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A B S T R A C T

Satellite-based Interferometric Synthetic Aperture Radar (InSAR) is a radar technique capable of detecting 
millimeter-scale deformations in long-span bridges. However, many InSAR methods estimate thermal dilation 
phase using air temperature data from nearby airports rather than the bridge site, neglecting spatial variations in 
temperature distribution. Moreover, InSAR measurements are typically referenced to a high-coherence point, 
which assumes stable scattering characteristics over time but fails to consider the structural features of bridges. 
To address these issues, this paper develops a refined Distributed Scatterer InSAR (RDSI) technique, focusing on 
thermal dilation phase estimation and reference point selection for phase unwrapping. First, the local thin-plate 
spline method was employed to estimate bridge site temperature using longitude and latitude as independent 
variables and elevation as a covariate. Then, a structural-knowledge-driven reference point selection method was 
developed by installing artificial radar corner reflectors (CRs) at the fixed bearing and identifying their echo 
signals in SAR imagery. The RDSI technique was applied to three different types of long-span bridges, including a 
continuous arch bridge, a suspension bridge, and a cable-stayed bridge. Using 20 COSMO-SkyMed images 
collected from 2022 to 2024, the line-of-sight (LOS) displacement was obtained. The correlation between LOS 
deformation and air temperature of different bridge structures was analyzed. To validate the precision of the 
RDSI technique, LOS cumulative deformations were inverted using BeiDou Navigation Satellite System (BDS) 
measurements of vertical, north-south, and west-east displacements. The comparison between BDS-based and 
RDSI-based LOS cumulative deformations revealed that the bridge movement direction captured by RDSI aligns 
well with BDS measurements, with a maximum error of 1.18 mm. This suggests that RDSI is a promising 
technique for the safety monitoring of urban bridge groups.

1. Introduction

Structural health monitoring (SHM) of long-span bridges is essential 
for infrastructure safety. Currently, bridge deformation assessment pri-
marily relies on periodic manual inspections, including visual inspec-
tion, total station surveys, leveling, microwave radar, photogrammetry, 
laser scanning, and digital image processing, as well as sensor-based 
monitoring using displacement meters, inclinometers, connecting 
tubes, and global navigation satellite systems. These techniques are 
suitable for evaluating critical individual bridges. However, deploying 
them to monitor 1079,300 bridges in China is cumbersome even 

impractical, especially given limited financial resources.

1.1. Synthetic aperture radar (SAR) interferometry (InSAR)

InSAR is a cost-effective remote monitoring technique that can 
measure deformation covering large geographical areas and various 
weather conditions utilizing the interferometric phase between two 
echoes of the same observed target. It has been widely applied in the 
infrastructure deformation monitoring, including highways [1], build-
ings [2,3], railways and subways [4], transportation networks [5], dams 
[6], slopes [7], airports [8], etc. The Persistent Scatterer Interferometry 
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(PSI) approach, by focusing on stable points from a sequence of SAR 
images, addresses problems such as atmospheric delays, temporal 
decorrelation, and spatial decorrelation, enabling effective monitoring 
of small movements. The PSI technique was employed by Huang et al. 
[9] to monitor the displacement of a high-speed railway bridge, the 
results highlight a significant relationship between deformation and air 
temperature at the time of image acquisition. A single-track stack of 
COSMO-SkyMed (CSK) and multi-track stacks of Sentinel-1A (S1A) data, 
processed utilizing the PSI technique, indicate that the thermal dilation 
is the primary contributor to bridge displacements [10]. Cusson et al. 
[11] applied PSI with thermal sensitivity to detect millimeter-level 
motion on two steel truss bridges and establish early warning thresh-
olds for bridge movements. Ma et al. [12] developed a geometry-based 
InSAR network to monitor the deformation of the Hong 
Kong-Zhuhai-Macao Bridge (HZMB), followed by an analysis of the in-
fluence of multiple environmental factors. Zhou et al. [13] developed a 
PSI technique incorporating the structure’s temperature field for 
long-span bridge deformation monitoring, revealing a strong spatio-
temporal relationship between displacement and air temperature. Far-
neti et al. [14] proposed a multidisciplinary approach combining InSAR 
with numerical modeling to monitor bridge displacements, predict 
failure times, and assess structural collapse due to slow deformation 
phenomena. Guzman-Acevedo et al. [15] integrated InSAR time-series 
data with a calibrated finite element model to assess bridge safety, 
estimating risk based on service, fracture, and statistical displacement 
thresholds. For bridges with low backscattering capability, SAR faces 
challenges in detecting adequate persistent scatterer (PS) to characterize 
detailed spatial deformation. Qin et al. [16,17] analyzed the SAR inco-
herent information and foreground-background scattering of bridges, 
which led to a 40 % increase in the density of extracted point-like tar-
gets. Based on the Gaussian Mixture Model-Expectation Maximization 
algorithm, the density and quality of PS points on the 
under-construction cross-sea bridge was enhanced [18]. TerraSAR-X 
radar imagery in the Staring SpotLight mode from both ascending and 
descending orbits was processed using the SqueeSAR, resulting in a high 
density of measurement points [19]. However, enhancing PS point 
density with multi-source SAR data is unsuitable for widespread appli-
cation due to limited SAR coverage for some bridges. On the other hand, 
employing high-resolution SAR images for InSAR monitoring will 
inevitably increase costs. Therefore, the Distributed Scatterer InSAR 
(DSI) technique was developed for surface motion monitoring at 
low-coherence regions, where adjacent pixels exhibit similar reflectivity 
and similar statistical properties [20–22]. Nevertheless, few studies have 
investigated the capability of the DSI technique in detecting bridge de-
formations [23].

