T0, respectively, denote the temperature values at the
time of acquiring the second and first images.

3. Method Validation

3.1. Validation of the Temperature Data Acquisition Method.
*e deformation of high-rise structures is primarily induced
by temperature variations. *erefore, reliable temperature
data are crucial for the phase estimation in (4), directly
impacting the accuracy of deformation solutions for PSs.*e
temperature around the building can be obtained through
the European Center for Medium-Range Weather Forecasts
(ECMWF) or from the meteorological stations at nearby
airports. *is study compares ECMWF temperature data
with the actual values obtained from stain (temperature)
transducers, thereby selecting the temperature dataset most
suitable for high-rise building deformation solutions.

*e transducers are installed on Shengtong Tower in
Changsha City, China, which features a frame shear wall
structure comprising Tower A, with a height of
279.65meters across 59 floors, and Tower B, with a height of
219.65meters across 49 floors. *e average temperatures
obtained on the 4th, 10th, 25th, and 31st floors of Tower A
are considered the actual values for temperature in this
study. *e airport temperatures were sourced from Huan-
ghua International Airport, and the ECMWF data were
selected by directly pinpointing the location of Shengtong
Tower.*e relative positions of the mentioned locations and
the installation positions of transducers can be found in
Figure 8. More detailed information about the transducer
instrumentation and the construction process of Shengtong
Tower can be found in Zhou et al. [44]. *e selected time for
temperature comparison is 6: 00 PM in the GMT+8 time
zone, corresponding to the imaging time of the Sentinel-1
satellite over Changsha City region. As this study was
conducted during the construction phase of Tower A, it was
only possible to retrieve complete temperature data from the

sensors for the period of January to June 2023. As shown in
Figure 9(a), both ECMWF and Huanghua International
Airport temperatures exhibit high consistency with the
sensor-recorded temperatures in terms of trends. Figure 9(b)
illustrates the normal distribution of deviations present in
the data from both Huanghua International Airport and
ECMWF, indicating that the data from ECMWF exhibit
more minor deviations. *erefore, this study selects tem-
perature data from ECMWF for the following PSI de-
formation analysis.

3.2. Validation of the Sentinel-1 Dataset and PSI Technique.
Kunlun Tower is a high-rise building with an approximate
height of 100meters. In 2013, a deep excavation operation
conducted adjacent to Kunlun Tower posed a threat to its
stability. To monitor the safety status of the building in
realtime, Bao et al. [3] installed a GPS monitoring station on
the top of Kunlun Tower, obtaining the building’s east-west,
north-south, and vertical displacement components during
the period 2014 to 2016. To compare with the deformation
obtained from GPS, this study selected a dataset of Sentinel-
1 images and applied PSI techniques to calculate the de-
formation of the Kunlun Tower during the same period.
Since the descending orbit view of the Sentinel-1 satellite can
avoid the impact of construction on the west side of the
Kunlun Tower on the coherence of the interferometric
images, and a higher-confidence PS was identified at the top
of the building, this study used the descending orbit image
set for the validation process. Detailed information about the
datasets of Sentinel-1 satellite imagery data are presented in
Table 1, where B represents spatial baselines, t represents
temporal baselines, and T represents the atmospheric
temperature at the time of image acquisition from ECMWF.
All images belong to descending data with an incidence
angle θ of 32.29° and an azimuth angle α of 10.01°. *e
master image was acquired on March 2, 2015, and all the
images were acquired at 6: 20 AM in the GMT+8 time zone.

As illustrated in Figure 10(a), utilizing the PSI technique
outlined in Section 2.1, a PS was identified at the GPS station
location, and the LOS deformation at the top of the building

…
…

PSN

PSi

di

tit0

PS1

Step1 Identifying PSs Step3 Linear fitting
Hi

PS
0

PSN
PS1

……

DLOS
DLOS/(Ti – T0)

…
…

t

Step2 Extracting deformation curves of PSs

0

…
…

……

…
…

k = αi

(ti, DLOS, Ti, HPS )
N N

(ti, DLOS, Ti, HPS )
i i

(ti, DLOS, Ti, HPS )
1 1

Figure 7: Improved algorithm for temperature-related deformation coefficient.
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Figure 8: Aerial view of the Changsha city and the position of stain (temperature) transducers.
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Figure 9: Temperature validation. (a) Temperature comparison. (b) Deviation statistics.