1.2. Reference point (RP) selection for phase unwrapping

To obtain accurate deformation measurements, phase unwrapping is 
required by adding the correct wrap count to each pixel. Using an RP 
selected by the coherence-based method as the starting point, the ab-
solute phase in the interferogram is recovered through path integration 
of the estimated phase gradient. The coherence-based method selects 
RPs from stable scattering regions with high coherence, which are 
assumed to undergo negligible deformation. Traditional phase 
unwrapping methods fall into two categories: path-following [24], 
which selects an integration path to prevent local errors from spreading, 
and optimization-based [25], which minimizes the difference between 
the estimated and unwrapped phase gradients to achieve optimal re-
sults. Moreover, a method that combines traditional phase unwrapping 
techniques with deep learning is proposed to overcome the complex 
wrapped phase caused by topographic features and the low coherence 
coefficient [26,27]. The aforementioned studies obtained the line of 
sight (LOS) displacement relative to an RP but overlooked the impact of 
RP movement on InSAR deformation analysis. However, if the RP ex-
periences unnoticed movements, the LOS displacements of other 

scatterers will be inaccurately estimated. To accurately interpret InSAR 
rates as uplift or subsidence, a well-defined Earth-centered terrestrial 
reference framework is established through continuously operating 
reference stations of the Global Navigation Satellite System (GNSS) [28]. 
The optimal RP was automatically selected for InSAR time series anal-
ysis, considering the temporal coherence and phase connectivity be-
tween each RP and the target wetland [29]. Based on InSAR and GNSS 
measurements, the absolute InSAR estimation was obtained by rigidly 
attaching phase-stable millimeter-precision compact active radar tran-
sponders to GNSS antennas [30]. The combination of GNSS and InSAR 
observations can be used to derive absolute LOS deformation measure-
ments [31]. However, its application is limited by labor and financial 
costs.

1.3. Thermal dilation estimation

In previous research on the thermal dilation estimation, air tem-
perature measured at a nearby airport was typically used to represent 
the temperature of bridge sites, so the spatial variation of ambient air 
temperature was often ignored. Generally, the bridge temperature dis-
tribution is investigated by combining numerical simulation and field 
measurements [32]. Using field meteorological measurements, the 
time-dependent thermal boundary conditions can be determined and 
then applied to a two-dimensional fine finite-element model of typical 
sections of the box girder for the transient heat-transfer analysis [33,34]. 
To improve the efficiency and accuracy of the temperature distribution 
of the entire bridge, Xia et al. [35,36] then conducted a 
three-dimensional heat-transfer analysis, in which the measured air 
temperature and solar radiation were used as the thermal boundary 
conditions. It is evident that collecting extensive temperature data 
through the field monitoring system is crucial for accurately deter-
mining the temperature distribution of bridges. However, bridge tem-
perature fields analysis via field sensors or detailed simulations demands 
high manpower and material costs. For bridges lacking field measure-
ments, the boundary conditions for thermal analysis are typically 
determined using meteorological data from a nearby airport [37]. Based 
on ambient temperature data sourced from a meteorological data 
sharing platform, an inverse square distance gradient method was 
adopted to calculate the air temperature of bridges [13]. Thermal 
analysis for bridges without using field measurements is applicable to 
InSAR technique for bridge deformation monitoring.

1.4. Accuracy assessment of InSAR deformation measurements

The precision of InSAR technique in deformation monitoring has 
been validated by comparisons of displacements between InSAR-derived 
results and alternative measurement techniques, such as classical 
geodetic surveying, field sensors monitoring, and computer simulations. 
Lorenz et al. [38] tested the thermal deformation of a curved highway 
bridge utilizing InSAR technique and compared the results with geodetic 
data and simulations of the longitudinal displacements over the obser-
vation period. The differential PSI deformation has been used as inputs 
to calculate stress using a finite element model, and the results are 
consistent with the recorded damage information [39]. By installing 
corner reflectors (CRs) on bridges, the InSAR-measured longitudinal 
displacement was compared with data obtained from automated total 
stations to assess the measurement accuracy of InSAR [40]. A controlled 
experiment was conducted using CRs to evaluate the capabilities of 
InSAR in determining vertical displacements of bridges, and the 
discrepancy compared to leveling measurements is less than 2 mm [41]. 
The PSI-derived bridge deformation was decomposed into longitudinal 
deformation and compared with the measurements from field sensors 
and simulations, and the relative error was within 5 % [13]. InSAR 
measures one-dimensional LOS deformation, requiring decomposition 
into horizontal or vertical components for accuracy assessment. How-
ever, the non-target directional displacements need to be neglected, 
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leading to potential overestimation of target deformation.
To the best of the authors’ knowledge, few studies have concerned 

the influence of coherence-based RP selection on InSAR deformation 
measurements. Additionally, the spatial variations in air temperature 
distribution are often neglected in thermal dilation estimation. There-
fore, a refined DSI (RDSI) is developed through structure-driven RP se-
lection and air temperature interpolation at bridge sites, enhancing the 
accuracy of phase unwrapping and thermal dilation estimation, 
respectively. Specifically, an artificial radar CR was installed at the 
bridge’s fixed bearing, and corresponding signal was identified as the RP 
in the SAR intensity image for phase unwrapping, eliminating errors 
from manual RP selection. Next, air temperature at the bridge site for 
thermal dilation estimation was derived using a local thin-plate spline 
based on ground weather station data, accounting for the effect of 
elevation on spatial distribution of air temperature. Finally, the preci-
sion of RDSI was validated by introducing the concept of LOS cumula-
tive displacement and comparing InSAR-derived deformations with 
BeiDou regional navigation satellite system (BDS) measurements on the 
bridge deck.

2. Methodology

2.1. RDSI technique

A single resolution unit (pixel) of SAR images contains multiple sub- 
scatterers. Ground targets can be divided into persistent scatterer (PS), 
distributed scatterer (DS), and incoherent scatterers according to their 
backscatter characteristics and stability. Assuming N SAR images are 
available for the observation area over a specific period, one image can 
be chosen as the master image, while the other images using as slave 
images [42]. The slave images are co-registered with the master image, 
and N-1 interferometric pairs are generated. Differential interferometric 
processing, based on digital elevation models (DEM), is performed on 
these pairs to produce differential phases as follows [43]: 

ψ = φref +φtop +φdef +φatm +φnoi (1) 

where, the interferometric phase in SAR images is influenced by several 
errors, which can be categorized into five components: φref denotes orbit 
estimation errors, φtop is the elevation errors, φdef signifies the LOS 
deformation, φatm represents the atmospheric phase delay, and φnoi ac-
counts for the noise and other error components.

Air temperature plays a crucial role in the long-term deformation of 
long-span bridges. To address this, the RDSI technique integrates ther-
mal dilation parameters into the interferometric model’s nonlinear 
deformation component, as represented by the following equation: 

ψ =
4π
λ

t⋅v+
4π

λR sin θ
B⋅ε+4π

λ
T⋅k+φres (2) 

where λ denotes the radar wavelength, R represents the slant range, θ 
indicates the radar incidence angle, B refers to the vertical baseline, ε 
accounts for the DEM elevation error, t represents the temporal baseline, 
v is the linear deformation velocity, T stands for the air temperature at 
the bridge site during each image acquisition, k is the thermal dilation 
coefficient, and φres represents the residual phase, including atmo-
spheric phase, nonlinear deformation components, and noise. To miti-
gate cloud-induced atmospheric delay effects on the reliability of InSAR 
measurements, the atmospheric phase is separated from the residual 
phase by filtering, leveraging its characteristics of low spatial frequency 
and high temporal frequency.

The workflow of RDSI technique, which is depicted in Fig. 1, involves 
four steps: pre-processing, DS processing, PS processing, and deforma-
tion results generation.

Step 1: Pre-processing. From a set of SAR images, the master image is 
chosen based on the minimal temporal and spatial baselines. All slave 
images are aligned to the master using the coherence coefficient method. 

With precise orbit and DEM data, the SAR images are registered and 
clipped, resulting in differential interferogram pair sequences.

Step 2: PS processing. The amplitude threshold and amplitude 
dispersion index are both employed to select PS points, with high- 
amplitude pixels chosen as candidates and those with smaller ampli-
tude deviations selected as final PS points. Consequently, the selected PS 
points exhibit stable radar scattering characteristics, which enhance the 
accuracy of InSAR deformation calculations.

Step 3: DS processing. The selection of DS points involves statistical 
homogeneous pixels (SHPs) identification and phase optimization. SHPs 
are determined based on the intensity of SAR images, which is then 
utilized to refine the interferometric phase. Temporal coherence is 
employed to assess the effectiveness of phase optimization, and the 
“goodness of fit” index is utilized to assess the quality of phase estima-
tion for selecting high-quality DS points.

Step 4: Deformation results generation. An artificial radar CR is 
installed at the fixed bearing of a bridge, and its corresponding signal is 
identified as a RP for phase unwrapping. The phases of combined 
coherent points are differentiated, unwrapped, and triangulated to 
separate linear deformation, elevation residuals, and residual phases. 
The thermal dilation phase is estimated by interpolating air temperature 
at the bridge site using measured data form the ground weather station. 
Singular value decomposition then yields the deformation velocity and 
cumulative deformation over the study period.

2.2. Air temperature calculation for bridge sites

Based on the air temperature from ground weather stations and the 
elevation of the study area, the air temperature at bridge sites is inter-
polated utilizing the local thin plate spline [44]. This method 

Fig. 1. RDSI processing flow.
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incorporates the elevation as a covariate for comprehensive statistical 
analysis, balancing the smoothness of the interpolation surface with its 
accuracy. Essentially, it generalizes standard multiple linear regression 
by replacing the parameter model with a smooth non-parametric func-
tion. The degree of smoothing is automatically determined from the data 
using generalized cross-validation (GCV) or generalized maximum 
likelihood (GML) [45]. The theoretical statistical model can be 
expressed as follows: 

Zi = f(xi)+ bTyi + ei (i = 1,2,⋯,N) (3) 

where Zi represents the value to be estimated at point i in space, f(xi) is 
an unknown smooth function of the variable to be estimated, b is the 
ρ-dimensional coefficient of yi, yi is a ρ-dimensional vector of indepen-
dent auxiliary variables, ei denotes the random error of the variable xi to 
be estimated, with an expected value of 0, and N is the number of known 
sites. The unknown smooth function f(xi) is estimated using the least 
squares method: 

min

[
∑N

i=1

(
ei

wi

)2

+ ρJm(f)

]

(4) 

where Jm(f) represent the roughness measure function of f(xi), defined 
as the m-th partial derivative of f(xi). wi refers to the variance of the 
relative error, and ρ denotes the smoothing parameter that balances data 
fidelity and surface roughness. Typically, ρ is determined by minimizing 
GCV and GML [46]. The fitting function for the vector is as follows: 

Ẑ = AZ (5) 

where A indicates an N-dimensional influence matrix. 