Table 1: Beijing SAR image dataset.

No. Slave B (m) t (day) T (°C)
1 2014/10/09 22.58 144 12.82
2 2014/11/14 131.70 108 −2.39
3 2014/12/08 −65.47 −84 −5.61
4 2014/01/01 −4.38 −60 −7.73
5 2015/01/25 −54.42 −36 −1.66
6 2015/03/26 154.80 24 7.17
7 2015/05/25 27.95 84 24.44
8 2015/06/18 −11.88 108 27.38
9 2015/07/24 11.95 −144 25.55
10 2015/09/10 21.54 192 19.24
11 2015/10/04 42.90 216 13.48
12 2015/11/09 46.64 252 1.57
13 2015/11/21 25.92 264 0.06
14 2015/12/15 −57.76 288 −0.65
15 2016/01/20 18.89 314 −7.59
16 2016/02/13 38.24 348 0.97
17 2016/02/25 −19.47 360 −2.94
18 2016/03/08 −44.53 372 −1.90
19 2016/03/20 −8.83 384 4.78
20 2016/04/13 66.89 408 11.57
21 2016/05/31 21.52 456 25.62
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was extracted. Subsequently, based on the geometric re-
lationships illustrated in Figure 10(b), the authors in (12) was
employed to combine the GPS-observed three-dimensional
deformation components into the LOS deformation cor-
responding to the Sentinel-1 observation perspective. Ulti-
mately, as shown in Figure 11, it can be observed that the
observational results fromGPS and PSI closely align in terms
of trends, with measured deviations all within 5mm. De-
viations in the observational results may primarily stem
from the inconsistent observation frequencies between the
GPS monitoring station and the Sentinel satellite. Addi-
tionally, it should be noted that the discontinuity in the GPS
deformation observation curve is caused by missing mon-
itoring data. *erefore, it can be demonstrated that the
combination of Sentinel-1 satellite imagery with PSI tech-
nology, coupled with the incorporation of ECMWF tem-
perature data, enables an accurate observation of
deformations in high-rise buildings.

DLOS � cos θDv − sin θ sin αDn + sin θ cos αDe. (12)

4. Recognition of Building
Deformation Patterns

4.1. Study Area. To validate the deformation identification
and quantification method proposed in Sections 2.2, 2.3, and
2.4, this study conducted a practical analysis of a cluster of
high-rise buildings in Changsha City, China. As the capital
of Hunan Province, Changsha has undergone rapid devel-
opment over the past 20 years resulting in a population of
over 10 million and in dense clusters of high-rise buildings.
It is therefore essential to employ an economical and effi-
cient method to monitor the deformation status of the high-
rise building clusters in Changsha, to reveal abnormal
conditions such as building tilt. *e study area is located
within an 81 km2 region centered at 28.22°N latitude and
113.00°E longitude. In this study, the Sentinel-1 images
covering the period from November 2021 to September
2023, comprising a total of 53 images, were utilized for the
high-rise building deformation analysis. *e master image

was acquired on December 6, 2022, and all images were
ascending data with an incidence angle θ of 33.98° and an
azimuth angle α of 169.18°. *e temperature data, sourced
from ECMWF, represents the average temperature in the
study area at the corresponding moment of SAR imagery.
More detailed imaging information is presented in Table 2.

As depicted in Figure 12, a bright pixel was selected as
the Ground Control Point (GCP) in the mean amplitude
image during this study. Subsequently, the mean amplitude
image was projected onto the optical satellite map based on
the latitude and longitude coordinates of the GCP. *e
image clearly delineates the outlines of numerous high-rise
buildings along both banks of the Xiangjiang River, at-
tributable to the strong backscatter properties of the facades
of these structures. Subsequently, Figure 13 illustrates some
of the PSs identified within the study area based on the PSI
technique process described in Section 2.1. *e circular
markers in Figure 13 denote the positions of the identified
PS, with colors representing a rough estimate of the LOS
deformation rates.
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Figure 10: Satellite observation schematic of Kunlun Tower. (a) Site overview. (b) Satellite observation geometry.
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To compare and verify the deformation recognition
results and study the evolution patterns of building de-
formations, nine typical high-rise buildings with different
construction times were chosen for analysis. Detailed in-
formation about the building can be found in Table 3, and

the detected PSs on these building facades can be found in
Figure 13. Because αi is solely related to the relative positions
among PSs, the calculation procedure directly employed the
height values of PSs before the subtraction of DEM heights,
thereby reducing the precision requirements for the DEM.