GCV =

⃦
⃦W− 1

(
I − A

)
Z
⃦
⃦2
/

N

[trace(I − A)/N]
2 (6) 

W = diag(w1…wn) (7) 

where W is a diagonal matrix and trace (I-A) represents the degrees of 
freedom.

The flowchart of air temperature calculation using local thin plate 
spline is illustrated in Fig. 2. SPLINA/B is suitable for thin plate spline 
analysis with independent variables or multiple covariates. The inputs 

include the observed values from the weather station, along with its 
longitude, latitude, and elevation information. In addition to calculating 
air temperature, the outputs also contain the standard deviation of the 
observed data evaluating the quality of the interpolation, as well as the 
GCV and GML criteria for selecting the best model.

2.3. RP identification for phase unwrapping driven by structural 
knowledge

The interferometric phase is wrapped within (− π, π] due to trigo-
nometric functions in the transmitting and receiving models [47]. To 
avoid error transfer in the phase unwrapping process caused by 
coherence-based RP selection, a RP identification method driven by 
structural characteristics was proposed. Normally, reaction forces and 
the corresponding movements follow a dual principle: a non-zero 
bearing force corresponds to zero movement, and vice versa. For a 
bridge fixed bearing, all translational degrees of freedom (longitudinal 
and transverse) are fixed, while rotational degrees of freedom are 
allowed [48]. By installing a CR at the fixed bearing on the bridge deck, 
the corresponding echo signal can be identified in the SAR intensity 
image and then used as the RP for phase unwrapping. However, pixels of 
the CR cannot be directly identified since SAR images typically include 
tremendous numbers of displayed pixels. Therefore, it is essential to 
convert geographical coordinates into their corresponding coordinates 
on the SAR intensity image. Normally, reaction forces and the corre-
sponding movements follow a dual principle: a non-zero bearing force 
corresponds to zero movement, and vice versa.

Supposing the image coordinate of a CR is (Irow, Icol) and its 
geographical coordinate is (Clat, Clon), the geographical coordinate L in 
the same projection can be expressed as follows: 

L = BX (8) 

X =

⎡

⎣
a1 a2
b1 b2
c1 c2

⎤

⎦ (9) 

B = [ Irow Icol 1 ] (10) 

where B represents the matrix of image coordinates, and X is the 
transformation coefficient matrix. If the CRs installed on the bridge are 
at similar elevations, the L can be rewritten as: 

Fig. 2. Spatial interpolation flowchart.
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L = [ Irow Icol ]

[
a1 a2
b1 b2

]

(11) 

If sufficient CRs are available, least squares estimation is required to 
determine the conversion coefficients for data analysis. 

L = BX+Δ (12) 

where Δ is the observation error vector, and the least squares estimate of 
the conversion coefficient is given by: 

X
∧

= (BTPB)− 1BTPL (13) 

P = DΔ
− 1 (14) 

where P is the variance of vector Δ. The conversion parameters are used 
to transform the geographical coordinates of the bright spots formed by 
the CRs into image coordinates.

2.4. LOS cumulative displacement analysis

The LOS deformation is defined as the projection of the bridge’s 
three-dimensional displacement onto the LOS direction. Fig. 3 illustrates 
the SAR side-looking imaging geometry [13]: 

DLOS = Dv⋅ cos θ+Dn⋅ sin θ⋅ sin α − De⋅ sin θ⋅ cos α (15) 

where Dv, Dn, De represent the displacements in the vertical, north- 
south, and west-east directions, respectively, θ denotes the side- 
looking incidence angle, and α refers to the heading angle. Accounting 
for bridge orientation and the spatial geometric relationship in SAR 
imaging, it can be expressed as follows: 

DLOS = Dv⋅ cos θ − Dn⋅ sin θ⋅ sin(α+ β) − De⋅ sin θ⋅ cos(α+ β) (16) 

where β stands for the angle between the bridge and the true north. The 
relationship between the longitudinal displacement (Dl), transverse 
displacement (Dt), and the north-south and west-east displacements can 
be expressed as follows: 

Dl = Dn⋅ sin β+De⋅ cos β (17) 

Dt = Dn⋅ cos β − De⋅ sin β (18) 

2.5. Method assessment metrics

To assess the performance of the air temperature interpolation 
model, mean relative error (MRE), root mean square error (RMSE), and 
mean absolute error (MAE) are presented as available quantitative 

performance metrics. These metrics can be represented as: 

MAE =
1
n
∑n

i=1
|yʹ

i − yi| (19) 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑n

i=1

(
yʹ

i − yi
)2

√

(20) 

MRE =
1
n
∑n

i=1

⃒
⃒
⃒
⃒
yi − yi

ʹ

yi

⃒
⃒
⃒
⃒ (21) 

where yi represents the measurements at the i-th location, and yi
ʹ de-

notes the forecast or reconstruction at the i-th location.

3. Study area and data stacks

3.1. Overview of the bridge group

The bridge group across the Xiangjiang River in northern Changsha 
consists of three long-span bridges: a concrete cable-stayed bridge 
(Yinpenling Bridge, YPL), a continuous arch bridge (Fuyuanlu Bridge, 
FYL), and a suspension bridge (Sanchaji Bridge, SCJ). Their geograph-
ical locations are presented in Fig. 4. The longitudinal axis of SCJ is 
oriented at 31◦ relative to true north, while FYL and YPL are aligned 9◦

and 12◦ relative to true east, respectively. It is worth-noting that the 
nearest ground weather station, located at Huanghua International 
Airport, is over 25.73 km away from the case study bridges in a straight 
line.

3.2. SAR datasets

A total of 20 scenes of CSK stripmap imagery with a resolution of 3 m 
× 3 m (ascending orbit) from September 2022 to May 2024 were used. 
The temporal and spatial baselines of the images are shown in Fig. 5. The 
image captured on July 12, 2023 was selected as the main image, while 
the remaining images were used as slave images. The CSK satellite 
operates with a 24.31◦ incidence angle, denoted as θ, and a 168.76◦

heading angle, denoted as α. The radar polarization mode is HH, with a 
wavelength of 0.0312 m. The CSK images were captured at 22:07, so the 
corresponding SAR image time is approximately 6:00 (day +1) because 
the bridge is located in the UTC+ 8 time zone.

3.3. Meteorological data source

The studied bridge group situates in a city with complex terrain, 
featuring elevations ranging from − 16 m to 1596 m, as illustrated in 
Fig. 6. Therefore, it is necessary to consider the influence of elevation on 
air temperature at bridge sites. This study utilized hourly air tempera-
ture measurements from September 2022 to May 2024 at the moment of 
SAR imaging for thermal dilation estimation in InSAR analysis, obtained 
from a meteorological big data platform (https://xihe-energy.com). Due 
to the limited number of weather stations in the studied area, the 
interpolation range was extended beyond the actual studied area, 
covering 25 sites within and around it. The 50-meter spatial resolution 
DEM utilized in this study was sourced from the Geographic Spatial Data 
Cloud (https://www.gscloud.cn/).

3.4. SAR radar CR

The artificial radar CRs are triangular in design and composed of 
metallic materials exhibiting high conductivity, magnetic permeability, 
and a substantial dielectric constant. These CRs generate strong echo 
signals and appear as star-shaped bright spots in SAR images, facilitating 
their distinctions from the background terrain. To avoid the uncertainty 
of phase unwrapping caused by manual selection of RPs, a total of 27 Fig. 3. SAR observation geometry of the target point.
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CRs were installed on the FYL Bridge as an example, including 2 clamp- 
type CRs mounted on the guardrail and 25 platform-type CRs on the 
bridge deck, as depicted in Fig. 7. One platform-type CR, specifically 
located at the fixed bearing on the bridge deck, was identified as the RP 
in the SAR intensity image for phase unwrapping.

4. Deflection of the bridge group for case study

4.1. Case study 1: FYL Bridge

4.1.1. Calculation and validation of air temperature at bridge site
The optimal spatial interpolation model for air temperature was 

defined as a three-variable cubic spline, with longitude and latitude as 
independent variables and elevation as a covariate. The interpolated 
hourly air temperature for December 1, 2023 is shown in Fig. 8. It can be 
observed that air temperature and elevation are strongly correlated, 
with the northeastern region showing significantly lower temperatures 
than the central region. To verify the accuracy of the proposed inter-
polation method, six locations at different elevations (Datuopu DTP, 
Xingsha XS, Yutan YT, Huaminglou HML, Huanghua Airport HHA, and 
Sanchaji SCJ) were selected and compared with measured temperatures. 
As illustrated in Fig. 9, the results show that the MAE at each location 
was less than 0.7◦C, with a maximum MRE of 7.74 %. Using the inter-
polated air temperature at bridge sites instead of weather station mea-
surements, the thermal dilation phase estimation can be effectively 
improved.

To evaluate the accuracy of the RDSI technique in thermal dilation 
rate calculation, a comparison was conducted between the theoretical 
values and RDSI-derived results. The box girders of the FYL Bridge are 
made of Q345 steel, which has a thermal dilation coefficient k of 
1.40 × 10⁻⁵ (1/◦C) [49]. Taking the fixed bearing as the RP, the thermal 
dilation rate at different longitudinal position of the bridge can be 
calculated using the following equation: 

ΔcLong =
λ

4π⋅ΔT⋅k⋅ΔL (22) 

where λ denotes the radar wavelength, k represents the coefficient of 
thermal dilation, ΔT is the temperature variation, and ΔL indicates the 
longitudinal position. The thermal dilation rate is measured by InSAR 
along the LOS direction ΔcLOS, whereas the theoretical calculation 

Fig. 4. Case study bridge distribution (Image by Guanwang Hao).

Fig. 5. Perpendicular baseline vs temporal baseline plot.

Fig. 6. Distribution of meteorological stations.

Fig. 7. RCs arrangement on FYL Bridge.
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provides the corresponding value in the longitudinal direction ΔcLong. 
For arch bridges with deep pile foundations, temperature-induced ver-
tical deformation is typically limited due to high structural stiffness. For 

instance, Zhao et al. [50] reported that when air temperature does not 
exceed 30◦C, the maximum vertical girder displacement of an arch 
bridge remains below 10 mm, indicating that this displacement can be 

Fig. 8. Air temperature interpolation results: (a) 00:00, (b) 06:00, (c) 12:00, (d) 18:00.