Table 2: Changsha SAR image dataset.

No. Slave B (m) t (day) T (°C)
1 2021/11/05 −72.66 −396 18.56
2 2021/11/17 −32.55 −384 14.03
3 2021/11/29 −0.89 −372 15.71
4 2021/12/11 39.98 −360 11.25
5 2021/12/23 −50.60 −348 14.05
6 2022/01/04 −53.96 −336 9.82
7 2022/01/16 −58.78 −324 7.71
8 2022/01/28 −65.60 −312 2.32
9 2022/02/09 3.91 −300 4.20
10 2022/02/21 66.04 −288 4.09
11 2022/03/05 −1.24 −276 15.00
12 2022/03/17 −63.83 −264 11.57
13 2022/03/29 −2.482 −252 18.04
14 2022/04/10 −19.14 −240 26.61
15 2022/04/22 51.89 −228 21.57
16 2022/05/04 −153.5 −216 23.39
17 2022/05/16 8.11 −204 19.64
18 2022/05/28 7.93 −192 22.48
19 2022/06/09 118.00 −180 28.04
20 2022/06/21 47.84 −168 27.70
21 2022/07/03 15.24 −156 27.42
22 2022/07/15 −26.71 −144 33.80
23 2022/07/27 −29.65 −132 32.17
24 2022/08/08 98.31 −120 34.48
25 2022/09/13 95.11 −84 30.55
26 2022/09/25 −169.5 −72 25.19
27 2022/10/07 −76.10 −60 12.90
28 2022/11/12 −44.47 −24 18.46
29 2022/11/24 108.50 −12 16.81
30 2022/12/18 −54.08 12 5.96
31 2022/12/30 27.09 24 7.63
32 2023/01/11 −162.30 36 14.38
33 2023/01/23 40.00 48 7.07
34 2023/02/04 −22.09 60 5.38
35 2023/02/16 −146.90 72 10.02
36 2023/02/28 66.79 84 14.53
37 2023/03/12 5.58 96 16.25
38 2023/03/24 −2.68 108 11.22
39 2023/04/05 −78.82 120 12.48
40 2023/04/17 −1.77 132 30.19
41 2023/04/29 100.60 144 19.16
42 2023/05/11 15.31 156 18.66
43 2023/05/23 −22.56 168 17.85
44 2023/06/04 −13.25 180 27.60
45 2023/06/16 19.79 192 27.10
46 2023/06/28 −157.60 204 32.30
47 2023/07/10 125.90 216 34.14
48 2023/07/22 40.83 228 29.87
49 2023/08/15 −54.88 252 30.29
50 2023/08/27 110.30 264 22.62
51 2023/09/08 126.70 276 30.33
52 2023/09/20 56.45 288 23.55
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4.2.BuildingsDeformedwithPattern I. Figures 14, 15, and 16
present the deformation recognition results for the In-
ternational Finance Tower, Wanda Tower, and Huijing
Tower. In all subfigures labeled (a), the timeline begins with
the acquisition time of the first SAR image (November 5,
2021), where the height axis corresponds to the height values
of PSs represented by different colors, and the vertical axis
indicates the LOS deformation values for these PSs at various
heights on the building facades. *e LOS deformation of all
PSs exhibits the seasonal temperature-induced deformation
characteristic, with deformation amplitudes positively cor-
related to their respective heights. Evidently, the actual
deformation curves of PSs are intricate, resulting in the
challenge of determining the building deformation pattern
through the calculation of Ai values described in Section 2.2.
*erefore, it is necessary to utilize (7) to calculate the
temperature-related deformation coefficient (αi) and sub-
sequently identify the deformation patterns of the buildings.
In Figures 14(b), 15(b), and 16(b), the computed results of
parameter αi for high-rise buildings are presented along with
the absolute deviation of αi calculated using (10). It is ob-
served that the absolute deviation values of αi (|Δα|) for these
buildings are generally less than 1× 10−6/°C, consistent with
the defined in Section 2.4 for deformation Pattern I. It
should be emphasized that some significant outliers in the
absolute deviation of αi for the three buildings at certain
identical moments, possibly arising from inaccuracies in
temperature input, have been excluded from the analysis.