Fig. 9. Interpolation results at different positions: (a) DTP, (b) XS, (c) YT, (d) HML, (e) HHA, (f) SCJ.
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disregarded. In addition, the thermal dilation in the transverse direction 
is also negligible, given that the deck width is minimal compared to the 
bridge’s length [51]. Thus, the relationship between the ΔcLong and ΔcLOS 

can be expressed as follows: 

ΔcLOS = ΔcLong⋅ sin θ⋅ cos(α+ β) (23) 

The calculated and RDSI-measured thermal expansion rates are listed 
in Table 1. The discrepancy between the theoretical calculations and the 
InSAR-derived values remains within 0.1 mm/◦C at all longitudinal 
positions, except at ΔL = 420 m, where the error ranges from 3.8 % to 
13.33 %. These results confirm that the thermal dilation estimated by 
RDSI is reliable for bridge deformation monitoring.

4.1.2. RP identification for phase unwrapping
Although CRs possess higher reflectivity, distinguishing them from 

terrain reflection signals in SAR images remains challenging, especially 
in high-resolution images, as illustrated in Fig. 10(b). To accurately 
identify the signals reflected by the CRs, the SAR intensity image was 
enhanced using the Minimum-Maximum (MinMax) stretch method, 
which utilizes the minimum and maximum pixel values as endpoints on 
the histogram to improve brightness and contrast, as presented in Fig. 10
(a). Given the latitude and longitude of the CRs installed on the bridge 
deck and guardrail, their geographic coordinates can be determined. 
The image coordinates (row, column) of the pixel points corresponding 
to the CRs in the MinMax-stretched SAR intensity image were computed 
using Eq. (8). The pixel identified from the echo signal of the CR 
installed at the fixed bearing was selected as the RP for InSAR phase 
unwrapping, as shown in Fig. 10(b).

4.1.3. Results of LOS deformation
The thermal dilation rate of the FYL Bridge is presented in Fig. 11. A 

sufficient number of DS and PS points were identified on the main bridge 
using the RDSI technique, effectively capturing the bridge’s detailed 
deformation characteristics. In contrast, fewer scatterers were detected 
on the approach bridge due to the absence of arch structures, which 
serve as strong reflectors on the main bridge. The main bridge exhibits 
an increasing thermal dilation rate from the structure-driven RP to the 
expansion joints per unit temperature change. Specifically, the thermal 
dilation rate reaches − 4 mm/◦C at the western expansion joint and 
2 mm/◦C at the eastern expansion joint, compared to a range of 
− 1–1 mm/◦C at the RP. As shown in Fig. 12, the non-thermal 
displacement velocity map was obtained from temperature- 
compensated data. No significant deformation trend is observed, indi-
cating that the bridge remained relatively stable throughout the SAR 
observation period.

The deformation of the bridge at the time of SAR satellite imaging is 
presented in Fig. 13. The temperature difference (ΔT) represents the 
variation in air temperature between the acquisition of the slave images 
and the master image. It is clear that as ΔT increases, the deformation 
shifts significantly from the RP toward the expansion joints. On January 
16, 2023, when ΔT reached its peak of 29◦C, the deformation at the west 
and east expansion joints of the main bridge were 100 mm and − 60 mm, 
respectively. However, on August 13, 2023, when ΔT dropped to its 
minimum of 3◦C, corresponding deformations were reduced to 15 mm 

and − 10 mm, respectively.

4.1.4. Comparison of DSI and RDSI results
To analyze the effect of RP selection on InSAR-measured bridge 

deformation, thermal dilation rates were examined using the DSI tech-
nique. The results during the SAR acquisition period are shown in 
Fig. 14. For DSI, an RP (marked by blue crosses) was selected was 
selected off the bridge from the SAR intensity image using the 
coherence-based method. Its physical stability was assumed based on 
empirical knowledge, as it was located on embankments at the river-
bank, which are generally considered stable regions. However, the RP 
selected using the coherence-based method resulted in unreasonable 
DSI-derived deformations in three aspects. First, the fixed bearing of the 
main bridge exhibited a thermal dilation rate of 1–1.5 mm/◦C and a 
deformation velocity of 5–10 mm/year, contradicting the expected 
displacement behavior. Given the constraints imposed by the fixed 
bearing on longitudinal, lateral, and vertical movements, this location 
should remain stationary. Second, the movement directions at the 
expansion joints of the main bridge should be opposite rather than 
identical. Third, the approach bridge displayed a uniform movement 
direction on both sides of the fixed bearing, which is structurally 
implausible. These findings underscore the critical role of RP selection 
and highlight the necessity of a refined RP identification method that 
incorporates the structural characteristics of bridges.

The layout of the FYL Bridge is shown in Fig. 15, where red dots 
indicate points A, B, and C. Their spatiotemporal deformation (RP-A, RP- 
B, and RP-C) was obtained using an RP at the fixed bearing, as presented 
in Fig. 16. Temporally, the bridge deformation exhibits a distinct peri-
odic trend in response to temperature variations. Spatially, the strong 
correlations between LOS deformation and air temperature are observed 
at different locations. Specifically, a positive correlation is evident at 
point A, whereas points A and B display an opposite correlation.

To examine the sensitivity of RP selection on RDSI-measured defor-
mation, three additional points (A, B, and C) on the bridge deck were 
chosen as RPs for individual InSAR analysis. The LOS deformation re-
sults, shown in Fig. 16, exhibit clear periodicity but also reveal in-
consistencies with expected structural behavior. The notation RPX-Y 
denotes an RP at location X, where Y represents the specific point of 
interest. Since point B is farther from the fixed bearing than point C, its 
cumulative deformation should be greater. However, when point A is 
selected as the RP, the deformation at point B (RPA-B) is significantly 
smaller than that at point C (RPA-C). Similarly, selecting point C as the 
RP results in RPC-A and RPC-B exhibiting exaggerated deformation 
compared to RP-A and RP-B, due to the opposite movement direction. 
The results indicate that RPs located closer to the fixed bridge bearings 
exhibit deformation patterns that show a stronger correlation with 
structural characteristics.