Due to the stable αi identified from these three buildings,
it can be inferred that only temperature-induced de-
formations are present. In this case, the concept of αi can be
comparable to the thermal expansion coefficient of rein-
forced steel or concrete materials. Significantly, the mean

values of αi for the three buildings are 6.66×10−6/°C,
6.36×10−6/°C, and 9.36×10−6/°C, respectively, all located in
the interval of the coefficient of the thermal expansion of
reinforced steel or concrete material of 6∼12×10−6/°C.

4.3. Buildings Deformed with Pattern II. Huayaun Tower,
Hilton Hotel, and Jinyu Tower exhibit similar trends in the
evolution of the coefficient αi. Figures 17, 18, and 19 present
the deformation recognition results for these buildings. *e
three corresponding subplots labeled as (a) present the
observed deformation results of PSs on the facades of these
three high-rise buildings, revealing significantly distinct
temperature-related deformation characteristics for each
building. In all subplots (b), the coefficient αi has been
segmented into four sections, and the segmentation points
correspond to the zero points of the deformation curves in
plot (a). Furthermore, the value of αi demonstrates a con-
sistent increase during the cooling period and a sustained
decrease during the warming period, aligning with the
analysis of Pattern II in Section 2.4.

For the Huayuan Tower, a linear fit to the values of αi

reveals a change rate k� 1.19×10−9/°C·d. Furthermore, us-
ing (11), the cumulative LOS deformation at the top of the
building can be calculated over the observation period of
672 days (time span covered from the second image to the
last image), resulting in D

top

LOS � 0.93mm. Given the small
magnitude of this displacement, assuming it is entirely at-
tributed to the reduction in building height (shrinkage or
creep), the vertical displacement of the structure can be
calculated as 1.12mm using (12). For the Hilton Hotel, the
calculated change rate for αi is k� 1.36×10−9/°C∙d. Simi-
larly, the vertical displacement at the top of can be calculated
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Figure 12: Average amplitude images displayed on Google Earth.

12 Structural Control and Health Monitoring

 schm
, 2024, 1, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1155/2024/2326106, W
iley O

nline L
ibrary on [30/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



as 1.20mm over the 672 days. Additionally, the Jinyu Tower
exhibited a distinct Pattern II deformation, with a change
rate of αi denoted as k� 3.26×10−8/°C·d. Furthermore, over
the same study period, the LOS deformation at the top of the
building can be calculated as D

top

LOS � 14.89mm, equivalent to
a vertical deformation of 17.96mm. It is noteworthy that the
construction completion time of the Jinyu Tower is very
close to the starting point of the study period. A larger
deformation implies that the building was undergoing more
significant shrinkage and creep. However, from a civil en-
gineering perspective, this relatively larger deformation

300 m

Xiangjiang River

Jinyu TowerPingan Finance Center Huayuan Tower International Finance TowerWanda Tower

Hilton HotelHuijing Tower Hunan TowerChaozong Apartment

-15 -10 -5 0 5
Velocity (mm/year)

NORTH

Figure 13: Distribution of PSs (dashed box lines indicate the selected PSs used for calculations).

Table 3: Statistical information on typical high-rise buildings.

Building H (m) Year
International Finance Tower 182 2001
Wanda Tower 200 2012
Huijing Tower 230 2018
Huayuan Tower 258 2015
Hilton Hotel 241 2017
Jinyu Tower 150 2021
Chaozong Apartment 117 2012
Hunan Tower 248 2015
Pingan Finance Center 211 2020
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Figure 14: *e deformation recognition result of International Finance Tower. (a) Deformation results of the PSs. (b) Evolution of αi and
absolute deviation.
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Figure 15: Deformation recognition result of Wanda Tower. (a) Deformation results of the PSs. (b) Evolution of αi and absolute deviation.
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Figure 16: Deformation recognition result of Huijing Tower. (a) Deformation results of the PSs. (b) Evolution of αi and absolute deviation.