4.2. Case study 2: SCJ bridge

The layout of the SCJ Bridge is displayed in Fig. 17, and the LOS 
deformation at points A, B, and C is illustrated in Fig. 18. The defor-
mation at different locations on the bridge is strongly positively corre-
lated with air temperature. Compared to point B, the deformation at 
points A and C is more sensitive to temperature changes. An RP, marked 
by blue crosses in Fig. 19, was selected using the proposed RP identifi-
cation method. Based on this RP, the thermal dilation rate of the SCJ 
Bridge was analyzed, revealing a symmetrical distribution of LOS 
deformation about the midspan. The thermal dilation rate at the mid-
span and expansion joints is higher, reaching 1.5 mm/◦C, while it is 
lower and less than 0.5 mm/◦C at the bridge tower. Owing to the ther-
mal dilation of the main cable and bridge tower, the bridge deck of the 
suspension bridge tends to experience downward displacement as the 
temperature rises. Fig. 20 demonstrates the deformation velocity of the 
SCJ Bridge during the SAR observation period, in which the spatial 
distribution aligns with that of the thermal dilation. Comparing the FYL 

Table 1 
Calculation results of thermal dilation rate.

ΔcLOS 

(mm/℃)
ΔL= 420 m ΔL= 315 m ΔL= 210 m ΔL= 105 m ΔL= 0 m

Calculated 2.34 1.77 1.18 0.59 0
Measured 2.70 1.84 1.12 0.67 0.03
Error 13.33 % 3.80 % 5.36 % 11.94 % -

Note: Error = |Ci − Mi|/Mi, where Ci represents the calculated value and Mi 

stands for the RDSI-measured value.
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Bridge with SCJ Bridge, it can be observed that the deformation veloc-
ities of different bridge types (arch bridges vs. suspension bridges) are 
distinguished by differences in structural forms and bearing constraints.

The air temperature at the SCJ Bridge site during SAR satellite im-
aging was obtained from sensors installed on the bridge deck, a nearby 
weather station, and an interpolation method. As depicted in Fig. 21, the 
interpolated temperatures align more closely with the sensor data than 
with the weather station records. On December 11, 2023, the weather 
station recorded 4◦C, while the sensor measured 8.5◦C, and the inter-
polation result was 7◦C. The temperature discrepancy between the 
weather station and the sensor reached 4.5◦C, exceeding the error be-
tween the interpolation result and the sensor data (1.5◦C). Moreover, 
over the observation period from December 11, 2023, to May 10, 2024, 
the recorded temperature differences were 18◦C at the weather station, 
11.7◦C based on sensor measurements, and 12.9◦C from the interpola-
tion method. The deviations in temperature differences between the 
interpolation results and the sensor data, as well as between the weather 
station and sensor measurements, were 1.2◦C and 6.3◦C, respectively. 
These findings demonstrate that the spatial interpolation method can 
provide relatively accurate air temperature measurements at the bridge 
site.

Fig. 10. RP identification results: (a) CRs’ echo signals, (b) SAR intensity image.

Fig. 11. LOS thermal dilation rate (mm/℃).

Fig. 12. LOS deformation velocity (mm/year).

Fig. 13. LOS deformation of FYL Bridge.

Fig. 14. Coherence-based RP identification driven DSI measurement: (a) LOS thermal dilation rate, (b) LOS deformation velocity.
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4.3. Case study 3: YPL bridge

The layout of the YPL main bridge is depicted in Fig. 22. Fig. 23
presents the LOS deformation at points A and B, demonstrating a posi-
tive correlation between the deformation at various locations and air 
temperature. The thermal dilation rate, shown in Fig. 24, ranges from 
− 0.6–0.6 mm/℃. The velocity at the bridge towers is relatively low due 
to the deep pile foundations, which are less influenced by environmental 
factors and exhibit a weaker correlation with temperature. In contrast, 
the thermal dilation rate at the expansion joints and midspan is higher, 
indicating a stronger correlation with air temperature. Specifically, the 
thermal dilation rate at the midpoint is negatively correlated with air 
temperature, while the west and east expansion joints show positive and 

Fig. 15. Layout of the FYL bridge (unit: m).

Fig. 16. RDSI deformation measurements for different RPs.

Fig. 17. Layout of the SCJ Bridge (Unit:m).

Fig. 18. Time-series LOS deformation of key point.

Fig. 19. LOS thermal dilation rate.

Fig. 20. LOS deformation velocity.

Fig. 21. Comparison of air temperature: weather station, sensor, and interpo-
lation results.

Fig. 22. Layout of the YPL Bridge (Unit: m).
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negative correlations, respectively. This is due to the thermal expansion 
of the main cable, which causes downward movement of the bridge deck 
as the temperature rises. Due to the constraints imposed by the bearings 
on vertical displacement at the expansion joints, the LOS deformation 
resulting from the thermal expansion and contraction of the box girder 
exhibits similar thermal dilation rates at the west and east expansion 
joints, but in opposite directions. Fig. 25 shows the deformation veloc-
ity, ranging from − 10–8 mm/year. The deformation pattern follows a 
trend where the displacement is most pronounced at the midpoint, 
gradually decreases toward the bridge towers, and then increases again 
near the expansion joints on both the east and west sides of the bridge.

4.4. Verification of RDSI measurement precision

The basic principle of BDS positioning technology is to calculate the 
distance between the known position and the ground receiver by 
receiving the information sent by the satellite, position according to 

multiple satellite data, and obtain the spatial coordinates of the moni-
tored point. The BDS’ performance in deformation and vibration 
monitoring has been confirmed to be comparable with GPS [52,53]. 
Therefore, BDS was used to evaluate the performance of bridge moni-
toring through RDSI technique.

In this study, the BDS monitoring stations locate at points B and C on 
the SCJ Bridge, as marked with red dots in Fig. 17. The vertical, north- 
south, and east-west displacements of the bridge were measured by the 
BDS from March 22, 2024, to September 6, 2024 at a sampling interval 
of 30 minutes. The vertical displacement is derived from Eq. (16), and 
the longitudinal displacement of the bridge is calculated using Eq. (17), 
as presented in Fig. 26. The impact of transverse displacement on InSAR- 
measured LOS displacement is negligible due to the bridge’s small width 
relative to its length. To analyze the displacement trends in different 
directions, univariate spline was applied to smooth temperature and 
displacement data. As shown in Fig. 26(a) and (b), longitudinal and 
vertical displacements exhibit a strong correlation with air temperature 
variations, with deformation increasing as temperature rises. In 
contrast, transverse displacement remains uniformly distributed along 
the longitudinal axis, consistent with previous studies [54]. The 
maximum longitudinal displacements at points B and C are 86.86 mm 
and 97.62 mm, respectively, while the corresponding vertical displace-
ments reach 51.73 mm and 97.67 mm. As shown in Fig. 26(c), the peak 
transverse displacements at these points are 33.85 mm and 37.38 mm, 
respectively.

It is worth-noting that both BDS and InSAR provide relative 
displacement measurements. The BDS captures relative displacement 
from a stable reference station, while InSAR measures displacement 
from a high-coherence reference point. In addition, using a single SAR 
data source, the decomposition of LOS displacement into three di-
rections based on SAR observation geometry may lead to overestimation 
or underestimation, depending on the projection direction of the bridge 
movement in the LOS direction. Therefore, the BDS-based LOS cumu-
lative deformation was recovered to verify the precision of the RDSI 
method. Utilizing the BDS technique, the vertical, north-south, and east- 
west displacements of the bridge were recorded at the times of SAR 
image acquisition. These displacements were then combined in the LOS 
deformation calculation using Eq. (16). As presented in Table 2, the BDS- 
based LOS deformation is compared with the InSAR-derived LOS 
deformation. From April 8, 2024, to May 10, 2024, the movement di-
rections calculated by both technologies are consistent, i.e., the positive 
and negative of the cumulative displacements were identical. The 
maximum discrepancy between the two methods is observed at point B, 
measuring only 1.18 mm, further validating the effectiveness of the 
refined DSI in thermal dilation phase estimation and RP selection for 
accurate deformation measurement.

5. Conclusion

This study explored the application of InSAR for deformation 
monitoring of bridge group. A refined DSI technique was proposed by 
incorporating improved thermal dilation estimation and RP selection, 
leading to reliable deformation measurements. The RDSI-measured 
deformation was validated against BDS data, confirming the precision 
of the proposed method. The main conclusions are as follows. 

(1) Air temperature at bridge sites, derived from shared meteoro-
logical data through local thin-plate spline interpolation, 
improved thermal dilation estimation by incorporating spatial 
temperature variations. The discrepancy between theoretical 
calculations and InSAR-derived thermal dilation rates remains 
within 0.1 mm/◦C at all longitudinal positions, except at ΔL 
= 420 m, where the error ranges from 3.8 % to 13.33 %.

(2) A structure-knowledge-driven RP selection method was proposed 
to enhance the reliability of phase unwrapping. Using the con-
version relationship between geographic and image coordinates, 

Fig. 23. Time-series LOS deformation of key points.

Fig. 24. LOS thermal dilation rate.

Fig. 25. LOS deformation velocity.
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the echo signal from the radar CR installed at the fixed bearing 
was identified as the RP. Additionally, an RP off the bridge and 
three RPs on the deck were selected for InSAR deformation 
comparison, which confirms the effectiveness of the structure- 
driven RP selection.

(3) The spatiotemporal deformation of bridges was analyzed using 
RDSI technique. Temporally, the LOS displacement exhibited an 
air temperature-dependent periodic behavior. Spatially, strong 
correlations between LOS deformation and air temperature were 
observed at the expansion joints, while the fixed bearing showed 
minimal movement.

(4) The LOS cumulative deformation was computed using vertical, 
north-south, and west-east displacements from BDS. A compari-
son between the calculated results and RDSI-measured results 
demonstrated consistent movement directions across different 
measurement points, with a maximum difference of 1.18 mm.

The performance of RDSI technique was well refined through 
structure-knowledge-driven RP and spatially interpolated air tempera-
ture, validating its feasibility for bridge group deformation monitoring. 
Further research is needed to determine RPs for bridges without artifi-
cial radar CRs, particularly in cases where the fixed bearing undergoes 
unnoticed movements due to scouring, settlements, or slow landslides. 
Additionally, the interpolation accuracy of air temperatures at bridge 
sites may be compromised in regions with sparse weather station 
coverage.
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