14 Structural Control and Health Monitoring

 schm
, 2024, 1, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1155/2024/2326106, W
iley O

nline L
ibrary on [30/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



6005004003002001000

-30

-20

-10

0

10

20

30

150
300

D
ef

or
m

at
io

n 
of

 L
O

S 
(m

m
)

Height (m) Time (day)

251.64 205.43 159.76 123.80
238.14 193.79 147.41 111.07
230.65 170.89 135.21 99.87
217.71

(a)

|k|=1.19 × 10-9|k|=1.19 × 10×××××× -9

100 200 300 400 500 600 7000
Time (day)

-0.005

0.000

0.005

0.010

0.015

0.020

α i
×1

0-3
 (°

C-1
)

(b)

Figure 17: Deformation recognition result of Huayuan Tower. (a) Deformation results of the PSs. (b) Evolution of αi and absolute deviation.
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Figure 18: Deformation recognition result of Hilton Tower. (a) Deformation results of the PSs. (b) Evolution of αi and absolute deviation.
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Figure 19: Deformation recognition result of Jinyu Tower. (a) Deformation results of the PSs. (b) Evolution of αi and absolute deviation.
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Figure 20: Deformation recognition result of Chaozong apartment, (a) Deformation results of the PSs. (b) Linear fitting result for αi.
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Figure 21: Deformation recognition result of Hunan Tower. (a) Deformation results of the PSs. (b) Linear fitting result for αi.
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Figure 22: Deformation recognition result of Pingan Finance Center. (a) Deformation results of the PSs. (b) Linear fitting result for αi.
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value still falls within the reasonable range for shrinkage and
creep in newly constructed reinforced concrete structures.

4.4.BuildingswithPattern III. *e results of the deformation
recognition for Chaozong Apartment, Hunan Tower, and
Pingan Finance Center are presented in Figures 20, 21, 22.
All subfigures (a) display the deformation results of PSs on
the facades of these three buildings. All subfigures (b) il-
lustrate an evolution trend of αi opposite to that discussed in
Section 4.3, implying that the buildings have undergone
Pattern III deformation.

Furthermore, this study similarly conducted a quanti-
tative analysis of the deformations of these three buildings.
For Chaozong Apartment, the rate of change of αi

can be determined as k� 1.10×10−9/°C·d, resulting in
D

top

LOS � 0.39mm. Since pattern III deformation is caused by
the building’s inclination, the value of D

top

LOS can be converted
into a horizontal displacement towards the satellite of
0.70mm using (12). For Hunan Tower, the calculated change
rate for αi is k� 1.14×10−9/°C∙d, resulting in a horizontal
displacement towards the satellite of 1.54mm at the top of
the building.

It is noteworthy that the construction time of Pingan
Finance Center is close to that of Jinyu Tower. In a general
analysis, it is expected that Pingan Finance Center would
undergo significant shrinkage and creep deformation during
the observation period, exhibiting the characteristics of
Pattern II. However, as shown in Figure 22(b), the evolution

of αi exhibits a typical characteristic of Pattern III de-
formation. *e change rate for αi is calculated to be
k� 2.06×10−9/°C·d, resulting in a final deformation of
D

top

LOS � 1.32mm. To analyze the anomalous deformation
pattern of Pingan Finance Center further, it is assumed that
it has experienced the same degree of Pattern II deformation
as the Jinyu Building. *erefore, Ping An Finance Center
may have undergone a LOS deformation of 17.96mm/
150000mm× 211000mm× cos33.98° � 20.95mm towards
the satellite, masking the shrinkage and creep deformation of
the building away from the satellite in the LOS direction.
*rough the analysis depicted in Figure 23, it is determined
that the LOS deformation induced by tilting at the top of
Pingan Finance Center is 22.27mm, corresponding to
a horizontal displacement of ∆x� 39.85mm. Such de-
formation could be attributed to the initial uneven shrinkage
and creep in the early stages of construction.

4.5. ComparativeAnalysis. Table 4 summarizes the results of
the analysis of the buildings. Regarding the statistical
analysis of α for buildings under Pattern I, the average values
of αi were used, while the initial values of αi were employed
for the other two patterns.*is stipulation ensures that α has
maximum comparability with the thermal expansion co-
efficient of the material. In terms of deformation quantifi-
cation, to ensure comparability of quantified values across
different buildings, the ratio of building top displacement to
the corresponding building height was computed.

Deformation of Pattern III

∆x

Deformation of Pattern IIFinal deformation

211 m 211 m 211 m
– =

topDLOS = 1.32 mm topDLOS = –20.95 mm
topDLOS = 22.27 mm

Figure 23: Possible mixed deformation patterns for Pingan Finance Center.

Table 4: Results of deformation recognition.

Pattern Building α× 10−6 (°C−1) k× 10−9 (°C−1·d−1) Deformation Quantification

I
International Finance Tower 6.66 — — —

Wanda Tower 6.36 — — —
Huijing Tower 9.36 — Inclination + shrinkage/creep —

II
Huayuan Tower 4.68 1.19 Shrinkage/creep 4.34×10−6

Hilton Hotel 7.02 1.36 Shrinkage/creep 4.98×10−6

Jinyu Tower 11.09 32.6 Shrinkage/creep 1.20×10−4

III
Chaozong Apartment 12.33 1.10 Inclination 5.98×10−6

Hunan Tower 6.67 1.14 Inclination 6.21× 10−6

Pingan Finance Center 10.00 2.06 Inclination + shrinkage/creep 1.89×10−4

Structural Control and Health Monitoring 17
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From the statistical analysis of α, it can be observed that
nearly all the values are within the range of 6∼12×10−6/°C,
which is consistent with the coefficient of thermal expansion
of reinforced steel or concrete materials, except for the
Huayuan Tower and Chaozong Apartment. *e different
values of α may be associated with varying structural forms
or building materials. From the perspective of building
deformation, International Finance Tower and Wanda
Tower, both with a service life exceeding 10 years, maintain
stability in terms of shrinkage and creep deformation. *e
Huijing Tower, which was completed in 2018, exhibited
stable deformation characteristics, possibly due to un-
dergoing complex deformations similar to those observed in
the Pingan Finance Center. Furthermore, examining the
three buildings in Pattern II, it is observed that the earlier the
construction completion, the milder shrinkage and creep,
providing further confirmation of the validity of the cal-
culated deformation results in this study. Additionally,
according to the Chinese Code for Design of Building
Foundation (GB50007-2011) [45], the ratio of lateral dis-
placement to build height for high-rise buildings over
100meters should not exceed 0.002. *is ratio for the three
buildings in Pattern III is 5.98×10−6, 6.20×10−6, and
1.89×10−4, respectively, all of which are below the threshold
of 0.002.

5. Conclusions

*is study combined Sentinel-1 image data with PSI tech-
nology to observe the deformation of high-rise buildings in
Changsha City fromNovember 2021 to September 2023.*e
main research findings and conclusions are summarized as
follows:

(1) *is study validated ECMWF temperature data
using temperature recordings from transducers on
a high-rise building. *e results indicate that the
expected value of the normal distribution of
ECMWF temperature deviation approaches zero,
making it applicable to the deformation solution in
the PSI technique for high-rise buildings. Addi-
tionally, the accuracy of combining Sentinel-1 image
data with PSI technology for high-rise building
deformation analysis was verified to be superior to
5mm through GPS deformation monitoring data on
the Beijing Kunlun Tower.

(2) From the unique observational perspective of SAR
satellites, this study systematically analyzed the de-
formation patterns of high-rise buildings and
summarized three typical deformation patterns.
Furthermore, the concept and algorithm of
temperature-related deformation coefficients were
proposed, along with a method to quantify building
deformation based on the rate of change of
temperature-related deformation coefficients. Fi-
nally, the research findings indicate that the pro-
posed method effectively mitigates the interference
of temperature-induced deformations in the iden-
tification process of anomalous building

deformations, enabling analysis of complex de-
formations in high-rise buildings at a millimeter-
scale level.

(3) *rough deformation analysis of nine high-rise
buildings in Changsha, it was observed that the
thermal expansion coefficients of the majority of
buildings fall within the range of 6∼12×10−6/°C,
which is similar to the thermal expansion coefficients
of building materials. Furthermore, the study reveals
that the deformations of buildings older than ten
years are highly stable, whereas newly constructed
buildings may experience a contraction creep of up
to 1.20×10−4mm/mm within two years. Notably,
super-tall buildings may exhibit centimeter-scale
lateral deformations at their tops due to uneven
shrinkage.

However, there are still areas for further improvement in
this study. For instance, integrating multiangle SAR images
to obtain more comprehensive building deformation in-
formation, utilizing higher-precision temperature data to
improve the accuracy of building deformation analysis, and
combining the algorithm with internal force and stress
analysis in structural engineering, such as finite element
methods would all contribute to enhancing the reliability of
building deformation monitoring.
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